ARTICLE

Substitution of a single non-coding nucleotide upstream of TMEM216
causes non-syndromic retinitis pigmentosa and is associated with
reduced TMEMZ216 expression

Graphical abstract

ln.' F‘ < m
i
Clinical evaluation and sample collection

e

Whole genome 'sequencing

TR
|| '||' | —

Screening of additional families

Homozygosity mapping
DOIIDI

Segregation analysis

G>A

9 South Asian pedigrees 40 African pedigrees

TMEM216

I ATAC Peaks in Fetal Photoreceptor cells
p—) Bia s dakLse sk Srass =

o
Tested proximal
gene promoter
nnnnnnn
resistance
Renilla
Luciforase
Fiefly
oy i1 P

qRT-PCR
I
I

vvvvvvv

Luciferase assay

Blood cell transcripts of affected individuals

RPET1 cells with G>A genotype

Wildtype  Homozygous

= q
Reduced TMEM216 level

Loss of cilia

Authors

Samantha Malka, Pooja Biswas,
Anne-Marie Berry, ..., Gavin Arno,
Andrew R. Webster, Radha Ayyagari

Correspondence

andrew.webster@ucl.ac.uk (A.R.W.),
rayyagari@health.ucsd.edu (R.A.)

Genetic analyses of retinitis
pigmentosa (RP)-affected
individuals in African and
Pakistani populations, along with
functional validations, identified
two novel pathogenic substitutions
in the UTR of TMEM216: c.—69G>T
and c.—69G>A. The c.—69G>T
variant is estimated to account for
about 20% of RP cases in
individuals of African ancestry,
including African Americans.

Malka et al., 2024, The American Journal of Human Genetics 7717, 1-19
September 5, 2024 © 2024 The Authors.
https://doi.org/10.1016/j.ajhg.2024.07.020

¢ CellP’ress


mailto:andrew.webster@ucl.ac.�uk
mailto:rayyagari@health.ucsd.�edu
https://doi.org/10.1016/j.ajhg.2024.07.020

Please cite this article in press as: Malka et al., Substitution of a single non-coding nucleotide upstream of TMEMZ216 causes non-syndromic
retinitis pigmentosa and is associated ..., The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.07.020

ARTICLE

Substitution of a single non-coding nucleotide upstream
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Summary

Genome analysis of individuals affected by retinitis pigmentosa (RP) identified two rare nucleotide substitutions at the same genomic loca-
tion on chromosome 11 (g.61392563 [GRCh38]), 69 base pairs upstream of the start codon of the ciliopathy gene TMEM216 (c.—69G>A,
¢c.—69G>T [GenBank: NM_001173991.3]), in individuals of South Asian and African ancestry, respectively. Genotypes included 71 homo-
zygotes and 3 mixed heterozygotes in trans with a predicted loss-of-function allele. Haplotype analysis showed single-nucleotide variants
(SNVs) common across families, suggesting ancestral alleles within the two distinct ethnic populations. Clinical phenotype analysis of 62
available individuals from 49 families indicated a similar clinical presentation with night blindness in the first decade and progressive pe-
ripheral field loss thereafter. No evident systemic ciliopathy features were noted. Functional characterization of these variants by luciferase
reporter gene assay showed reduced promotor activity. Nanopore sequencing confirmed the lower transcription of the TMEM216
¢.—69G>T allele in blood-derived RNA from a heterozygous carrier, and reduced expression was further recapitulated by qPCR, using
both leukocytes-derived RNA of c.—69G>T homozygotes and total RNA from genome-edited hTERT-RPE1 cells carrying homozygous
TMEM216 c.—69G>A. In conclusion, these variants explain a significant proportion of unsolved cases, specifically in individuals of African
ancestry, suggesting that reduced TMEM216 expression might lead to abnormal ciliogenesis and photoreceptor degeneration.

Introduction by progressive degeneration of rod photoreceptor cells. RP

is estimated to affect approximately 1 in 2,500 to 4,000 indi-
Retinitis pigmentosa (RP [MIM: 613731]), the largest clinical ~ viduals worldwide, typically presenting with night blind-
subset of inherited retinal disorders (IRDs), is characterized ness, followed by the gradual constriction of the visual field,

"Moorfields Eye Hospital NHS Trust, London, UK; 2UCL Institute of Ophthalmology, University College London, London, UK; *Shiley Eye Institute, Uni-
versity of California, San Diego, San Diego, CA, USA; *Ocular Genomics Institute, Massachusetts Eye and Ear Infirmary, Department of Ophthalmology,
Harvard Medical School, Boston, MA, USA; *Institute of Molecular and Clinical Ophthalmology Basel (IOB), Basel, Switzerland; 6Department of Ophthal-
mology, University of Basel, Basel, Switzerland; 7Department of Medicine, Division of Biomedical Informatics, University of California, San Diego, La Jolla,
CA, USA; 8Ophthalmic Genetics and Visual Function Branch, National Eye Institute, National Institutes of Health, Bethesda, MD 20892, USA; 9Department
of Genetics and Genome Biology, University of Leicester, Leicester, UK; 1°Human Genetics Center, School of Public Health, University of Texas Health Sci-
ence Center, Houston, TX, USA; 11Department of Ophthalmology, St Thomas’ Hospital, London, UK; 128ection of Ophthalmology, King’s College London,
St Thomas’ Hospital Campus, London, UK; 13Hf)pital Ophtalmique Jules-Gonin, Lausanne, Switzerland; 14Advanced Molecular Genetics and Genomics
Disease Research and Treatment Centre, Dow University of Health Sciences, Karachi 74200, Pakistan; BInstituto de Oftalmologia Dr. Gama Pinto
(IOGP), Lisboa, Portugal; 16Faculdade de Ciéncias Médicas, NMS, FCM, NOVA Medical School, Universidade NOVA de Lisboa, 7 iNOVA4Health, Lisboa,
Portugal; 17Department of Zoology, Faculty of Biological and Health Sciences, Hazara University, Mansehra 21300, Khyber Pakhtunkhwa, Pakistan;
18Department of Biotechnology, Institute of Biochemistry, Biotechnology and Bioinformatics, The Islamia University of Bahawalpur, Bahawalpur
63100, Pakistan; *Medical Genetics Unit, Hospital Pediatrico, Centro Hospitalar e Universitario de Lisboa Norte (CHULN), Lisboa, Portugal; 295ervigo
de Genética Médica, Departamento de Pediatria, Hospital de Santa Maria, Lisboa, Portugal; 2INational Centre of Excellence in Molecular Biology, University
of the Punjab, Lahore, Pakistan; 22 Akram Medical Complex, Lahore, Pakistan; 23Allama Igbal Medical Research Center, Lahore, Pakistan; 2Yfinnah Burn and
Reconstructive Surgery Center, Jinnah Hospital, Lahore, Pakistan; 25Department of Genetics, Health Research Institute-Fundacion Jiménez Diaz University
Hospital, Universidad Auténoma de Madrid (IIS-FJD, UAM), 28049 Madrid, Spain; 26Center for Biomedical Network Research on Rare Diseases (CIBERER),
Instituto de Salud Carlos III, Madrid, Spain; 27The Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore, MD, USA; 28Department
of Pediatrics, University of California, San Diego, La Jolla, CA, USA; 29Institute of Genomic Medicine, University of California, San Diego, La Jolla, CA, USA;
39Greenwood Genetic Center, Greenwood, SC, USA; 3!Centre for Gene Therapy and Regenerative Medicine, King's College London, London, UK
32These authors contributed equally

33These authors contributed equally

*Correspondence: andrew.webster@ucl.ac.uk (A.R.W.), rayyagari@health.ucsd.edu (R.A.)

https://doi.org/10.1016/j.ajhg.2024.07.020.

