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2. Summary

Detection of disease-associated sequence variants in patients with inherited retinal
diseases has significantly improved with the introduction of high-throughput
sequencing technologies allowing the simultaneous analysis of a large number of
genes. Nevertheless, the primary challenge in the field of molecular genetic diagnosis
remains the ability to discern which observed variant or genotype is causative for the

disease phenotype in the respective patient.

The CNGA3 gene codes for the main subunit of the cyclic nucleotide-gated ion
channels in cone photoreceptors and is one of the major diseases-causative genes for
achromatopsia (ACHM) — a rare autosomal recessive retinal disorder characterized by
congenital cone photoreceptor dysfunction. So far, the majority of variants observed in
the CNGA3 gene are missense variants, a significant proportion of which remain
functionally uncharacterized. Due to their rarity in the general population and the
resulting lack of comprehensive genetic data, these sequence alterations are typically
classified as variants of uncertain significance (VUS) in accordance with the current
ACMG/AMP guidelines for variant interpretation and classification presenting a
significant challenge for molecular genetic diagnosis. This highlights the need to
develop suitable assays and readouts for functional in vitro studies to ensure an

objective assessment of variant pathogenicity.

The aim of the present doctoral thesis was to provide an expert-based assessment of
sequence alterations in the CNGA3 gene by i. establishing a comprehensive CNGA3
variant database by scientific literature, in-house, and public variant database
research, ii. developing a medium-throughput bioassay to subsequently test the
functionality of CNGAS3 channels carrying functionally yet uncharacterized missense
variants, and iii. incorporating the obtained functional data into the existing

ACMG/AMP-based classification to unequivocally assess their pathogenic impact.

By compiling all CNGA3 sequence alterations detected in our laboratory-intern ACHM
study cohort, and complemented through a literature and public database research,
the CNGAS3 variant spectrum was substantially expanded to a total of 316 sequence
alterations. From these, 244 variants could be interpreted as “likely disease-causing”
following extensive in silico variant assessment, ACMG/AMP-based classification, and
manual/expert-based variant categorization. The predominant variant type among the
“likely disease-causing” variants were missense substitutions displaying the highest
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frequency of 66.8% whereas small indel (16.8%) and nonsense variants (12.3%) only

played a subordinate role.

However, a considerable proportion of the identified CNGA3 missense substitutions
was functionally yet uncharacterized and their pathogenicity remained elusive.
Therefore, a medium-throughput aequorin-based luminescence bioassay in transiently
transfected human embryonic kidney (HEK293) cells was established and validated
using a set of benign and pathogenic CNGA3 sequence alterations in order to evaluate
the pathogenicity of the tested variants via a luminescence-based quantification of the
CNGAZ3 channel-mediated calcium influx. Using this approach, a total of 150 missense
variants were functionally evaluated, of which 55 had initially been classified as VUS
in the ACMG/AMP classification system. Of the 150 missense substitutions analysed,
25 exhibited channel function characteristics similar to those of the wild-type channels,
and were considered “functionally normal”. In contrast, the remaining 125 missense
substitutions displayed (severely) impaired or absent channel function, thus classifying
them as “functionally abnormal”. The application of the obtained functional data to the
preceding classification allowed substantial ACMG/AMP-based variant
re-classification. Of the 55 VUS, 52 could be re-classified as either (likely) benign or

likely pathogenic, leading to a VUS re-classification rate of 94.5%.

In summary, the expansion of the CNGAS3 variant spectrum, functional evaluation, and
subsequent ACMG/AMP-based variant re-classification presented in this doctoral
thesis will greatly facilitate the clinical variant interpretation with respect to the analysed
CNGA3 missense variants ensuring a molecular genetic diagnosis for
CNGA3-associated achromatopsia patients, hereby identifying patients eligible for

future gene therapeutic trials and treatments.
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3. Zusammenfassung

Die Einfuhrung von Hochdurchsatz-Sequenzierungstechnologien ermdoglicht den
Nachweis von krankheitsassoziierten Sequenzvarianten bei Patienten mit erblichen
Netzhauterkrankungen in einer groen Anzahl von Genen. Eine grolle
Herausforderung im Bereich der molekulargenetischen Diagnostik bleibt jedoch zu
erkennen, welche der identifizierten Varianten oder welcher Genotyp fur den

Krankheitsphanotyp bei dem jeweiligen Patienten ursachlich ist.

Das CNGA3-Gen kodiert flr die Hauptuntereinheit des zyklisch Nukleotid-gesteuerten
lonenkanals in Zapfen-Fotorezeptoren und ist eines der wichtigsten
krankheitsassoziierten Gene flr die Achromatopsie — einer seltenen autosomal
rezessiven Netzhauterkrankung, die durch eine kongenitale Dysfunktion der
Zapfen-Fotorezeptoren gekennzeichnet ist. Missense-Substitutionen stellen die
haufigste im CNGA3-Gen beobachtete Variantenklasse dar und ein erheblicher Anteil
davon war bislang funktionell nicht charakterisiert. Solche Sequenzveranderungen
werden gemal den aktuellen ACMG/AMP-Richtlinien fur die Interpretation und
Klassifizierung von Varianten in der Regel als Varianten unklarer Signifikanz (VUS)
eingestuft, was eine erhebliche Herausforderung fir die molekulargenetische
Diagnostik darstellt. Dies unterstreicht die Notwendigkeit, geeignete Assays und
Readouts fur funktionelle In-vitro-Studien zu entwickeln, um eine objektive Bewertung

der Pathogenitat dieser Varianten zu gewahrleisten.

Ziel der vorliegenden Doktorarbeit war es, eine Experten-basierte Bewertung von
Sequenzveranderungen im CNGA3-Gen vorzunehmen. Dazu wurde zunachst eine
umfassende CNGA3-Variantendatenbank erstellt, welche auf einer Recherche der
wissenschaftlichen Literatur sowie der Auswertung unserer in-house Datenbank und
zweier Offentlicher Variantendatenbanken basiert. Im nachsten Schritt wurde ein
Medium-Throughput Bioassay entwickelt, um die Funktionalitdt von CNGA3-Kanalen
zu testen, die funktionell noch nicht charakterisierte Missense-Varianten tragen. Die
erhaltenen funktionellen Daten wurden anschlielend in die bestehende
ACMG/AMP-basierte Klassifizierung integriert, um die Pathogenitat der getesteten

Varianten eindeutig zu bewerten.

Durch die Zusammenstellung aller CNGA3-Sequenzveranderungen, die in unserer
laborinternen  ACHM-Studienkohorte entdeckt und durch eine Literatur- und
Datenbankrecherche komplementiert wurden, konnte das CNGA3-Variantenspektrum
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auf insgesamt 316 Sequenzveranderungen erheblich erweitert werden. Alle
Sequenzveranderungen wurden einer umfassenden in silico-Variantenbewertung,
einer ACMG/AMP-basierten Klassifizierung und einer manuellen Experten-basierten
Variantenkategorisierung unterzogen. Von 316 bewerteten CNGA3-Varianten wurden
somit 244 als ,wahrscheinlich krankheitsverursachend® klassifiziert, wobei
Missense-Substitutionen mit 66,8% hierbei den haufigsten Variantentyp darstellten,

gefolgt von Small Indel- (16,8%) und Nonsense-Varianten (12,3%).

Ein betrachtlicher Anteil der identifizierten CNGA3-Missense-Substitutionen war
jedoch funktionell noch nicht charakterisiert, und ihre Pathogenitat blieb folglich
unbestimmt. Daher wurde ein  Medium-Throughput  Aequorin-basierter
Lumineszenz-Bioassay in transient transfizierten humanen embryonalen Nierenzellen
(HEK293) etabliert. Dieser wurde mit einer Reihe von benignen und pathogenen
Varianten validiert, um final die Pathogenitat der getesteten
CNGAS3-Sequenzveranderungen Uber eine Lumineszenz-basierte Quantifizierung des
CNGA3-Kanal-vermittelten Kalziumeinstroms zu bewerten. Mit diesem Ansatz wurden
insgesamt 150 Missense-Varianten funktionell analysiert, von denen 55 zunachst nach
dem ACMG/AMP-Klassifizierungssystem als VUS eingestuft worden waren. Von den
150 analysierten  Missense-Substitutionen  wiesen 25  Wildtyp-ahnliche
Lumineszenzsignale auf und wurden folglich als ,funktionell normal® kategorisiert. Im
Gegensatz dazu wiesen die Ubrigen 125 Varianten eine z.T. stark beeintrachtigte oder
fehlende Kanalfunktion auf, so dass sie als ,funktionell abnormal“ eingestuft wurden.
Der Einschluss der erhaltenen funktionellen Daten in die vorangegangene
Klassifizierung beeinflusste die ACMG/AMP-basierte Reklassifizierung der Varianten
deutlich. Von den 55 VUS konnten 52 entweder als (wahrscheinlich) benigne oder als
wahrscheinlich pathogen eingestuft werden, was zu einer VUS-Reklassifizierungsrate
von 94,5% fuhrte.

Zusammenfassend konnte gezeigt werden, dass die Erweiterung des
CNGAS3-Variantenspektrums, die funktionelle Bewertung und die abschlieRende
ACMG/AMP-basierte Klassifizierung der Varianten, die in dieser Doktorarbeit
vorgestellt wurden, die Kklinische Varianteninterpretation der analysierten
CNGAS3-Missense-Varianten erheblich verbessert. Die erzielten Ergebnisse werden
aullerdem helfen geeignete CNGAS3-assoziierte Achromatopsie-Patienten flr

zukunftige gentherapeutische Studien und Behandlungen auszuwahlen.
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6. Introduction
6.1. The retina and the phototransduction cascade

6.1.1. Structure of the retina

The retina is a 0.2 mm thin, light-sensitive central nervous tissue located at the rear of
the eye thereby representing the initial input station of the visual system. It both acts
as a light detector and is responsible for image processing by amplifying, extracting,
and compressing the detected signals before transmitting the retinal information via
the midbrain and the thalamus to the primary visual cortex. The retina encompasses
five major neuronal cell types which were generated from a common progenitor pool
including photoreceptors, bipolar cells, horizontal cells, amacrine cells, and retinal
ganglion cells. Furthermore, it contains the three glial cell types including microglia,
astrocytes and Mdller glia — the latter being the predominant type (Figure 1)
(Joselevitch, 2008; Molday and Zhang, 2010; Sung and Chuang, 2010; Hussey et al.,
2022).

Nerve fiber layer
Ganglion cell layer
(GcL)

Inner plexiform
layer (IPL)

Inner nuclear layer

Outer plexiform
layer (OPL)

Ganglion
.‘,

Amacrine Miuiller Glia
Hurlzonlal ‘ ;
R

PE Bnpolar Cone

Outer nuclear
layer (ONL)

Photoreceptor
outer segments

Retinal pigment
epithelium (RPE)

Figure 1: Schematic structure of the vertebrate retina (Grigoryan, 2022). The vertebrate retina
contains five neuronal and three glial cell types organized in three layers of cell bodies and two plexiform
layers displaying an inverted organization relative to the path of the light. Licensed by: Creative
Commons Attribution (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/).

The cells in the vertebrate retina are organized in an orderly laminated structure
thereby forming three layers of cell bodies and two plexiform layers. The nuclei of the

photoreceptors form the outer nuclear layer (ONL) whereas the nuclei of the bipolar,
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horizontal, and amacrine interneurons as well as the nuclei of the Muller glia cells form
the inner nuclear layer (INL). The nuclei of the retinal ganglion cells are organized in
the ganglion cell layer (GCL). Furthermore, the outer plexiform layer (OPL) contains
the processes and synaptic terminals of the photoreceptors, horizontal, and bipolar
cells whereas the inner plexiform layer (IPL) is formed by the processes and synaptic
terminals of the bipolar, amacrine and retinal ganglion cells (Figure 1) (Sung and
Chuang, 2010; Hussey et al., 2022).

One central property of the vertebrate retina is the inverted organization of the retinal
layers relative to the path of the light. Before the light can be captured by the
photoreceptors in the ONL, it needs to pass through four transparent inner retinal
layers. Following photon absorption by the photoreceptors, the generated electrical
signal is transmitted towards the inner retinal layers by the bipolar and horizontal cells
in the INL thus conveying the signal to the retinal ganglion cells in the GCL. Finally, the
neural signal is transmitted to the midbrain and the thalamus through the axons of the

retinal ganglion cells which form the optical nerve (Hussey et al., 2022).

In contrast to the retinal neuronal cell types which are responsible for light detection
and signal processing, Muller glia are, among other, important for removing excess
neurotransmitter within the retina, functioning as sinks for metabolic waste products,
and recycling the vitamin A-based chromophore required for light detection from
all-trans-retinal into 11-cis-retinal exclusively for the cone photoreceptors (Newman,
1994; Tsacopoulos and Magistretti, 1996; Mata et al., 2002; Kolesnikov et al., 2021;
Hussey et al., 2022). Furthermore, they function as living optical fibres by directly
guiding the green-red part of the visible light spectrum onto cone photoreceptors

improving cone-mediated day vision (Franze et al., 2007; Labin et al., 2014).

Finally, a melanin-rich epithelial cell layer called the retinal pigment epithelium (RPE)
is located between the photoreceptors and the choroid and is involved in retinal
homeostasis (Joselevitch, 2008; Hussey et al., 2022). The main functions of the RPE
thereby include the absorption of stray photons, regeneration of the vitamin A-based
chromophore 11-cis-retinal and its return to the photoreceptor cells ensuring
photoreceptor health and function as well as phagocytosis of photoreceptor outer
segments following their shedding (Gal et al., 2000; Baehr et al., 2003; Finnemann,
2003; Joselevitch, 2008; Hussey et al., 2022).
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6.1.2. Photoreceptors

Photoreceptors are highly specialised sensory neurons representing the first neurons
in the visual pathway thereby acting as adaptive light detectors. Two distinct types of
photoreceptors can be distinguished in the vertebrate retina — cone and rod
photoreceptors. Rod photoreceptors are capable of single photon detection mediating
vision in dim light and motion detection whereas cone photoreceptors are much less
sensitive light detectors being responsible for mediating vision in bright light and colour
vision (Beavo et al., 2007; Sung and Chuang, 2010; Hussey et al., 2022).

Both rods and cones consist of three structurally and functionally distinct
compartments. The detection of light and the conversion into an electrical signal takes
place in the outer segment — a light-sensitive highly modified cilium containing high
levels of visual pigment for optimized photon capture and other phototransduction
proteins. The outer segment displays a distinct morphology in rods and cones. While
rod outer segments consist of stacks of disc membranes surrounded by the plasma
membrane, cone outer segments are formed by continuous invaginations of the
plasma membrane displaying a tightly stacked lamellae structure. The inner segment
acts as the metabolic compartment containing the nucleus, mitochondria, and other
cellular organelles important for protein biosynthesis. Both the outer and the inner
segment are connected through the connecting cilium — a non-motile cilium regulating
the transport of protein and metabolites to the outer segment. Finally, transmission of
the generated electrical signals to the secondary neurons of the retina takes place at
the synaptic terminus which is formed by a ribbon synapse (Kawamura and
Tachibanaki, 2008; Molday and Zhang, 2010; Lamb, 2022).