© 2024 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The American Journal of Human Genetics 177, 1-19, September 5, 2024 1


mailto:andrew.webster@ucl.ac.uk
mailto:rayyagari@health.ucsd.edu
https://doi.org/10.1016/j.ajhg.2024.07.020
http://creativecommons.org/licenses/by-nc-nd/4.0/

Please cite this article in press as: Malka et al., Substitution of a single non-coding nucleotide upstream of TMEMZ216 causes non-syndromic
retinitis pigmentosa and is associated ..., The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.07.020

often leading to legal blindness.'™ Fundus abnormalities
include bone spicule-like pigment deposits in the peripheral
retina, attenuation of retinal vessels, and a pale optic nerve
head. For individuals who undergo genetic testing, there is
asignificantly lower rate of molecular diagnosis in ethnicities
that are under-represented in aggregated genome data-
sets."”*> Missing molecular diagnoses may be attributed to
non-coding variants, structural rearrangements, variants in
unreported RP genes, and incorrect clinical diagnosis."*

Pathogenic variants in over 280 IRD genes have been
identified across all Mendelian inheritance patterns
(RetNet database, https://sph.uth.edu/RetNet/). Variants
impacting protein-coding genes involved in various path-
ways including phototransduction, photoreceptor struc-
ture, ciliogenesis, and RNA splicing have been identified
as causes of syndromic and non-syndromic IRDs.”?"!!
Many IRDs are classified as ciliopathies, with variants in
genes that are involved with cilia biogenesis and trans-
port.'*'7 Variants in ciliary genes can cause a spectrum
of phenotypes ranging from non-syndromic retinal degen-
erations to syndromic ciliopathies.'®**

This study identified two candidate pathogenic variants
on chromosome 11 at the genomic position g.61392563
(GRCh38) upstream of TMEM216 (c.—69G>T, c.—69G>A,
GenBank: NM_001173991.3; MIM: 613277) and 23 kb
downstream of TMEM138 (MIM: 614459). These variants
were identified in a total of 74 individuals affected with
RP of African (c.—69G>T) and South Asian (c.—69G>A)
ancestry. Variants in both TMEM216 and TMEM138 have
previously been implicated in Joubert (MIM: 608091) and
Meckel (MIM: 603194) syndromes, often exhibiting retinal
findings.**?° The expression of these genes is regulated by
the conserved regulatory elements located in the intergenic
region.”® Variants in TMEM216 and TMEM138 identified to
date in Joubert or Meckel syndrome are limited to the cod-
ing region and splice sites with a likely loss, or reduced,
function as the disease mechanism.”**"*’

Subjects and methods

Ethical statement

All studies were performed in accordance with the Declaration of
Helsinki and the approval of the institutional review boards (IRB)
of University of California San Diego, La Jolla, CA, USA; Johns
Hopkins University, Baltimore, MD, USA; the CNS IRB at the Na-
tional Institutes of Health, Bethesda, MD, USA; Moorfields Eye
Hospital, London UK (Genetic Study of Inherited Eye Disease
Research Ethics Committee [REC] ref. 12/L0O/0141) or Genomics
England 100,000 Genomes project (REC ref. 14/EE/1112) or
NIHR BioResource for Rare Disease (REC ref. 13/EE/0325); the
Ethikkommission Nordwest-und Zentralschweiz; the Commis-
sion Cantonale d’Etique de la Recherche sur I'fitre Humain du
Canton de Vaud; the Comissio de Etica para a Satide do Instituto
de Oftalmologia Dr. Gama Pinto; the Health Research Institute-
Fundacién Jiménez Diaz University Hospital; Universidad Autén-
oma de Madrid; Massachusetts General Brigham IRB; and the
University of Punjab, Lahore, Pakistan. Blood samples were
collected from affected individuals and available family members

after obtaining their written informed consent to participate in
our study.

Study cohorts and analysis

Whole-genome sequence (WGS) data of individuals from a large UK
cohort (Genomics England 100,000 Genomes Project* [UK100K]"
were analyzed to uncover the underlying cause of retinal degenera-
tion in previously unresolved cases. In the UK100k main cohort,
2,316 participants (from 2,038 families) with inherited retinal degen-
eration (IRD) were recruited, with 35% of cases categorized as solved
through the initial Genomics England variant analysis pipeline. This
pipeline involved tiering of variants within relevant gene panels but
did not initially include non-coding and structural variants. Scrutiny
of genomic data from the unsolved UK100k IRD cohort included in-
dependent analysis of homozygous coding and noncoding rare
variants (MAF < 0.01) across a panel comprising 216 retinal
genes, known to be associated with either syndromic or non-syn-
dromic retinal dystrophy (https://panelapp.genomicsengland.co.
uk/panels/307/). The aim was to detect apparent homozygosity
caused by heterozygous large deletions missed through the initial
standard pipeline and to allow further scrutiny of variants of interest.
Conducting case-specific analysis within the Genomics England’s
Interactive Variant Analysis (IVA) tool enabled each variant to be
viewed across the whole UK100k rare disease cohort, alongside
zygosity and key phenotypic information for each participant listed.

Independently, while the UK cohort screen was underway, a ho-
mozygosity mapping approach was used to study two consanguin-
eous RP-affected families of Pakistani origin (A-4 and A-5)
(Figures 1R and 1S). Prior to this analysis, these two families
were unsolved as no likely causal/pathogenic coding sequence var-
iants in known IRD genes of MAF 0.1% had been identified after
WGS analysis.”

To identify additional RP-affected individuals with the two novel
candidate causative TMEMZ216 variants detected in the UK100k
cohort and the two Pakistani families (A-4 and A-5), 5,930 molecu-
larly uncharacterized RP-affected individuals at five additional cen-
ters were tested either by reviewing their NGS data or by targeted
DNA sequencing: Ocular Genomics Institute, Massachusetts Eye
and Ear, Boston, MA, USA (800 probands from 800 families); the
University of Punjab, Lahore, Pakistan (215 affected individuals
from 194 families); the Institute of Molecular and Clinical Ophthal-
mology Basel, Basel, Basel-Stadt, Switzerland (2,738 affected
individuals from 2,703 families); the Health Research Institute-
Fundacion Jiménez Diaz University Hospital, Universidad Auton-
oma de Madrid (2,013 probands from 2,013 families); and the
NIHR Bioresource for Rare Disease’ at Moorfields Eye Hospital, Lon-
don (NIHRRD) and the UK Inherited Retinal Disease Consortium
(IRDC), London, UK (164 probands from 164 families).

Homozygosity mapping

Genome-wide homozygosity mapping of families A-4 and A-5
(Figures 1R and 1S) was performed as previously described using
WGS data.’*! Briefly, homozygosity was calculated from common
SNPs and indels with MAF >1%. For each individual, a data frame
with the genomic position of all genotyped SNVs and a binary vari-
able representing all heterozygous and homozygous alternative
SNVs was constructed. The smooth.spline function with default pa-
rameters in R was used to calculate the frequency of homozygous
and heterozygous SNPs. A stretch of homozygosity was defined if
the smoothed frequency was <0.1% in at least 10,000 consecutive
SNVs.
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Figure 1. Segregation of TMEM216 variants
Segregation analysis of TMEM216 upstream sequence variants in representative pedigrees of African (A-Q) and South Asian (R-W)
origin. M1, c¢.—69G>T; M2, g.61382891_61393975del; M3, c.35-2A>G; M4, c.—69G>A. *, +, and # indicates individuals that under-
went whole-genome sequencing, whole-exome sequencing, or targeted sequencing, respectively. Consanguinity was present in all six
pedigrees (family A4, AS, A6, A7, A8, and A9) of South Asian origin carrying M4, while detected in only one family of African origin
(family T-22) carrying M1. Additional details of pedigrees are in Table 1.
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The homozygosity mapping for families T-24, T-23, A-6, and A-7  Haplotype analysis
(Figures 1E, 1F, 1T, and 1U) was performed using AutoMap with = Haplotypes of affected individuals carrying TMEM216 (GenBank:
default parameters on whole-exome sequencing (WES) data NM_001173991.3) c.—69G>T or c.—69G>A alleles were con-

(Figure $2).32

structed from SNPs at 50 kb intervals 1 Mb upstream and
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downstream of the variant on chromosome 11 (g.60392563-
62392563 [GRCh38]). The shared haplotype was identified by in-
spection in each group and was used to estimate the frequency of
that haplotype in the corresponding population based on the
1000 Genomes database for the Punjabis in Lahore (PJL) chromo-
some 11 dataset for the Pakistani individuals and the combined
Esan in Nigeria (ESN), Gambian in Western Division (GWD),
Luhya in Webuye, Kenya (LWK), and Yoruba in Ibadan, Nigeria
(YRI) datasets for the African individuals. Haplotype estimations
were done by the EM (expectation maximization) and CHM (com-
posite haplotype method) algorithms as incorporated in the
Golden Helix SVS (SNP & Variation Suite) using default variables
except that the minimum haplotype frequency was set to 0.0001
and a maximum of 100 EM iterations were allowed in order to
predict accurate frequencies for rare haplotypes such as the risk
haplotype conserved among all individuals homozygous for the
causative g.61392563G>A and G>T alleles on chromosome 11.
1s572262418 and 15760001653 were not found in the Pakistani
and African 1000 Genomes datasets, respectively, probably due
to a combination of low frequency of the rs572262418 minor
allele in the Pakistani population and different frequencies of
1760001653 alleles in the various African populations included
in the 1000 Genomes datasets. Because of this they were excluded
from the haplotype analysis. This should not affect the haplotype
frequency estimation as they are in complete linkage disequilib-
rium with the remaining SNPs in the risk haplotype in all affected
individuals.

Clinical evaluation of affected individuals

All available participants underwent a full ophthalmic examina-
tion with a detailed clinical and family history. Retrospective clin-
ical data were also gathered where available. Ophthalmic exami-
nation included visual acuity (Snellen and/or logMAR) and
slit-lamp examination. Imaging included spectral domain optical
coherence tomography (Spectralis, Heidelberg Engineering Ltd),
ultra-widefield (UWF) color fundus photography (200°, Optos
plc), and fundus autofluorescence (FAF) imaging, performed
with 55° Spectralis or UWF Optos. Electrophysiological testing,
when performed, included full-field and pattern electroretinog-
raphy (ERG), which incorporated the International Society for
Clinical Electrophysiology of Vision (ISCEV) standards.** The cen-
ters where the clinical evaluation of pedigrees was performed are
listed in Table S1.

Impact of TMEM216 c.—69 G>A and G>T variants on
transcription factor binding

The Find Individual Motif Occurrences (FIMO) tool (MEME Suite
5.5.4) was used to scan a set of sequences for individual matches
to motifs provided from JASPAR and HOCOMOCO databases.**~*¢
Transcription factor (TF) positional weight matrices (PWMs) are
used as input, and motif occurrences with a p value less than
0.001 were retained and analyzed.

Luciferase reporter gene assay

A genomic fragment spanning the TMEM216 5’ untranslated re-
gion (5’ UTR) and upstream non-coding sequence on chromo-
some 11 (g.61391712-61392642 [GRCh38]) was chosen for dual
reporter luciferase assays. The fragment was chosen because of
overlap with known retinal cis-regulatory elements (CREs) found
in previous studies.”” Six constructs were designed: wild-type,
two versions harboring the variants ¢.—69G>A or ¢.—69G>T,

and two constructs that removed predicted promoter 1 or 2,
and a promoterless sequence (Table S3). The gene fragments
were generated commercially (Twist Bioscience) and cloned
(Gibson Assembly cloning Master Mix, New England Biolabs)
into a modified version of the psiCHECKZ2 luciferase vector
(Promega) lacking the SV40 promoter. The resulting plasmids
were validated by Sanger sequencing and transfected into
WERI-Rb1 cells (ATCCHTB-169) using X-tremeGENE HP DNA
Transfection Reagent (Roche) according to the manufacturer’s
guidelines. Each experimental condition was tested in 10 biolog-
ical replicates. Forty-eight hours post-transfection, luciferase
assay was performed (Dual-Glo Luciferase assay, Promega)
with luminescence reading performed by a plate spectrophotom-
eter (SpectraMaxM3, Molecular Devices). Raw data were pro-
cessed by subtracting the background luminescence of the
un-transfected cell samples, normalization of the test renilla lucif-
erase activity with the background firefly luciferase activity, and
normalization with the wild-type construct. A promoterless
construct served as a negative control. Statistical significance
was assessed using Brown-Forsythe and Welch ANOVA and Dun-
nett’s multiple comparison test (compared all groups against con-
trol group).

Expression of TMEM216 and TMEM138 in blood cells of
individuals with TMEM216 c.—69G>T

RNA was isolated from individuals homozygous for TMEM216
c.—69G>T (T-23 and T-24) and unaffected control subjects from
blood samples collected in Tempus Blood RNA tube (Thermo
Fisher) and extracted using the Tempus Spin RNA isolation kit
(Thermo Fisher). The extracted RNA was then purified using
RNA cleanup and concentration kit (Qiagen) and converted into
cDNA using the MultiScribe, High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). qPCR was performed on 4 ng
of cDNA in 20 pL reactions with Fast-SYBR Green (4385612,
Roche). Cycle threshold (CT) values were normalized using
GAPDH (MIM: 138400) expression, and relative expression was
calculated using 2-AACT method.*® The experiment was repeated
in triplicate using the same cDNA samples on the same day (exper-
imental replicates). The primers used are listed in Table S1. For sta-
tistical analysis, two-tailed t test was performed.

Sequencing of TMEM216 transcript from blood samples
of individuals with TMEM216 c.—69G>T
PaxGene blood samples were collected from an affected individ-
ual homozygous for ¢.—69G>T, unaffected carrier parent, and
an unaffected control. Total RNA was purified using the
PaxGene extraction kit (Qiagen) followed by reverse transcrip-
tion to cDNA using random hexamers and SuperScript IV
reverse transcriptase (Invitrogen). PCR was performed using
primers designed to capture the canonical transcript (GenBank:
NM_001173991.3) from exon 1 to -3’ UTR (Table S1). PCR prod-
uct was purified (Ampure XP, Beckman Coulter Inc.). Up to 30
fmol of amplicon (Qubit High Sensitivity dSDNA quantification)
was used for end preparation (Ultra II end-prep kit; NEB) and
native barcoding (Oxford Nanopore Technologies; ONT: EXP-
NBD104). Barcoded samples were pooled for library preparation
(ONT ligation sequencing kit SQK-LSK110 Flongle protocol). Li-
braries were sequenced for 12 h using the Flongle flowcell and
MinION sequencer.

Base calling was performed using the high-accuracy base calling
mode in Minknow. Adaptor sequences were removed using
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Porechop v.0.2.4,? and reads were filtered using NanoFilt v.2.8.0*°
for reads 800 to 1,800 bp with a quality score > Q10. Resulting
FastQ data were aligned to the human reference genome (build
GRCh38) using minimap2 v.2.22.*! BAM files were generated us-
ing SAMtools v.1.9.*> The Integrative Genome Viewer"® v.2.7.2
and v.2.14.1 were used to visualize aligned long reads. The hetero-
zygous coding SNV present in the carrier parent (c.264G>A
[p.Pro88Pro]) was used to visualize the relative amplification of
the ¢.—69G vs. c.—69T alleles.

Generation of cell lines with TMEM216 c.—69G>A

The hTERT-RPEL1 cells (CRL-4000, ATCC) were used to generate the
cell lines harboring the TMEM216 c.—69G>A variant using two
sets of sgRNAs and donor oligo sequences (Table S2) performed
by Synthego. The cells were screened for the TMEM216
¢.—69G>A variant using PCR amplification and sequencing with
the primers listed in Table S2.

Analysis of gene expression in hTERT-RPET cells with
TMEM216 c.—69G>A

The relative expression of TMEM216 and TMEM138 transcripts was
studied in the WT and genome-edited hTERT-RPE1 cells with the
TMEM?216 c.—69G>A variant in the homozygous or heterozygous
state using primers listed in Table S2. Total mRNA was isolated
from these cells, treated with RNase-free DNase, and purified using
Qiagen RNeasy Mini Kit (Qiagen). Preparation of cDNA and RT-
qPCR analyses were performed as described earlier.** The relative
quantity was normalized to the expression levels of housekeeping
genes GAPDH and ACTB (MIM: 102630) presented on an arbitrary
scale to represent the relative levels of expression. The statistical
significance (p value) was calculated using Student’s t test as
described previously.**

Evaluation of cilia in hTERT-RPE cells with TMEM216
c.—69G>A

Genome-edited hTERT-RPE1 cells carrying TMEM216 ¢.—69G>A
variant in the heterozygous and homozygous states along with
wild-type hTERT-RPE1 cells were studied using two independent
clones of each genotype. These hTERT-RPE1 cells were cultured
under serum-starved conditions and stained with acetylated
a-tubulin antibodies (sc-23950, 1:200, Santa Cruz Biotechnol-
ogies) after 24 h of plating. Images were captured using Nikon
confocal microscope system (A1R STORM). The ciliary phenotype
was compared relative to the ciliary marker acetylated-a-tubulin.
ImageJ64 software was used for measuring the number of the cilia
in >200 cells for all genotypes in all clones.