Rod and three distinct types of cone photoreceptors can be distinguished by their
spectral sensitivity which is determined by the expression of distinct opsin
photopigments. While rods exclusively use rhodopsin (A=498 nm) as their visual
pigment, three cone subtypes can be defined based on the expression of opsin
proteins displaying an optimal sensitivity to different wavelengths of light in the primate
retina: S- (short-wavelength/blue; A=420 nm), M- (medium-wavelength/green;
A=534 nm), and L- (long-wavelength/red; A=564 nm) cones (Bowmaker et al., 1980;
Hussey et al., 2022). The human retina approximately contains 92 million rods and
4.6 million cones displaying an inhomogeneous distribution (Curcio et al., 1990). While

the rod density peaks in the midperiphery, cones are present at a high density in the
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fovea — a cone-rich region within the macula responsible for high visual acuity due to
the displacement of the inner retinal layers limiting light scattering and the connection
of one foveal cone to only one bipolar and one retinal ganglion cell (Molday and Zhang,
2010; Sung and Chuang, 2010; Hussey et al., 2022).

6.1.3. Phototransduction cascade

Phototransduction describes the transduction of light into a neuronal signal taking
place in the outer segment of retinal rod and cone photoreceptors. Rods and cones
thereby utilize distinct homologous proteins in the phototransduction cascade encoded
by a distinct set of genes (Lamb and Pugh, 2006; Lamb, 2022). All proteins involved in
the cone phototransduction cascade are located in or are associated to the plasma
membrane which displays continuous invaginations. In contrast, the majority of
proteins involved in the rod phototransduction cascade localize in or are associated to
the disc membranes except the cyclic nucleotide-gated ion channels and the
Na*/Ca?*, K* exchanger (NCKX) which are restricted in the plasma membrane (Lamb,
2022).

Under dark conditions, a small proportion of cGMP-gated channels is held open due
to a cytoplasmic concentration of free cGMP of several uM. This creates an inward
current into the outer segment composed of 85-90% Na* ions and 10-15% Ca?* ions
(Nakatani and Yau, 1988; Pugh Jr and Lamb, 2000). In contrast, a balancing outward
current flows primarily through K* channels located in the plasma membrane of the
inner segment. The inward current into the outer segment together with the balancing
outward current from the inner segment forms a current loop known as dark current
setting the normal resting potential of rods and cones at -35 to -45 mV sustaining
synaptic glutamate release (Pugh Jr and Lamb, 2000; Yau and Hardie, 2009).
Additionally, Na* ions are constantly pumped out via the Na*-K* ATPase located at the
inner segment while Ca?* ions are expelled via the Na*/Ca?*, K* exchanger (NCKX) in
the plasma membrane of the outer segment (Fu and Yau, 2007).

Upon light exposure, a single photopigment molecule — rhodopsin or its cone
equivalent — absorbs a photon starting the phototransduction cascade. Opsin
photopigments are light-sensitive G-protein-coupled receptors composed of the
7-transmembrane spanning apo-protein opsin which is covalently linked to a
vitamin A-based chromophore called 11-cis-retinal (Palczewski et al., 2000; Yau and
Hardie, 2009; Lamb, 2022). Photoisomerization of the chromophore to its
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all-trans-retinal configuration following photon absorption leads to the activation of the
photopigment. A single activated photopigment molecule subsequently activates
multiple molecules of the G-protein transducin by binding to the GDP-bound form of
the transducin apy-trimer triggering a GDP-GTP nucleotide exchange on the a-subunit
(Arshavsky et al., 2002; Lamb, 2022). The GTP-bound a-subunit of transducin is
released and binds to one of the inhibitory y-subunits of the cGMP phosphodiesterase
(PDE) resulting in its partly activation. Full PDE activation is only achieved by binding
of an additional GTP-bound transducin a-subunit to the second inhibitory y-subunit of
PDE. Fully activating PDE enhances the rate of hydrolysis of the cytoplasmic
messenger cGMP leading to a reduction in cGMP concentration. cGMP subsequently
dissociates from the cyclic nucleotide-gated (CNG) ion channels causing channel
closure and a reduction in the influx of cations (Figure 2). This consequently results in
a membrane hyperpolarization decreasing the synaptic glutamate release (Arshavsky
et al., 2002; Lamb and Pugh, 2006; Lamb, 2022).

Finally, deactivation of the phototransduction cascade is achieved by several
mechanisms. Due to the closure of CNG channels blocking the Ca?* influx and the
continuous Ca?* extrusion by the NCKX, the cytoplasmic Ca?* concentration is
profoundly reduced. This facilitates the activation of recoverin which promotes the
phosphorylation of the activated opsin photopigment by a G-protein coupled receptor
kinase (GRK) allowing the binding of arrestin. The catalytic site of the opsin
photopigment is thereby blocked by arrestin preventing further activation of transducin
(Yau and Hardie, 2009; Garafalo et al., 2021; Lamb, 2022). The reduction of
cytoplasmic Ca?* concentration also activates two guanylyl cyclase-activating proteins
(GCAPs) which in turn stimulate the synthesis of cGMP at an elevated level by the
retinal guanylyl cyclase (retGC) restoring the cytoplasmic cGMP concentration to its
dark level thereby leading to the reopening of CNG channels (Arshavsky et al., 2002;
Lamb, 2022).



Introduction | 6

EﬂﬁﬂﬂﬂﬂﬁH%ﬁ%ﬁﬂﬁﬂﬂﬁﬂﬁﬁﬁﬁﬁﬁﬁﬂﬂﬂﬂﬁﬁﬁﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂEiﬁﬁﬁﬁﬁﬁﬁﬁﬂﬁRﬁﬁﬁﬁﬁﬂﬂﬁﬁﬂﬁﬂﬁgﬁﬁﬁﬁﬁﬁBﬂﬂm%ﬁﬁﬁﬁ@ﬁﬁt@

T T

h

Extracellular

?fﬁa ﬁﬁﬁﬁﬁﬁa SR ﬁﬁﬁﬁﬁﬁﬂﬁﬁ,ﬁ
N i §§§§§€£€i§€i
Opsm e

Qe
@ @
Intracellular e e ©°° GMP
=

® %&%*%Q ° ej e

© aan

L ST N m@
éf%fﬁﬁﬁﬁﬁﬂﬂ LR g
Oe —_— >

CNGDP’" CNGcIused

Figure 2: Schematic representation of the phototransduction cascade in the outer segment of
cone photoreceptors (Wissinger and Kohl, 2005) (modified). Td, transducin; PDE,
phosphodiesterase; CNG, cyclic nucleotide-gated ion channel; NCKX, Na*/Ca?*, K* exchanger.

Inactivation of transducin and PDE is achieved by the formation of a GTPase-activating
protein (GAP) complex which enhances the intrinsic GTPase activity of the transducin
a-subunit. Following GTP hydrolysis, the GDP-bound transducin a-subunit dissociates
from the inhibitory PDE y-subunit and reassociates with the transducin By-subunits
allowing the inhibitory PDE y-subunit to rebind and inhibit the active site of PDE. In
rods, the GAP complex comprises, among others, the GTPase-activating enzyme
RGS9, the RGS9-anchoring protein ROAP and the PDE y-subunit (He et al., 1998;
Makino et al., 1999; Hu and Wensel, 2002; Beavo et al., 2007; Yau and Hardie, 2009).

6.2. Cyclic nucleotide-gated (CNG) channels

6.2.1. The family of mammalian cyclic nucleotide-gated (CNG) channels

Cyclic nucleotide-gated (CNG) channels are ligand-activated, non-selective cation
channels which belong to the superfamily of voltage-gated ion channels even if their
activity displays very little voltage dependence. The opening of CNG channels is
thereby mediated by direct binding of cyclic nucleotides including cGMP and cAMP.
Furthermore, CNG channels are described as non-selective cation channels since they
show a limited ability in discriminating between alkali ions and they are even permeable
for divalent cations such as Ca?* which is an important factor for excitation and
adaptation of sensory cells (Kaupp and Seifert, 2002). CNG channels were not only
identified in vertebrates but were also found in several invertebrates including

C. elegans and D. melanogaster (Biel and Michalakis, 2009).
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The family of mammalian CNG channels comprises six homologous members which
are classified into two different subtypes according to sequence similarity: CNGA and
CNGB. The first subtype includes four members — CNGA1, CNGA2, CNGA3, and
CNGA4 — which are regarded as the main subunits conferring principal channel
properties (Kaupp and Seifert, 2002; Matulef and Zagotta, 2003; Biel and Michalakis,
2009; Michalakis et al., 2018). Except for CNGA4, all CNGA subunits can form
functional channels by themselves when expressed in heterologous expression
systems (Cook et al., 1987; Bonigk et al., 1993; Barret et al., 2022a). The second
subtype comprises two members — CNGB1 and CNGB3 — which are the modulatory
subunits mediating proper channel localization to the outer segment and conferring
specific biophysical properties (Kaupp and Seifert, 2002; Michalakis et al., 2018).
Native CNG channels are heterotetramers showing specific subunit compositions and
stoichiometries (Biel and Michalakis, 2009). CNG channels expressed in rod and cone
photoreceptors display a 3:1 stoichiometry consisting of three CNGA1 and one
CNGB1 subunit in rods and three CNGA3 and one CNGB3 subunit in cones,
respectively (Weitz et al., 2002; Zheng et al., 2002; Zhong et al., 2002; Biel and
Michalakis, 2009; Shuart et al., 2011; Barret et al.,, 2022b; Zheng et al., 2022).
Additionally, CNG channels in olfactory neurons are composed of two CNGAZ2, one
CNGA4 and one CNGB1b subunit — a splicing variant of CNGB1 (Zheng and Zagotta,
2004; Biel and Michalakis, 2009).

6.2.2. Cyclic nucleotide-gated (CNG) channels in cones

The structurally homologous channel subunits of the CNG channels in cone
photoreceptors include three CNGA3 and one CNGB3 subunit which share some
principal membrane topology (Biel and Michalakis, 2009). Both subunits are thereby
composed of six transmembrane helices (TM1 to TM6) connected via several
intracellular and extracellular loops and a pore-forming region including the pore helix
which is located between the transmembrane helices TM5 and TM6. The cyclic
nucleotide-binding domain (CNBD) is formed by three a-helices (oA to aC) and eight
B-sheets (B1 to B8) whereas the C-linker consisting of six a-helices (aA’ to aF’)
connects and confers conformational changes occurring in the CNBD to TM6 (Gofman
et al., 2014; Barret et al., 2022a). Finally, the subunit assembly is facilitated by the
carboxyterminal leucine zipper (CLZ) which is only found within the CNGA3 subunit
(Figure 3) (Zhong et al., 2002). The heterotetrameric cone CNG channels are thereby
formed by three CNGAS3 subunits and one CNGB3 subunit arranged around a centrally
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located pore with the TM6 segments forming the ion-conducting pore (Zheng et al.,
2022).

Extracellular

COOH

C-terminal leucine zipper
(CLZ)

NH, cGMP-binding site

(CNBD)

Figure 3: Topology model of the CNGA3 and CNGB3 subunit (Koeppen et al., 2008) (modified).
Both the CNGA3 and the CNGB3 subunit consist of six transmembrane helices (TM), a pore helix
between TM5 to TM6, a C-linker and a cGMP-binding site (CNBD). The carboxyterminal (C-terminal)
leucine zipper (CLZ) is only present in the CNGAS3 subunit. TM1-6, transmembrane helices 1-6.

Activation of the cone CNG channel is mediated by direct binding of cyclic nucleotides
to the closed channel involving interactions between five amino acid residues located
in the B-sheets 5 — 37 and the aC helix of the CNBD and the ribofuranose moiety of
the cyclic nucleotide (Altenhofen et al., 1991; Tibbs et al., 1998; Scott et al., 2000;
Kaupp and Seifert, 2002). This elicits an allosteric conformational change which is
coupled to the ligand binding finally leading to the opening of the channel pore (Biel
and Michalakis, 2009). Cone CNG channels thereby display a high degree of ligand
specificity for the cyclic nucleotide cGMP over cAMP which is mediated by at least two
amino acid residues in the CNBD corresponding to the residues Thr565 and Asp609
in the CNGA3 subunit (Altenhofen et al., 1991; Varnum et al., 1995; Matulef and
Zagotta, 2003).

Following ligand binding, the aC helix of the CNBD moves upwards towards the
membrane, resulting in an overall compaction of the CNBD. The oE’ and aF’ helices
of the C-linker also move upward causing a counterclockwise rotation and an upward
motion of the C-linker helices aA’ and aB’. Subsequently, the TM6 domains dislocate
from the pore axis and rotate around a conserved glycine residue leading to an overall
pore dilation. Finally, the hydrophobic amino acid residues forming the central channel
gate rotate away from the ion-conducting pore permitting ion permeation (Barret et al.,
2022a). Opening of the heterotetrameric CNG channel is mediated by the binding of
maximally four ligand molecules in a cooperative manner (Kaupp and Seifert, 2002).
However, full activation of the channel is accomplished by the binding of only two ligand
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molecules (Biskup et al., 2007; Biel and Michalakis, 2009). Additionally, its opening
probability increases with the increasing number of ligand molecules bound (Ruiz and
Karpen, 1997; Liu et al., 1998; Matulef and Zagotta, 2003).

Modulation of cone CNG channels can be achieved by several mechanisms. The
apparent ligand sensitivity for cGMP and the efficacy of cAMP was shown to be
enhanced by the enzymatic activity of the matrix metalloproteases (MMPs) -2 and -9
via the proteolytic modification of the main CNGAS3 subunits as it was demonstrated
for both heterologously expressed and native CNG channels. Glycosylation of the
CNGAZ3 subunits at a specific extracellular core glycosylation site was found to act in
a protective manner since the abolishment of the CNGA3 glycosylation by mutating
the amino acid residue Asn339 resulted in an enhanced susceptibility of the
CNG channels to MMP-dependent proteolytic processing. Furthermore, prolonged
MMP exposure was associated with the loss of conductive channels (Meighan et al.,
2013).

Cone CNG channels can also be regulated by calcium-dependent factors. The human
CNGB3 subunit has two calmodulin binding sites, one located in the aminoterminal
cytoplasmic domain and one in the carboxyterminal cytoplasmic domain. Binding of
calcium-calmodulin to one or both binding sites leads to a reduction in cGMP-sensitivity
in recombinant heteromeric cone CNG channels (Peng et al., 2003). However, whether
calcium-calmodulin is responsible for the modulation of native CNG channels in human
cone photoreceptors is unclear. As demonstrated in cones of striped bass
(Morone saxatilis), the ligand sensitivity of cone CNG channels can also be modulated
by a soluble modulator protein called CNG-modulin in a calcium-dependent manner.
CNG-modulin is thereby expressed in the cone outer segments and binds specifically
to the amino terminus of the modulatory subunit of cone CNG channels modulating
their apparent cGMP-sensitivity (Rebrik et al., 2012). However, the orthologous protein
in humans still remains unknown. Furthermore, a decrease in the ligand sensitivity was
observed upon phosphorylation of the amino acid residues Ser577 and Ser579 in the
CNBD of heterologously expressed homomeric bovine CNGA3 channels by the
protein kinase C (Muller et al., 2001; Matulef and Zagotta, 2003). Finally, a
phosphoinositide (PIP)-mediated regulation of the heteromeric cone CNG channel was
demonstrated to result in a decrease in its apparent cGMP-sensitivity in a heterologous

expression system (Dai et al., 2013).
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6.3. Achromatopsia

6.3.1. Symptoms and genetic background of achromatopsia

Achromatopsia (ACHM; rod monochromatism) is a rare autosomal recessively
inherited retinal disease characterized by congenital cone photoreceptor dysfunction
thereby displaying an overall prevalence of 1:30,000-50,000 (Francgois, 1961). The
disorder is associated with colour blindness, severely decreased visual acuity, marked
photosensitivity and nystagmus clinically manifesting in early infancy (Michalakis et al.,
2017; Hirji et al., 2018; Michalakis et al., 2022). ACHM patients display absent or
severely reduced cone-mediated responses on electroretinography (ERG) whereas
rod responses appear to be essentially normal, although mildly reduced rod responses
and defects in post-receptor responses have occasionally been reported (Andreasson
and Tornqvist, 1991; Khan et al., 2007; Aboshiha et al., 2014; Hirji et al., 2018; Maguire
et al., 2018).