Results

Identification of TMEM216 c.—69G>T in individuals with
retinitis pigmentosa that lack molecular diagnosis

One individual with simplex, non-syndromic retinitis pig-
mentosa, unsolved through the UK100k WGS analysis
pipeline, was queried for apparent homozygous rare vari-
ants (MAF < 0.001) across a panel of 216 retinal dystrophy
genes. 24 autosomal rare homozygous variants were found,
none of which were homozygous in other individuals with
retinal dystrophy across the entire UK100k cohort, with
the exception of TMEM216 c.—69G>T on chromosome

11 (g.61392563G>T [GRCh38], GenBank: NM_001173991.3).
Analysis of the entire UK100k dataset identified 48 hetero-
zygous and 18 apparent homozygous variant calls for this
variant (Table 1). All 18 homozygotic individuals from 14
unrelated families had a clinical diagnosis of RP and re-
mained undiagnosed through prior analysis. Zygosity of
the apparent homozygotes was checked by inspection of
trio genome segregation data and individual read data us-
ing IGV. Two affected siblings from one additional family
(M-2) showed hemizygosity for the variant and a deletion
in trans, encompassing exons 1-3 of TMEM216 and much
of the intergenic region distal to TMEM138 upstream of
the gene on chromosome 11 (g.61,382,891-61,393,975
[GRCh38]) (Figure 1Q).

An additional 24 individuals homozygous for TMEM216
c.—69G>T were identified across 24 families following ge-
netic analysis of 5,874 families with 5,930 unsolved IRD
cases from additional cohorts. One further individual (M-1)
was a compound heterozygote for this and TMEMZ216
¢.35—2A>G on chromosome 11 (g.61393229A>G [GRCh38)),
apreviously reported pathogenic variant (Figure 1P).” Al1 45
individuals from 40 families were of either African
(Zimbabwe, Ghana, Nigeria, Angola), Caribbean (Jamaica,
Barbados, Haiti), or African American descent (Figures 1A-
1Q; Table 1). The variant has an allele frequency (AF) of
0.0002739 (407/1,485,934 alleles) in the gnomAD v4 data-
set with enrichment in the African/African American ge-
netic ancestry group (362/71,782 alleles, AF: 0.005043)
including one homozygote, but was completely absent in
non-Finnish European individuals (1,105,112 alleles).*®

Identification of TMEM216 c.—69G>A in individuals

with RP

In 2021, Biswas et al. performed whole-genome sequencing
in 108 unrelated pedigrees from three different ethnic pop-
ulations.® The WGS data from nine members of two consan-
guineous Pakistani families with RP that were not solved by
the latter study (A-4 and A-5, Figures 1R and 1S) were sub-
jected to a careful search for homozygous regions of the
genome that segregated with the disease phenotype. This
analysis revealed a ~8.25 Mb homozygous region on chro-
mosome 11 (g.55,000,000-63,258,298) shared by the three
affected individuals of A-4 (IV:2, IV:4, and IV:5 in Figure 1R;
Figure 2A). This homozygous region is also partially shared
with one affected individual (V:4 in Figure 1S) from the sec-
ond family, A-5. Among all four affected individuals,
the stretch of homozygosity overlapped, and the size of
the shared region was 1.57 Mb on chromosome 11
(g.61,145,940-62,715,657).

Analysis of all rare variants within this shared homozy-
gous region and segregation analysis of additional family
members revealed a rare non-coding homozygous variant,
TMEMZ216 c.—69G>A on chromosome 11 (g.61392563G>A
[GRCh38], GenBank: NM_001173991.3). This variant segre-
gated with RP in both pedigrees (Figures 1R and 1S) and was
found in the gnomAD v4 dataset with a frequency of
0.00005855 (87/1,485,932 alleles), with enrichment in the
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Table 1. Summary of demographic information and clinical phenotype of selected affected individuals from African and South Asian families with TMEM216 variants
Non- Most recent  Most recent
TMEM216 Figure 1 Known Reported Ophthalmology ophthalmology VA (best VA (best
Family ID genotype identifier Ethnicity Gender consanguinity age of onset phenotype phenotype corrected RE) corrected LE)
T-1 HOM ¢.—69G>T NS black African (Nigeria) M no 4 years BE RP with unusual None CF NPL
asymmetry; sudden
loss of LE vision at 12
years; LE squint and
cataract
T-2a HOM ¢.—69G>T A black African (Nigeria) F no 4 years BE RP; intermittent pre-term infant 20/30 20/25
divergent squint;
myopia
T-2b HOM ¢.—69G>T A black African (Nigeria) F no 4 years BE RP; cystoid macular none 20/60 20/60
edema; myopia
T-3 HOM ¢.—69G>T NS black African (Nigeria) M no S years BE RP; RE marginal none 1/60 2/60
cystoid macular edema
T-4 HOM ¢.—69G>T NS black Caribbean F no 3 years BE RP; myopia balance problems 20/60 20/60
(Barbados)
T-5 HOM c.—69G>T NS black African M no childhood BE RP; BE macular none 20/60 20/120
edema
T-6 HOM ¢.—69G>T NS black African F no 4 years BE RP; BE none 20/30 20/40
(Zimbabwe) pseudophakia; BE
macular edema
T-7a HOM ¢.—69G>T NS black African (Nigeria) F no childhood BE RP Hashimotos; thyroid 20/32 20/32
problems; clotting
disorder
T-7b HOM ¢.—69G>T NS black African (Nigeria) M no childhood BE RP none - -
T-8 HOM ¢.—69G>T NS black Caribbean F no 3 years BE RP autism 20/40 20/40
(Jamaica) and black
African
T-9a HOM ¢.—69G>T NS black Caribbean M no childhood BE RP none 20/50 20/40
(Jamaica and Barbados)
T-9b HOM ¢.—69G>T NS black Caribbean M no early childhood BE RP none 20/30 20/20
(Jamaica and Barbados)
T-10 HOM ¢.—69G>T NS black African F no early childhood BE RP none 20/25 20/25
T-11 HOM ¢.—69G>T NS black African F no childhood BE RP none CF 20/200
T-12 HOM ¢.—69G>T NS black African F no 5 years BE RP none 20/50 20/50
(Zimbabwe)
T-13 HOM ¢.—69G>T NS black African (Nigeria) F no childhood BE RP; myopia none 20/40 20/32
T-14 HOM c.—69G>T NS black African (Nigeria) F no childhood BE RP none 20/200 20/200

(Continued on next page)
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Table 1. Continued
Non- Most recent  Most recent
TMEM216 Figure 1 Known Reported Ophthalmology ophthalmology VA (best VA (best
Family ID genotype identifier Ethnicity Gender consanguinity age of onset phenotype phenotype corrected RE) corrected LE)
T-15a HOM ¢.—69G>T NS black African F N/A N/A BE RP none N/A N/A
T-15b HOM c¢.—69G>T NS black African F N/A N/A BE RP None N/A N/A
T-16 HOM ¢.—69G>T NS black African M N/A N/A BE RP None N/A N/A
T-17 HOM c.—69G>T NS black Caribbean F N/A N/A BE RP significant early-onset N/A N/A
obesity

T-18 HOM c.—69G>T NS black African M N/A N/A BE RP none N/A N/A
T-19 HOM c.—69G>T NS black African F N/A N/A BE RP none N/A N/A
T-20 HOM ¢.—69G>T B black African (Nigeria) M no 6 years BE RP none 20/20 20/20
T-21 HOM ¢.-69G>T C black African (Nigeria) F no early childhood BE RP; LE strabismus  Aspergers 20/40 20/60
T-22 HOM ¢.-69G>T D black African M no childhood BE RP none 20/40 20/60
T-23 HOM c.—69G>T E black Caribbean (Haiti) F no early childhood BE RP none LP LP
T-24 HOM c.—69G>T F African (Angola) M no childhood BE RP; myopia none 20/25 20/25
T-25 HOM c.—69G>T G African American F no 19 years BE RP; RE cystoid none 20/60-2 20/40+2

macular edema; high

myopia; BE presbyopia
T-26 HOM c.—69G>T H African American F no 8-9 years BE RP none 20/30 20/30
T-27 HOM c.—69G>T 1 black Caribbean F no 5 years BE RP; RE amblyopia  none CF 20/50
T-28 HOM c.—69G>T J black Caribbean M no 12 years BE RP none 20/200+1 20/200
T-29 HOM ¢.—69G>T K African American F no 6 years BE RP; high myopia none 20/40 20/200
T-30 HOM c¢.—69G>T L African American M no 9 years BE RP none 20/20 20/25
T-31 HOM ¢.—69G>T M black Caribbean F no 43 years BE RP; BE small none 20/80 20/400