Depending on the degree of cone photoreceptor dysfunction, two forms of ACHM can
be distinguished: complete and incomplete ACHM. Whereas patients affected by
complete ACHM display no cone photoreceptor function, total colour blindness and
severely reduced visual acuity, patients suffering from the incomplete form present with
a milder phenotype showing retained residual colour discrimination, better visual acuity
and/or residual photopic ERG responses (Hirji et al., 2018; Sun and Zhang, 2019).
Originally, ACHM was considered to be a stationary disease since the symptoms, such
as the decreased visual acuity, are stable in the patients. Yet, recent reports
demonstrate a progressive loss of cone cells and degenerative changes in the retinal
morphology in a portion of ACHM patients using non-invasive imaging technologies
(Thiadens et al., 2010; Thomas et al., 2012; Georgiou et al., 2020; Triantafylla et al.,
2022).

To date, pathogenic sequence variants in a total of six genes have been shown to be
causative for autosomal recessive ACHM including CNGAS3 (Kohl et al., 1998), CNGB3
(Kohl et al., 2000; Sundin et al., 2000), GNAT2 (Aligianis et al., 2002; Kohl et al., 2002),
PDEG6C (Chang et al., 2009; Thiadens et al., 2009a), PDE6H (Kohl et al., 2012), and
ATF6 (Ansar et al., 2015; Kohl et al., 2015; Xu et al., 2015). Except for ATF6 which
codes for a transmembrane transcription factor in the endoplasmic reticulum involved
in the unfolded protein response, all five remaining disease-associated genes code for

essential cone phototransduction components (Michalakis et al., 2022). Molecular
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genetic analyses in ACHM patients unveiled CNGA3 as the most afflicted gene in
Israeli/Palestinian (84%) and Chinese ACHM patients (80%) (Liang et al., 2015;
Zelinger et al., 2015; Sun et al., 2020). In contrast, the prevalence of biallelic
CNGAS3 variants in ACHM patients of European origin ranges between 5-44%
rendering CNGA3 the second most common disease-gene in this ethnic population
following CNGB3 (Wissinger et al., 2001; Johnson et al., 2004; Varsanyi et al., 2005;
Thiadens et al., 2009b).

6.3.2. CNGA3 variant spectrum

By compiling in-house cohort data with extensive literature research, a recent
systematic review of the variant spectrum of the six ACHM-associated genes identified
a total of 383 potentially pathogenic variants in 1,328 families. Biallelic causative
variants in CNGAS3 were thereby detected in 30.8% (n=409) of the families included in
this study underlining its important role in the ACHM variant spectrum. From the
169 potentially pathogenic variants identified in the CNGA3 gene, 69.8% (118/169)
were missense substitutions resulting in a single amino acid substitution in the
CNGAZ3 polypeptide representing the most frequently observed variant type in CNGA3
(Sun et al., 2020). The maijority of the CNGA3 missense alterations were shown to
affect conserved amino acid residues in important functional domains of the
CNGAZ3 protein. The residues Arg277, Arg283, Val529 and Phe547 located in the TM4
and the CNBD, respectively, were thereby found to be the most frequently mutated

ones among Asian and Caucasian patients (Sun et al., 2020; Solaki et al., 2022).

Functional studies on CNGAS3 variants in heterologous expression systems assessing
their pathogenic or benign impact have previously been conducted for a total of
54 missense alterations and two nonsense variants (Trankner et al., 2004; Liu and
Varnum, 2005; Patel et al., 2005; Muraki-Oda et al., 2007; Koeppen et al., 2008; Reuter
et al., 2008; Koeppen et al., 2010; Matveev et al., 2010; Dai and Varnum, 2013;
Meighan et al., 2015; Shaikh et al., 2015; Kuniyoshi et al., 2016; Burkard et al., 2018;
Tager et al.,, 2018). One variant was thereby confirmed as a benign variant not
impacting function of homomeric CNGAS3 channels (Trankner et al., 2004; Meighan et
al., 2015). Twenty-seven out of 54 CNGA3 missense substitutions displayed a
complete abolishment of the channel functionality of the heterologously expressed
mutant channels (Trankner et al., 2004; Liu and Varnum, 2005; Patel et al., 2005;
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Muraki-Oda et al., 2007; Koeppen et al., 2008; Koeppen et al., 2010; Matveev et al.,
2010; Shaikh et al., 2015; Solaki et al., 2022).

Additionally, the formation of functional mutant channels presenting with impaired
protein folding and/or channel trafficking or altered biophysical properties such as
compromised apparent cGMP-sensitivity or ion selectivity was observed for
17 missense variants (Trankner et al., 2004; Liu and Varnum, 2005; Patel et al., 2005;
Muraki-Oda et al., 2007; Koeppen et al., 2008; Reuter et al., 2008; Dai and Varnum,
2013; Meighan et al., 2015; Burkard et al., 2018; Solaki et al., 2022). In addition,
21 canonical/non-canonical splice site variants in CNGA3 were assessed using a
minigene splice assay approach in HEK293T cells and/or murine cone
photoreceptor-like 661W cells and an impact on splicing was confirmed for 11 of these
variants (Burkard et al., 2018; Reuter et al., 2023). Five of the 21 variants represented
missense substitutions and were included in the study of Reuter and colleagues since
the causative nucleotide exchange was located at the exon-intron borders in the
CNGAS3 gene. Only one of these nucleotide exchanges showed to impair splicing to a
low extent whereas the remaining four missense variants showed no damaging impact
on transcript splicing (Reuter et al., 2023). Functional data to assess if these missense
variants impair CNG channel function were lacking for four out of the five analysed

missense alterations and have been generated as part of this project.

6.4. Interpretation of sequence variants

The emergence of high-throughput sequencing technologies has contributed to the
enlargement of the scale at which genetic testing can now be performed facilitating the
detection of disease-causing variants in patients with inherited diseases. The Genome
Aggregation Database (gnomAD) currently contains 17.2 million variants identified in
125,748 whole exome sequencing datasets and 261.9 million variants detected in
15,708 whole genome sequencing datasets which were both generated from unrelated
individuals sequenced as part of various disease-specific and population genetic
studies (Ellard et al., 2020; Karczewski et al., 2020). However, sequence variant
interpretation and classification still remain the main hurdle in genetic diagnosis since
each human genome contains three to four million variants compared to the reference
human genome sequence from which only a minority are causative for monogenic

diseases. Deciphering which variant or genotype is disease-related or not is crucial to
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provide optimal care and targeted treatment for patients with inherited diseases (Ellard
et al., 2020).

Therefore, the American College of Medical Genetics and Genomics (ACMG) and the
Association for Molecular Pathology (AMP) revisited and published standards and
guidelines for the interpretation of sequence variants in order to introduce the use of
standard terminology in the scientific field of variant interpretation to describe
sequence alterations detected in genes which are linked to Mendelian disorders. The
proposed five-tier classification system thereby assigns five variant classes ranging
from benign, likely benign, variant of uncertain significance (VUS), likely pathogenic,
to pathogenic according to various criteria based on different types of variant evidence
(Richards et al., 2015; Ellard et al., 2020).

The ACMG/AMP variant interpretation guidelines define two sets of criteria including
16 pathogenic and 12 benign criteria. They include, among others, criteria on variant
frequency in the general population (gnomAD, https://gnomad.broadinstitute.org/)
compared to the patient group, deleterious effects of the variant predicted by
computational in silico tools and functional data obtained by functional in vivo or in vitro
studies. In addition, the localization of variants in functionally important domains,
availability of co-segregation data of the variant with the disease within a given family
are also taken into consideration. The criteria are also based on de novo and allelic
data, data on the pathogenicity classification of a variant from a reputable source such
as the clinical-genetic database ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), and
comprehensive knowledge of the patient’s phenotype. Each pathogenic (P) and benign
(B) criterion is weighted differently based on the level of evidence ranging from
stand-alone (BA1), very strong (PVS1), strong (PS1-4 and BS1-4), moderate (PM1-6),
to supporting (PP1-5 and BP1-6). Furthermore, the weight ((very) strong, moderate,
and supporting) of certain criteria can be adjusted following professional judgement of
the evidence collected for a given variant (Richards et al., 2015). For the final variant
classification, the criteria are selected based on the evidence collected for the
sequence alteration being evaluated. The selected criteria are then combined
according to specific scoring rules to determine the assignment of the evaluated
sequence variant to one of the five variant classes. In case a variant does not fulfil any
of the benign or pathogenic criteria, or the evidence obtained is conflicting, the

evaluated variant is classified as VUS (Richards et al., 2015).
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Further development of the ACMG/AMP-based classification system is being
undertaken in order to refine the currently applied guidelines. Tavtigian and colleagues
suggested a point-based classification system assigning positive points to all
pathogenic ACMG/AMP criteria and negative points to all benign criteria (Tavtigian et
al., 2020). Depending on the evidence strength, different point values are assigned
ranging from 1/-1 for the evidence strength “supporting” to 8/-8 for the level of
evidence determined as “very strong”. All points are additive with the total defining the
final variant class. The thresholds for classifying a variant as “pathogenic” or “likely
pathogenic” are 10 points and 6 points, respectively, whereas the thresholds for a
classification as “likely benign” or “benign” are -1 and -7 points, respectively.
Sequence variants reaching a point range between 0 and 5 are classified as VUS
(Tavtigian et al., 2020). In order to improve the classification of VUS, the Association
for Clinical Genomic Science (ACGS) suggested a temperature gradient
sub-classification for VUS based on a points scale derived from a Bayesian approach

to convey the different levels of uncertainty within this variant class (Ellard et al., 2020).

Obtaining a clear variant classification as pathogenic or benign is challenging since
extensive genetic information is required, ideally from independent patients originating
from different families carrying the same variant. However, the majority of
CNGAS3 variants are rare missense substitutions which are absent or only detected
with a very low allele frequency in the general population (gnomAD) and most
CNGA3-ACHM patients are carrying at least one missense variant in a (presumable)
compound heterozygous state (Sun et al., 2020; Solaki et al., 2022). Based on current
classification guidelines these variants are therefore typically categorized as VUS not
providing clear information on whether a variant or genotype is relevant to the disease
or not. This underlines the necessity for functional analyses of such variants to improve

the classification of missense variants in the CNGA3 gene.

6.5. Implementation of functional in vitro studies in the classification of
sequence variants

Medium-/high-throughput in vitro assays have been developed and validated for a
variety of genes to functionally analyse a large number of variants at a time providing
a high amount of functional data which can be implemented in the classification of
sequence variants identified in these genes. In 2019, Wan and colleagues established
a higher-throughput flow cytometry-based assay to functionally characterize potentially



Introduction | 15

pathogenic rhodopsin (RHO) variants based on their surface expression deciphering
their role in causing retinitis pigmentosa (RP) (Wan et al., 2019). Therefore, a library
of 210 RHO variants including 175 known pathogenic variants, 14 VUS or potential
benign polymorphisms, 11 synonymous control variants, and 10 novel VUS identified
through in-house genetic diagnostic testing was constructed. Characterizing the
surface expression of every RHO library variant using the developed functional
genomics approach led to the re-classification of 37 variants. This ultimately solved
three RP pedigrees carrying three different RHO variants with pathogenic surface

expression levels which were previously classified as VUS (Wan et al., 2019).

In another study, Richardson and colleagues used a homology-directed DNA repair
(HDR) assay to functionally analyse 186 missense variants in the BRCAZ2 gene which
had been observed in hereditary cancer testing (Richardson et al., 2021).
Approximately 83% of these missense alterations (154/186) were classified as VUS in
the ACMG/AMP-based classification system prior to functional analysis. However, the
incorporation of the protein functional data obtained by the HDR assay led to the
re-classification of 132 out of 154 BRCA2 VUS as either (likely) pathogenic (39/132)
or (likely) benign (93/132) reaching a VUS re-classification rate of 86% and
substantially impacting the clinical management of individuals carrying these BRCA2

variants (Richardson et al., 2021).

A functional in vitro assay based on the calcium-sensitive photoprotein aequorin was
developed for CNGA3 allowing the evaluation of CNGA3 channel functionality via the
detection of the CNGA3 channel-meditated calcium influx (Tager et al., 2021). This
bioassay was subsequently used to perform a compound screening for chemical and
pharmacological chaperones improving protein folding and/or surface localization of
mutant, trafficking-deficient CNGA3 channels (Tager et al., 2021). As part of the
present project, this previously established assay was further developed generating a
medium-throughput platform to provide a suitable assay and functional read-out for the

evaluation of disease-associated variants related to CNGA3-associated ACHM.
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7. Aim of this study

Modern sequencing technologies have enabled the identification of disease-causing
variants in patients with inherited retinal diseases (IRD) by allowing parallel analysis of
many genes. Disease-associated variants in CNGA3 are a known cause of autosomal
recessive achromatopsia (ACHM). However, determining which variants are truly
disease-associated remains a challenge. The predominant variant type in the
CNGAS3 gene is missense variants, many of which are functionally uncharacterized
and often classified as variants of uncertain significance (VUS), complicating
diagnosis. To support genetic diagnosis, robust classification systems incorporating
functional data are essential, underscoring the need for suitable assays for objective

pathogenicity assessment.

The aim of this study was to: i. establish a CNGAS3 variant database and to provide an
expert-based assessment of sequence variants in the CNGA3 gene, ii. develop a
medium-throughput bioassay to test the functionality of CNGA3 channels carrying
functionally yet uncharacterized missense and in-frame variants versus wild-type
channels; and iii. to incorporate the obtained functional data into the existing

ACMG/AMP classification enabling revision or confirmation of the classification.

This ACMG/AMP-based variant re-classification of the yet uncharacterized
CNGAS3 missense variants will aid to assure molecular diagnosis to patients affected
by CNGA3-associated ACHM thereby identifying patients which would be eligible for

future gene therapeutic trials and treatment.
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8. Results and discussion

The data presented and discussed in this Results and Discussion Section have been

published in:

) Solaki, M., Baumann, B., Reuter, P., Andreasson, S., Audo, I., Ayuso, C., et
al. (2022). Comprehensive variant spectrum of the CNGA3 gene in
patients affected by achromatopsia. Hum Mutat 43(7), 832-858.
doi: 10.1002/humu.24371.

) Solaki, M., Wissinger, B., Kohl, S., and Reuter, P. (2023). Functional
evaluation allows ACMG/AMP-based re-classification of CNGA3 variants
associated with achromatopsia. Genet Med 25(12), 100979.
doi: 10.1016/j.gim.2023.100979.