(Jamaica) posterior subcapsular

cataracts
T-32 HOM ¢.—69G>T African American F no 5 years BE RP none 20/400 20/200
T-33 HOM ¢.—69G>T (¢} African (Algeria) F no childhood (nyctalopia) BE RP none 20/40 20/40
T-34 HOM c.—69G>T NS black African M no 3 years BE RP; macula edema none 20/32 20/30
T-35 HOM c.—69G>T NS black Caribbean F no 5 years BE RP none 20/32 20/20
T-36 HOM ¢.—69G>T NS black Caribbean M no childhood BE RP; LE Fuch’s none 20/125 20/200

heterochromic cyclitis
T-37 HOM c.—69G>T NS black African (Ghana) F no childhood BE RP none 20/30 20/30

(Continued on next page)
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Table 1. Continued

Non- Most recent  Most recent
TMEM216 Figure 1 Known Reported Ophthalmology ophthalmology VA (best VA (best
Family ID genotype identifier Ethnicity Gender consanguinity age of onset phenotype phenotype corrected RE) corrected LE)
T-38 HOM c¢.—69G>T NS African F N/A N/A BE RP none N/A N/A
M-1 HET ¢.—69G>T, HET P black Caribbean F no 3 years BE RP; BE macular none 20/200 20/40
c.35-2A>G hole; myopia
M-2a HET ¢.—69G>T, HET Q black African M no 6 years BE RP; BE none 20/30 20/30
deletion* (Zimbabwe) pseudophakia; myopia
M-2b HET ¢.—69G>T, HET Q black African M no 6 years BE RP none N/A N/A
deletion* (Zimbabwe)
A-la HOM ¢.—69G>A NS Pakistani M yes 5 years BE RP right hemiplegia; 20/40 20/60
epilepsy
A-1b HOM c¢.—69G>A NS Pakistani M yes early childhood BE RP none 20/25 20/20
A-2 HOM c.—69G>A NS Bangladeshi M yes childhood BE RP none 20/63 20/40
A-3 HOM c.—69G>A NS Pakistani F yes childhood BE RP; BE early central none 20/25 20/25
posterior subcapsular
cataract
A-4a HOM ¢.—69G>A R Pakistani M yes 5-8 years BE RP none N/A N/A
A-4b HOM ¢.—69G>A R Pakistani M yes 5-8 years BE RP none N/A N/A
A-4c HOM ¢.—69G>A R Pakistani M yes 5-8 years BE RP none N/A N/A
A-4d HOM ¢.—69G>A R Pakistani M yes 5-8 years BE RP none N/A N/A
A-5a HOM c.—69G>A N Pakistani M yes 5-10 years BE RP none N/A N/A
A-5b HOM c.—69G>A S Pakistani M yes 5-10 years BE RP none N/A N/A
A-5¢ HOM c¢.—69G>A S Pakistani M yes 5-10 years BE RP none N/A N/A
A-5d HOM c¢.—69G>A N Pakistani M yes 5-10 years BE RP none N/A N/A
A-Se HOM c¢.—-69G>A N Pakistani F yes 5-10 years BE RP none N/A N/A
A-6 HOM c.—69G>A T Pakistani F yes childhood BE RP none N/A N/A
A-7 HOM c.—69G>A 8] Pakistani M yes childhood BE RP none 20/200 20/160
A-8 HOM c.—69G>A \4 Pakistani F yes 1-3 years BE RP none N/A N/A
A-9 HOM ¢.—69G>A w Pakistani M yes 5-8 years BE RP none N/A N/A

Demographics, pedigree, and phenotype information obtained where available. Lowercase in family ID represent members of the same family. “Age of onset” as reported by subject of earliest signs of nyctalopia or vision loss.
Ethnicity data gathered as reported by subject. Visual acuities converted to imperial Snellen scale. *Heterozygous deletion of g.61,382,891-61,393,975 (GRCh38) on chromosome 11 found in trans with TMEM216
c.—69G>T. HOM, homozygous; HET, heterozygous; YOB, year of birth; F, female; M, male; BE, both eyes; RE, right eye; LE, left eye; RP, retinitis pigmentosa; VA, visual acuity; CF, counting fingers; NPL, no perception
of light; LP, light perception; N/A, not available; NS, not shown in Figure 1.
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non-coding nucleotide upstream of TMEM216 causes non-syndromic
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Figure 2. Homozygosity mapping of
family A-4 and across families with
TMEM216 c.—69G>A

(A) Homozygosity in affected and unaf-
fected members of A-4 across the genome
identified an 8.25 Mb (g.55,000,000-
63,258,298 [GRCh38]) region on chromo-
some 11 shared by three affected individ-
uals. Red indicates variants in the region
that are homozygous, blue indicates alleles
that are heterozygous, and white indicates
homozygous and heterozygous alleles in
the same frequency.

(B) Homozygosity mapping across families
with TMEM216 ¢.—69G>A: homozygous
regions identified on chromosome 11 in
pedigrees A-4, A-5, A-7, and A-6 and 11
genes located within the 330 kb shared ho-
mozygous interval are shown.

Family A-7
Family A-6 ~45IMb i ~7.48Mb
LS Asian origin with a clinical diagnosis
Shart(egslsa&l;)type ______________________ of RP and no molecular diagnosis
e T T e (Figures 1R-1W; Table 1).
VWCEKMiHHH ~ TKFCHHIN ‘ saxo4iH
DDB1 H-HHHHiH CPS7I—<—{|<—H—<—{ LRRC10B{
CYB561A3 HHH SDHAF2 >} sYT7 mH4ddk<<  Haplotype mapping
TMEM138 Hij

South Asian genetic ancestry group (79/82,738 alleles, AF:
0.0009548).*°

Analysis of the genomic data of 315 additional pedigrees
with affected individuals that remained without molecular
diagnosis after WGS or WES analysis out of a total of ~716
unrelated IRD-affected pedigrees recruited from Pakistan re-
sulted in the identification of TMEM216 c.—69G>A in the
homozygous state in affected individuals from two addi-
tional families: A-6 and A-7. Examination of the homozy-
gousregionsidentified in individuals from these two families
narrowed the shared homozygous interval to 330 kb
(Figure 2B).

Further, targeted variant analysis of affected individuals
from additional Pakistani pedigrees by Sanger sequencing
revealed the presence of the TMEM216 c.—69G>A variant
in the homozygous state in affected individuals from two
pedigrees, A-8 and A-9 (Figures 1V and 1W). This variant
segregated in the homozygous state with RP in one family
(A-8) while in the second family (A-9), one affected mem-
ber had the variant in the homozygous state and two other
affected members carried this variant in the heterozygous
state (Figures 1V and 1W). The underlying cause of disease
in these heterozygous carriers that lacked potentially path-
ogenic variants in other genes including TMEM216 re-
mains unknown and may be independently inherited.

Subsequent screening of the datasets of UK100k and
NIHRRD cohorts identified four additional RP-affected indi-
viduals from three families (A-1, A-2, and A-3) of South Asian
origin, homozygous for TMEM216 c.—69G>A (Table 1). In
summary, the homozygous TMEM216 c.—69G>A variant
was observed in affected individuals from 9 families of South

Haplotypes formed by SNPs selected

for having a minimum fraction of het-

erozygotes in the gnomAD database
for that particular population (African and South Asian)
of 0.3 in the TMEMZ216 region on chromosome 11 of
affected individuals were assembled in the Pakistani and
African individuals and extended from TMEM216 c.—69G
(8.61392563) until at least one haplotype in each group
diverged (Table 2). In the African affected individual group,
the shared haplotype extends 177 kb from rs61895905 on
chromosome 11 (g.61340630) to rs3019201 (g.61517826).
In the Pakistani individuals, it spans 330 kb from
1s373641413 (g.61264929) to rs79136768 (g.61594967)
on chromosome 11 (Table 3). These two conserved haplo-
types strongly suggest a single founder mutation unique to
each group. The conserved haplotypes were not found in
the predicted haplotype sets for either the Pakistani or Af-
rican population groups, so the 1000 Genomes datasets
were seeded with a single homozygous carrier for the
shared founder haplotype to give a conservative upper
limit for the frequency. The estimated population fre-
quencies for the shared haplotypes when the single carriers
are included are 0.01 for the Pakistani population and
0.0023 for the African population giving a p < 1.3 X
1078 and p < 3.6 x 1073 for a single founder mutation
for the Pakistani and African population, respectively.

All individuals with the c.—69G>A variant were from
consanguineous unions while all with the c.—69G>T
variant did not report consanguinity (Table 1). This is
exemplified by high total size of regions of homozygosity
(ROHs) in the four families with c.—69G>A and low total
size of ROHs in the two families with c.—69G>T (Figures 2
and S2). Individuals reporting consanguinity typically
have more than 100 Mb of total size of ROHs.
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Table 2. Conserved region of homozygosity across TMEM216 c.—69G>T in African families

rsiD rs28720354 rs61895905 rs760001653 rs73492397 rs563641208° rs3018731 rs2943813 rs2957857 rs56408067 rs3017596 rs2924439 rs3019201 rs441938
Variant 61301 613406 613785 613903 613925 614813 614909 614940 614975 61505 615139 615178 61549
(chrll) 517G>A 30A>G 64G>A 67T>G 63G>T 04A>G 96T>C 45G>A 60G>A 678T>G 58G>A 26G>C 915G>A
Distance 91,046 51,933 13,999 2,196 - 88,741 98,433 101,482 104,997 113,116 121,395 125,263 157,352
from 613925

63G>T (bp)

gnomAD AF 0.1577 0.7105 0.3697 0.1628 0.005043 0.5173 0.3539 0.6024 0.495 0.5755 0.4414 0.1402 0.161
(African)

Shared haplotype (177 Kb)

Family ID Genotype

T-3 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A c/C G/G
T-5 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-2 A/A A/A A/A G/G T/T G/G c/C A/A AJA G/G A/A c/C G/G
T-4 A/A A/A A/A G/G T/T G/G c/C A/A A/A G/G A/A c/C G/G
T-15 A/A A/A A/A G/G T/T G/G C/C A/A AJA G/G A/A c/C G/G
T-6 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A Cc/C G/G
T-16 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-7 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-1 A/A A/A AJA G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-8 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-17 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-18 A/A A/A AJA G/G T/T G/G C/C A/A A/A G/G A/A Cc/C G/G
T-19 G/G A/A AJA G/G T/T G/G C/C A/A A/A G/G A/A C/C G/G
T-35 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C A/G
T-37 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A Cc/C G/G
T-36 A/A A/A A/A G/G T/T G/G C/C A/A A/A G/G A/A Cc/C G/G
T-34 A/A A/A A/A G/G T/T G/G c/C A/A AJA G/G A/A c/C G/G
T-24 A/A no data no data G/G T/T G/G no data no data A/A G/G A/A no data G/G
T-23 A/A no data no data no data T/T G/G c/C no data A/A G/G A/A c/C G/G
T-27 A/A no data A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C no data
T-28 A/A no data A/A G/G T/T G/G C/C A/A A/A G/G A/A C/C no data
T-32 A/A no data AJA G/G T/T G/G C/C A/A A/A G/G A/A C/C no data
T-33 A/A no data AJA G/G T/T G/G C/C A/A A/A G/G A/A C/C no data
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Table 3. Conserved region of homozygosity across TMEM216 c.—69G>A in South Asian families

rsiD rs575542365 rs373641413 rs56358658 rs572262418 rs563641208° rs571401170 rs78258051 rs2924440 rs441938 rs79136768 rs1692122
Variant (chr11) 61145940C>G 61264929G>A 61323113C>T 61333462A>G 61392563G>A 61455562C>A 61479807T>C 61513165G>A 61549915G>A 61594967A>G 61663516C>A
Distance from 246,623 127,634 69,450 59,101 - 62,999 87,244 120,602 157,352 202,404 270,953
61392563G>A (bp)

gnomAD AF 0.003107 0.0009561 0.0357 0.02762 0.02762 0.01988 0.04028 0.6408 0.4385 0.0951 0.7378
(South Asian)

Shared haplotype (330 kb)

Family ID Genotype

A-1 G/G A/A T/T G/G A/A AJA c/C A/A G/G A/A A/A

A-2 G/G A/A T/T G/G A/A A/A c/C A/A G/G A/A A/A

A-8 G/G AJA T/T G/G A/A A/A c/C AJA G/G A/A A/A

A-9 c/c* AJA T/T G/G A/A A/A c/C AJA G/G A/A A/A

A-6 G/G A/A T/T G/G A/A A/A c/C A/A G/G A/A c/c*

A-7 c/c AJA T/T G/G A/A A/A c/C AJA G/G A/A A/A

A-5 G/G AJA T/T G/G A/A A/A c/C A/A G/G A/A c/c*

A-4 c/c* A/A T/T G/G A/A A/A c/C A/A G/G A/A c/c*

Genotyping shown for selected South Asian informative families, with only one individual in each family represented. * indicates discordant SNPs. AF, allele frequency.

@Putative disease variant
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T-37
Homozygous TMEM216 c.-69G>T

A

Clinical phenotype of subjects with TMEM216 c.—69G>A
and c.—69G>T

Of the bi-allelic TMEM216 individuals, detailed clinical
data were available for 31 seen at Moorfields Eye Hospital,
London, UK (aged 9-73 years, 16 females/15 males) (Ta-
ble 1). All had night blindness in the first decade of life,
with progressive loss of peripheral field over subsequent
decades. The childhood-onset night blindness resembled
the clinical profile typically seen in individuals with RP
consequent upon bi-allelic variants of genes involved in
rod phototransduction such as CNGB1 (MIM: 600724),
CNGA1 (MIM: 123825), PDE6B (MIM: 180072), and
PDE6A (MIM: 180071). Foveal structure and function
were initially preserved, with loss of acuity from the third
decade. OCT and en face imaging were of typical RP in
which there is primary loss of rod photoreceptor structure
with secondary loss of the cone-rich central macula and
fovea. Representative images are shown in Figure 3. Elec-
trophysiology showed abrogated responses to both rod
and cone stimuli using ISCEV standard conditions. Even
at an early age (3 individuals were tested prior to 10 years
of age), there were barely detectable cone-driven and unde-
tectable rod-driven responses. There were no evident dif-
ferences in the age of onset and progression of those
with homozygosity for TMEM216 ¢.—69G>T compared
to TMEM216 ¢.—69G>A, nor in the two mixed heterozy-
gotes for TMEM216 ¢.—69G>T. No evident systemic fea-
tures suggestive of generalized ciliopathy were noted in
affected persons (Table 1). Evaluation of affected members
of other families with these non-coding variants showed a
clinical course consistent with that described above.

A-3
Homozygous TMEM216 c.-69G>A

Figure 3. Clinical findings for individuals
with TMEM216 c¢.—69G>T and TMEM216
¢.—69G>A variants of 72 and 24 years of
age, respectively

(A-D) En face pseudo color images (A and
B) and green (532 nm) autofluorescence
(C and D) from an Optos wide-angle
fundus camera. The 72-year-old individual
shows a greater amount of pigment and
further reduction in autofluorescence (A
and C). In the 24-year-old individual, there
is typical bone-spicule pigment in the pe-
ripheral retina. This individual showed
loss of autofluorescence, with retention of
autofluorescence within a 10-degree area
centered on the fovea (B and D).

(E-H) En face infrared and OCT images of
the right (E and F) and left (G and H) eyes
centered on the fovea. The 72-year-old in-
dividual showed atrophy of both outer
retina and RPE on OCT with some preser-
vation of the foveal layers. In the 24-year-
old individual, the region of preserved
retinal anatomy on OCT imaging matches
the retained autofluorescence observed in
(D) (F and H).

¢.—69G>A and c.—69G>T downregulate TMEM216
expression in vitro

A dual reporter luciferase assay was performed to test
whether the noncoding variants c.—69G>A and ¢.—69G>T
alter TMEMZ216 gene expression. The 931 bp test sequence
contained the genomic sequence spanning the 5’ untrans-
lated region (UTR) of TMEMZ216 and upstream non-coding
sequence on chromosome 11 (g.61,391,712-61,392,642
[GRCh38]) (Figure 4A). Two promoters were predicted in
this region according to the Eukaryotic Promoter Database*°:
promoter 1 (P1, g.61,392,583-61,392,642 [GRCh38] on
chromosome 11) overlapping with the TMEM216 5’ UTR
(GenBank: NM_001173991.3) and an upstream promoter
2 (P2,¢.61,392,331-61,392,390 [GRCh38] on chromosome
11). The region contains known retinal transcription factor
binding sites (CRX and OTX2) and lies within an ATAC peak
(Figure 4A).*”*® FIMO transcription factor analysis using
JASPAR TF motif PWMSs predicted differential binding of
transcription factors between wild-type and the sequence
containing both variants.