) Kohl, S., Baumann, B., Dassie, F., Mayer, A.K., Solaki, M., Reuter, P., et al.
(2021). Paternal Uniparental Isodisomy of Chromosome 2 in a Patient with
CNGAS3-Associated Autosomal Recessive Achromatopsia. Int J Mol Sci
22(15). doi: 10.3390/ijms22157842.

8.1. Publication I: Comprehensive variant spectrum of the CNGA3 gene
in patients affected by achromatopsia.

8.1.1. Variant spectrum of the CNGA3 gene in the Tiibingen ACHM study cohort

The present study aimed to establish a comprehensive summary of the variant
spectrum of the CNGA3 gene in patients affected by ACHM by compiling genetic data
from an ACHM study cohort genetically characterized in Tubingen, the literature and
three different mutation databases and to finally provide a standardised classification
of all identified CNGA3 variants according to the ACMG/AMP guidelines.
The complete Tubingen ACHM study cohort was compiled through in-house genetic
analyses and database research, comprising 1,060 affected individuals from
889 independent families carrying biallelic causative variants in the six known
ACHM-associated genes. Within this laboratory-intern cohort, 385 index patients from
304 independent families were shown to carry likely disease-causing variants in
CNGAS3, emphasizing its role as the second major ACHM gene in a cohort mainly
including patients of Western European and Northern American descent
(36.3% patients/34.2% families; Supplementary Figure 1, Publication |, Appendix).

Similar observations were reported in previously conducted studies, where the
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prevalence of CNGA3 sequence alterations in cohorts of Dutch, British, Danish and
Brazilian patients ranged from 5% to 41% (Johnson et al., 2004; Thiadens et al., 2009b;
Amaral et al., 2023; Andersen et al., 2023). A total of 238 CNGA3-ACHM patients in
our cohort carry two heterozygous sequence alterations in a (presumable) compound
heterozygous state whereas 147 cases were identified to harbour likely
disease-associated CNGA3 variants in an (apparent) homozygous state. However, the
presence and independent inheritance of two mutant biallelic CNGA3 alleles could only
be confirmed for 269 affected individuals, where segregation analysis was conducted
in either both parents, in a single parent and/or in other family members

(Supplementary Table 2, Publication |, Appendix).

In a total of 140 distinct potentially disease-causing variants in the ACHM study cohort
genetically characterized in Tubingen, the ten most common CNGA3-ACHM-
associated alleles were predominantly missense substitutions. The variants
c.1641C>A; p.(Phe547Leu) and c.847C>T,; p.(Arg283Trp) thereby exhibited the
highest allele frequency of 86 and 84 chromosomes, respectively, out of a total of
773 chromosomes (Table 1, Publication I, Appendix). Correlating allele frequency and
patient origin revealed some descent-specific enrichment for some alleles: the two
most commonly observed alleles c.1641C>A; p.(Phe547Leu) and c¢.847C>T,;
p.(Arg283Trp) were frequently detected in German and South Tyrolean ACHM
patients, respectively (n=21 and n=14 affected individuals, respectively). In addition,
the ¢c.1641C>A; p.(Phe547Leu) substitution was also often observed in patients of
Middle Eastern origin (n=15). The third most common CNGA3-ACHM-related allele in
our cohort is the missense substitution ¢.829C>T; p.(Arg277Cys) which was
predominantly detected in German and US patients (n=18 and n=6, respectively). In
summary, five of the ten most commonly observed CNGAS3 alleles associated with
ACHM in our study cohort affect the three amino acid residues Arg277, Arg283 and
Phe547 in the CNGAS3 protein (Table 1 and Figure 1, Publication |, Appendix). In a
recent study, these three residues were also found to be the most frequently mutated
ones among Caucasian patients (Sun et al., 2020). Two out of these three amino acid
residues — the residues Arg277 and Arg283 — are located in the transmembrane
domain TM4 of the CNGAS polypeptide and are part of the voltage sensor motif. Similar
to voltage-gated K*-channels, this sequence motif contains four tandem repeats of the
sequence —R/K-X-X—. As CNG channels do not show any voltage dependence, the

functional relevance of this voltage sensor motif remains unclear. However, replacing
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any or all charged residues in the TM4 motif with neutral ones results in impaired
protein maturation and loss of channel function (Kaupp and Seifert, 2002; Faillace et
al.,, 2004). The residue Phe547 is located in the CNBD and functional studies
performed in heterologous expression systems suggested that the common
disease-causing variant p.(Phe547Leu) leads to the complete abolishment of the
channel functionality by interfering with protein folding/trafficking and negatively
affecting the allosteric transition of the CNBD upon ligand binding (Muraki-Oda et al.,
2007; Reuter et al., 2008; Matveev et al., 2010).

8.1.2. Comprehensive CNGA3 variant database: ACMG/AMP-based variant
classification

The present study aimed to extend the variant spectrum of the CNGA3 gene underlying
ACHM through the establishment of a comprehensive CNGA3 variant database. This
was achieved by compiling all CNGA3 sequence alterations detected in our
laboratory-intern ACHM study cohort and identified through literature research on
PubMed® and public database research on HGMD®, LOVD, and the clinical-genetic
database ClinVar. A total of 316 CNGA3 variants were compiled in the database and
were subsequently subjected to an extensive in silico evaluation and classification
according to the ACMG/AMP guidelines.

The ACMG/AMP classification system represents an unbiased classification system to
classify sequence variants using different types of variant evidence, eventually
grouping the identified alterations into the following five variant classes: benign, likely
benign, VUS, likely pathogenic, and pathogenic (Richards et al., 2015; Ellard et al.,
2020). Out of the 316 CNGA3 sequence alterations in the comprehensive variant
database, 67 and 152 variants were grouped in the pathogenic and likely pathogenic
category, respectively, whereas 71 were classified as VUS. Only a minority of 12 and
10 sequence changes were categorized as likely benign and benign, respectively
(Table 2 and Supplementary Table 3, Publication |, Appendix). However, four variants
out of the 316 sequence alterations in our comprehensive CNGA3 database remained
unclassified since they are located in the alternatively spliced exon (exon 3b) and its
flanking intronic sequences. As no functional relevance and disease association has
ever been described for exon 3b in the scientific literature, these four CNGA3 variants
were deemed to be “likely benign”.
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8.1.3. Comprehensive CNGA3 variant database: manual and expert-based
variant categorization

To further refine the variant classification, all 316 sequence alterations listed in our
comprehensive CNGA3 database were subjected to a manual and expert-based
revision and categorization into the following three categories: “likely benign”, “VUS”,
and “likely disease-causing”. The in-house criteria established for this purpose were
based, among others, on the preceding ACMG/AMP-based classification, the in silico
evaluation according to nine different applied algorithms, previously published
functional data, genotype data established from the scientific literature or
public/in-house database data, the variants’ minor allele frequency (MAF) obtained
from the gnomAD database, and the detected variant type/localization. A detailed
description of all in-house criteria used for the categorization into the three categories
“‘likely benign”, “VUS”, and °‘likely disease-causing” are listed in the section
“Comprehensive CNGAS3 variant database” of the manuscript (Publication |, Appendix).
In summary, 44 variants were expert-categorized as “likely benign”, 28 as “VUS” and
244 sequence alterations compiled in our CNGA3 database were manually revised as
“likely disease-causing” (Table 2 and Supplementary Table 3, Publication I, Appendix).
The 244 sequence alterations expert categorized as “likely disease-causing” included
i. variants designated as (likely) pathogenic in the ACMG/AMP classification system,
ii. missense and non-canonical splice site variants classified as VUS according to the
ACMG/AMP guidelines but predicted to display a deleterious effect by at least three
in silico algorithms, iii. functionally analysed missense substitutions adversely affecting
CNGAZ3 protein function, iv. sequence alterations probably resulting in null alleles, and

v. in-frame deletions leading to the loss of (completely) conserved amino acid residues.