Five constructs were tested: a reference and two variant
constructs containing either the c.—69G>A or c.—69G>T
variant and two deletion constructs with deletions
involving individual predicted promoter sequences
P1(AP1) and P2 (AP2) (Figure 4B). Both TMEMZ216
€.—69G>A and c.—69G>T variants resulted in a significant
downregulation of luciferase activity (26% and 36% of
reference expression respectively, p value < 0.0001), sug-
gesting a hypomorphic nature of these variants. A more
pronounced downregulation was observed when the prox-
imal promoter (P1) was missing (p value < 0.0001).
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Figure 4. The c.—69 variants downregulate TMEM216 expression in vitro and in vivo

(A) Characteristics of the 931-bp region upstream of TMEM216 on chromosome 11 used in the luciferase assay (g.61,391,712-61,392,642
[GRCh38]). This 931-bp region contains cis-regulatory elements for known retinal transcription factors, such as CRX and OTX2, and two
predicted promoter sequences (P1 and P2).>”*¢

(B) Relative luciferase activity for the reference and mutated constructs containing the TMEM216 c.—69G>A, c.—69G>T, and additional
constructs harboring deletions of the predicted P1 and P2 promoters. Luciferase activity was normalized by a construct with no promoter
sequence and the WT control. ****p < 0.0001.

(legend continued on next page)
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Deletion of the distal promoter (P2) did not show signifi-
cant differences when compared to the reference construct
(Figure 4B).

Reduced expression of TMEM216 in leukocytes of
individuals with TMEM216 c.—69G>T

RT-qPCR was performed to analyze the expression levels of
TMEM?216 and TMEM138 in blood samples from the WT
control subjects and affected individuals from pedigrees
T-23 and T-24 homozygous for TMEM216 c.—69G>T. The re-
sults revealed a significant reduction of 51% of TMEM216
expression in homozygous compared to wild-type individ-
uals (p value = 0.0075) (Figure 4C). However, no significant
difference was observed in the expression of TMEM138
in affected individuals compared to control subjects
(Figure 4C).

Skewed allele balance in a c.—69G>T carrier

IGV read depth analysis of blood-derived TMEM216 RT-
chPCR transcripts using ONT single-molecule sequencing
yielded 26,922 reads from a homozygous individual,
32,854 from a carrier individual, and 20,963 from a control
subject (Figure 4D). The reads were phased in the carrier
parent sample using the heterozygous SNV ¢.264G>A (A
allele) in cis with the c.—69T allele. Reads covering this
nucleotide position showed an allele balance of 74%/
26% (23,255 reads/8,184 reads) of the c.—69G; ¢.264G
allele to the c.—69T; c.264A allele, suggesting a relative
reduction in transcription from the c.—69T allele.

The generation of two distinct isoforms from differential
usage of the exon 1 donor site is shown in each of the sam-
ples with a similar ratio of long to short exon 1 3’ ends
across samples (Figure 4D). Moreover, when examined
separately, the mutant and wild-type alleles from the het-
erozygous parent (2nd row) showed exon 1 usage short:-
long as follows: mutant, 5,106:962 (16% long); wild-type,
18,892:5,970 (24% long). Overall, these data would sup-

port the model that the c.—69G>T variant causes reduced
but not abrogated expression.

Reduced expression of TMEM216 in hTERT-RPET1 cells
with TMEM216 c.—69 G>A

hTERT-RPE1 cells were generated by introducing this variant
using CRISPR-Cas9, which resulted in the generation of cell
lines heterozygous and homozygous for this TMEM216
¢.—69G>A variant. Unfortunately, the cell line homozygous
for the TMEM216 c.—69G>A variant also had an additional
variant TMEM216 ¢.—71C>T (g.61392561C>T on chromo-
some 11) introduced during the gene editing process
(Figure S1).

Compared to the control wild-type, the relative expres-
sion of TMEM216 was reduced by 86.3% (p value < 0.001)
in the genome-edited cells homozygous for c.—69G>A/
c.—71C>Tand by 62.1% (p value < 0.05) in cells heterozy-
gous for c.—69G>A. These results indicate that TMEM216
c.—69G>A lowers the expression of TMEMZ216 (Figure 4E).
However, the relative expression of TMEM138 which is
known to share a regulatory region with TMEM216 was
not altered based on the presence of the variant (Figure 4E).

The expression of three other IRD genes was also evalu-
ated in these cells, due to their proximity to the TMEM216
Cc.—69G>A variant. The BESTI (MIM: 607854), ASRGL1
(MIM: 609212), and ROM1 (MIM: 180721) genes located
on chromosome 11 (55 kb, 95 kb, and 1.2 Mb away, respec-
tively, from c.—69G>A) showed no significant difference
in their expression between mutant and control hTERT-
RPE1 cells (data not shown).

Abnormal ciliogenesis in hTERT-RPE1 cells with
TMEM216 c.—69 G>A

The ciliary morphology of hTERT-RPE1 cells carrying the
€.—69G>A variant was evaluated as TMEMZ216 deficiency
is known to affect primary ciliogenesis.”” Immunocyto-
chemistry of hTERT-RPEL1 cells with the ciliary marker acet-
ylated tubulin antibodies revealed reduced ciliogenesis

(C) Real-time quantitative PCR quantification of TMEMZ216 and the neighboring TMEM138 gene expression in blood samples from two
WT control subjects and two individuals carrying the homozygous TMEM216 c¢.—69G>T variant (T-24 and T-23).

(D) IGV representation of cDNA reads from Oxford Nanopore sequencing of leukocyte RNA. Top lane, an affected individual homozy-
gous for c.—69G>T; middle lane, the heterozygous mother; bottom lane, a healthy WT control subject. Red vertical line represents the
variant base c.—69G, which is not included in the RNA sequence. The right panel shows the relative read depths for a benign coding SNV
(rs3741265, c.264G>A [p.Pro88Pro]) for which the mother is heterozygous. The A allele, in cis with the c.—69G>T mutation, is repre-
sented at a significantly lower concentration than the G allele (read depth 8,184 [A] versus 23,255 [G]).

(E) RT-gPCR analysis of gene expression in hTERT-RPE1 cells. Quantitative PCR analysis of TMEM216 and TMEM138 expression across all
three genotypes. Expression is relative to GAPDH housekeeping gene. One-way ANOVA results are shown (*p < 0.05, **p < 0.01,
*kp < 0.001, ****p < 0.0001).

(F) Functional validation of TMEM216 c.—69G>A in hTERT-RPE1 cells. CRISPR-Cas9-edited hTERT-RPE1 cells with c.—69G>A variant in
homozygous state showed loss of cilia or abnormal cilia (green) whereas the wild-type and heterozygous cells showed presence of cilia.
The cilia were stained with acetylated tubulin (green) 1 and the nucleus were stained with DAPI (blue). The scale bar represents 10 um.
Two independent clones with each genotype were analyzed.

(G) Reduction in percent ciliated hTERT-RPE1 cells with c.—69G>A. Percent ciliated cells is significantly low when ¢.—69G>A variant is
present in the homozygous (3%) or heterozygous (54%) state when compared to the wild-type. Corrected p value < 0.0001 (Kruskal-
Wallis non-parametric test with Dunn’s multiple comparison of the difference between all of the conditions).

(H) Total TMEMEZ216 expression in the human peripheral retina compared to all GTEx tissues. Distribution of total TMEM216 expression
in combined GTEx tissues (mean expression = 11.02 = 0.05 TPM, n = 17,382) and the human peripheral retinal samples (mean
expression = 19.96 + 0.24 TPM, n = 411), showing a significantly higher expression in the retina (Mann Whitney nonparametric
test p value < 0.0001).
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with apparent normal gross morphology of cilia in cells
with the heterozygous c.—69G>A genotype compared
to the wild-type hTERT-RPE1 cells while a majority of
cells homozygous for the c.—69G>A/c.—71C>T genotype
lacked cilia (Figure 4F). The percentage of ciliated cells
are significantly low among cells with the heterozygous
and homozygous genotype compared to the wild-type
(54% and 3% of wild-type, respectively, with adjusted
p values of <0.0001) (Figure 4G). These findings suggested
abnormal ciliogenesis in hTERT-RPE1 cells with ¢.—69G>A
variant and reduced levels of TMEMZ216 transcript. The
impact of the additional variant c.—71C>T in cells with
the homozygous genotype is unknown. Analysis of GTEx
data revealed significantly higher levels of TMEMZ216 tran-
script in the human peripheral retina compared to those
recorded from additional tissues in the GTEx database
(Figure 4H).*%*?

Discussion

This study describes two non-coding variants in
TMEM?216, c.—69 G>A and c.—69G>T, as the likely under-
lying cause of non-syndromic RP in 74 affected individuals
from 49 families of African and South Asian ancestry.

Forty-five individuals with recessive RP from 40 pedi-
grees have been found so far to be homozygous or
compound heterozygous for the G>T change and 29 indi-
viduals from nine families have been found to be homozy-
gous for the G>A variant. Two affected siblings were com-
pound heterozygotes for the G>T variant and a deletion
encompassing exons 1-3 of TMEM216 and the upstream
region. One affected individual was compound heterozy-
gous for the G>T variant and a splice site variant
¢.35-2A>G. The ¢.35-2A>G substitution in TMEM216
observed in one of the compound heterozygotes would
only be expected to affect TMEMZ216 specifically, consis-
tent with the pathology being consequent on reduced
TMEM?216 expression rather than an effect on other nearby
genes.

The population frequencies reported for both variants
are consistent with carrier frequencies in recessive IRD
genes. Haplotype analysis is consistent with a single
ancestral mutation event giving rise to all extant disease-
associated alleles for each of the two variants. The
relatively high prevalence of the G>T allele in the African
population (0.005 in gnomAD) is noteworthy. This
prevalence is higher, for instance, than the most common
alleles causing recessive RP in the European population,
e.g., USH2ZA (MIM: 608400; GenBank: NM_206933.4)
(c.2299del [p.Glu767SerfsTer21] and c.2276G>T [p.Cys75
9Phe], with allele frequencies of 0.001 and 0.002, respec-
tively).*>° Based on the allelic frequency, we can estimate
1 in 40,000 in this population would be homozygous for
this variant. The sum of allelic frequencies of pathogenic
and likely pathogenic variants from ClinVar as well as
clear loss-of-function variants from gnomAD (v.4.0.0)*° is

0.00033 for African/African American population (for
nine variants). Therefore, we expect 1:300,000 individuals
to carry the c.—69G>T variant in frans with a pathogenic
variant. This makes the expected frequency of individuals
carrying ¢.—69G>T homozygous or in trans with another
pathogenic variant to ~1:35,000 in that population. This
would be expected to be a significant proportion of non-
syndromic RP in this population.

The nature and location of the sequence encompassing
the TMEMZ216 c.—69G site and the in silico analysis suggest
a critical role for this genomic region in transcriptional
regulation of TMEMZ216. Four independent assays pre-
sented in our study (dual reporter Luciferase assay, RT-
qPCR, and nanopore sequencing of affected individuals’
leukocytes and RT-qPCR of edited cell lines) demonstrated
that the c.—69 G>A or G>T noncoding variants downre-
gulate TMEMZ216 expression. Our experimental validations
indicate that the TMEM216 expression is reduced but not
abrogated by these variants without affecting nearby IRD
genes.

It is of interest that all individuals presented here (age
range at exam S5-72 years) did not show any symptoms
suggestive of the systemic pathology that occurs in
affected individuals reported with bi-allelic variants in
TMEMZ216 which cause Joubert, Meckel, and related disor-
ders.”* None of the subjects with TMEM216 c.—69G>A or
G>T variants exhibited neurological symptoms. However,
because neuroimaging was not clinically indicated, we
cannot exclude asymptomatic minor structural changes
in the cerebellum.

One possible explanation for the specificity of involve-
ment of the rod photoreceptors in these individuals might
be a need for higher TMEMZ216 gene expression in these
cells. This is supported by the presence of significantly
higher levels of TMEMZ216 transcript in the human periph-
eral retina compared to the levels listed in GTEx.**" Tt is
likely that the photoreceptor cells are more sensitive to
the reduction of gene expression, and therefore the
TMEM216 ¢.—69G>A or G>T variants leading to such
gene expression reduction, rather than complete loss of
expression, cause specific dysfunction of photoreceptors.
This phenomenon has been observed in other ciliopathy
genes such as CEP290 (MIM: 610142) which is associated
with a spectrum of phenotypes ranging from Leber
congenital amaurosis (LCA [MIM: 611755]), to the lethal
Meckel syndrome (MKS).'®** However, cases have been re-
ported with a lack of apparent retinal involvement in the
individuals with homozygous c.218G>T (p.Arg73Leu) re-
ported by Valente et al.>* It is possible that the mechanism
of disease of this mutation is different than the reduced
expression/function caused by TMEM216 c.—69G>A and
G>T, which lead to differences in the retinal phenotype.

It is noted that there are at least two major transcripts
generated from the human TMEMZ216 gene. The longer
transcript (GenBank: NM_001330285) has a shorter open
reading frame (—87 amino acids compared with 148 from
the shorter transcript [GenBank: NM_001173991.3]) due
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to the use of a downstream start codon in the longer tran-
script. The presence of both isoforms is observed in the ma-
jority of tissues.*” Our analysis of TMEMZ216 transcripts in
affected individuals’ leukocytes to study the impact of
TMEMZ216 ¢.—69G>T in individuals with the ¢.—69G>T
genotype in the homozygous and heterozygous states ap-
peared to show similar reduction in both transcripts
equally in the homo- and heterozygote on read-counting
of nanopore-generated sequencing. It remains possible
that one of the two transcripts is critical for rod photore-
ceptor function and maintenance and that the c¢.—69 var-
iants have a specific effect on this specific retinal transcript.
Additional studies are needed to understand the mecha-
nism underlying non-syndromic RP phenotype due to
the non-coding variants ¢.—69G>A and c¢.—69G>T.
Notably, all TMEMZ216 variants reported so far in individ-
uals affected with Joubert syndrome involve only the cod-
ing sequence and would be expected to affect both
isoforms.”*

The TMEM216 protein is part of the “MKS module” that
localizes to the cilia transition zone and plays a key role in
ciliogenesis.'”"**** This complex includes additional pro-
teins involved in ciliopathies.’* The phenotypes observed
in affected individuals with variants in TMEM216 are
Joubert and Meckel syndrome, which are severe ciliopa-
thies that often involve retinal degeneration.?*>>° In pre-
vious studies, fibroblasts derived from individuals with
TMEMZ216 variants show impaired ciliogenesis.”*** It is
well established that the integrity of cellular ciliary ma-
chinery is critical in the formation and maintenance of
photoreceptors and as a result, variants in TMEM216 are
predicted to cause retinal degeneration along with other
ciliary phenotypes.>” Further, Tmem216 knockdown zebra-
fish show abnormal outer segment formation compared to
wild-type, while complete loss of TrmemZ216 leads to embry-
onic and postnatal lethality in mice.””>* Consistent with
the above observations, the hTERT-RPE1 cells with
c.—69G>A genotype lacked cilia, indicating abnormal cil-
iogenesis.”**” These observations suggest the involvement
of TMEMZ216 in retinal pathology observed in individuals
with the ¢.—69G>T and ¢.—69G>A variants upstream of
this gene and abnormal ciliogenesis as a possible mecha-
nism underlying retinal pathology.

Identification of noncoding variants with a high impact
on gene expression that lead to IRD is an emerging phenom-
enon; for example, causative variants upstream of PRDM13
(MIM: 616741) have been shown to cause North Carolina
macular dystrophy (MCDR1 [MIM: 136550]).°”>? We antic-
ipate that such variants will be a major cause in the remain-
ing genetically unsolved IRD cases. The identification of
TMEM?216 c.—69 G>T and G>A described herein signifi-
cantly improves the molecular diagnosis for IRD-affected in-
dividuals, particularly in those of African ethnicity who are
historically understudied.®®"®* Despite their genetic diver-
sity, there is a scarcity of available genetic data, which makes
the interpretation of pathogenicity of variants more chal-
lenging.”>°>°® Therefore, it is essential to perform rigorous

validation studies to prove that such variants are pathogenic
and to understand their mechanism of disease. These find-
ings will open up the possibility of gene-directed therapies
such as gene editing or augmentation.
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