8.1.4. Comprehensive CNGAS3 variant database: variant types and localization

Among these 244 “likely disease-causing” variants, missense substitutions resulting in
an amino acid exchange displayed the highest frequency of 66.8% whereas small indel
(16.8%) and nonsense variants (12.3%) only represented a minority in the variant
spectrum of the CNGA3 gene (Figure 2, Publication |, Appendix). A comparable
frequency of missense substitutions was reported in previously conducted studies
ranging from 61.5% to 80% thereby indicating a Ilow tolerance of the
CNGAZ3 polypeptide towards single amino acid substitutions (Wissinger et al., 2001; Li
et al., 2014; Liang et al., 2015; Amaral et al., 2023). In contrast, the variant spectrum

of CNGB3 encoding the modulatory CNGB3 subunit of the cone channel showed a
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totally different distribution with missense substitutions representing only the minority
of the observed variants in patients affected by CNGB3-associated ACHM (Mayer et
al., 2017; Amaral et al., 2023).

Copy number variations (CNVs) also belong to one of the underrepresented variant
types in the CNGA3 variant spectrum as only one CNV leading to the complete deletion
of exon 8 of the CNGA3 gene has been identified (Figure 2, Publication I, Appendix).
This 5.19 kb deletion (NC_000002.12:9.98393909 98399093del (GRCh38/hg38)) was
detected through deletion mapping via PCR and primer walking in an ACHM patient
included in the Tubingen ACHM study cohort in compound heterozygous state with the
common missense variant ¢.847C>T; p.(Arg283Trp) (Supplementary Table 2,
Publication I, Appendix). On the other hand, CNVs play a greater role in the variant
spectrum of other ACHM-related genes such as CNGB3, GNAT2, and ATF6. Ten
disease-associated CNVs are part of the CNGBS3 variant spectrum detected in a large
cohort of ACHM patients whereas a total of four CNVs were identified in the mutation
spectrum of GNATZ2 and ATF®6, respectively (Kohl et al., 2002; Mayer et al., 2017;
Felden et al., 2019; Lee et al., 2020).

Of the 244 sequence alterations designated as ‘“likely disease-causing” within the
comprehensive CNGA3 variant database, 236 variants are exonic with the majority
being located in the final coding exon 8 of the CNGA3 gene. This exon encodes most
of the CNGAS3 polypeptide including the following functional domains: TM3 to TM6, the
pore helix, the C-linker, the CNBD, and the CLZ. These exonic variants encompass
140 missense variants, 46 nonsense and small indel alterations, and one CNV leading
to the complete deletion of exon 8 (Table 2 and Figure 3, Publication |, Appendix). In
contrast, only 49 variants are distributed across the coding exons 2 to 7 including
23 missense substitutions, 25 nonsense and small indel variants, and one start loss
variant affecting the start codon of the CNGA3 gene. The exons 6 and 7, which encode
the transmembrane helices TM1 and TMZ2, harbour triple the amount of
CNGAS3 variants (n=34) as the exons 2 to 5 (n=15), only coding for the aminoterminal
region of the CNGAS3 polypeptide (Table 2 and Figure 3, Publication I, Appendix). The
notion that the majority of the disease-causing variants in CNGAS3 are located in the
exonic sequences of the gene is further supported by the fact, that single heterozygous
cases were rarely detected in patients with CNGA3-related ACHM. For example, only

one out of 385 cases in the ACHM study cohort genetically characterized in Tubingen
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carried a single heterozygous CNGAS3 variant (Supplementary Table 2, Publication |,
Appendix). In contrast, a much higher amount of 44 out of 552 patients with
CNGB3-related ACHM were detected to carry a single heterozygous disease-causing
variant in CNGB3 in a study using standard variant screening and CNV analysis for

variant detection (Mayer et al., 2017).

Regarding the localization of the “likely disease-causing” CNGAS3 variants on protein
level, two major groups can be observed — one that is distributed across the six
transmembrane helices and their intracellular/extracellular connecting loops
(n=82 variants) and the second clustering within the CNBD (n=57). Furthermore, both
the C-linker and the pore-forming region contain a similar amount of “likely
disease-causing” variants (n=36 and n=30, respectively) with the pore-forming region
displaying the highest variant density within the functional domains of the
CNGAZ3 protein since it only spans around 46 amino acids. A total of 22 sequence
alterations are located in the aminoterminal region of the CNGAS3 polypeptide from
which the majority are nonsense variants and small indels in contrast to the variants
within the CNGAS3 protein which mainly comprise missense substitutions. Finally, the
CLZ domain harbours the smallest number of “likely disease-causing” CNGA3 variants

(n=8) (Figure 3, Publication I, Appendix).

A total of eight out of 244 sequence alterations classified as “likely disease-causing”
affect the intronic sequences of the CNGA3 gene, thereby representing only a minority
within the comprehensive CNGA3 variant database (Figure 3, Publication |, Appendix).
Six of these intronic single nucleotide substitutions are directly located at the canonical
splice sites, which are defined as the first two and last two positions of an intron, either
resulting in a nucleotide exchange at these positions (c.-37-1G>C, c.101+1G>A,
¢.395+1G>T, ¢.450-1G>A, and c.674-2A>C) or in the duplication of three nucleotides
at the exon/intron border (¢.396-2_398dup). Based on the five used in silico splicing
algorithms, five out of these six variants were consistently predicted to result in a
decrease of the splice site strength and subsequently in a loss of the respective
canonical donor or acceptor site, whereas the ¢.396-2_398dup variant was predicted
to exert a minor effect on transcript splicing only by the SpliceAl in silico algorithm.
Furthermore, two intronic variants are located in the close proximity of a highly
conserved splice acceptor site (¢.450-15T>G and ¢.396-11C>G) and are predicted to
not only reduce the strength of the respective canonical splice acceptor site but also
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activate an intronic cryptic acceptor site, thereby possibly interfering with normal
transcript splicing. All eight canonical/non-canonical splice site variants in CNGA3
were assessed in further studies using a minigene splice assay approach in HEK293T
cells and/or murine cone photoreceptor—like 661W cells. These studies revealed that
the variants caused different missplicing events ranging from intronic nucleotide
retention, exonic nucleotide deletion to exon skipping, thereby producing one to six
different transcripts (Burkard et al., 2018; Reuter et al., 2023). These observations are
in line with the predictions of the in silico splicing algorithms — even for the variant
c.396-2_398dup, for which only SpliceAl had predicted a minor effect on transcript
splicing (Supplementary Table 3, Publication |, Appendix). This underlines the
necessity for performing in vitro assays in order to interpret the pathogenic effect of the

identified CNGA3 variants in a correct manner.

8.1.5. Functional studies on CNGA3 missense variants and their contribution to
the ACMG/AMP-based classification

Of the total 316 sequence alterations listed in the comprehensive CNGA3 variant
database, 205 are missense substitutions, of which a large number of 54 variants are
classified as VUS according to the current ACMG/AMP classification guidelines and
manual and expert-based revision. Comprehensive genetic information on these
missense variants to obtain a clear classification as pathogenic or benign is lacking as
these rare missense substitutions are often private to single patients and are usually
not detected in recurrent independent patients originating from different families. In
addition, they are either absent or identified at very low allele frequencies in the general
population (gnomAD) (Sun et al., 2020; Solaki et al., 2022). This leaves the affected
patients, the clinician and the genetic counsellor without clear information as to the
relevance of a variant or genotype for the disease. Therefore, functional (in vitro)
assays to assess the functionality of mutant CNGA3 channels and to finally validate
the potential pathogenic effect of the respective CNGA3 missense variants are

needed.

Common methods used in different studies analysing a total of 54 missense alterations
include calcium imaging and patch-clamp recordings of mutant CNGA3 channels
expressed in heterologous systems such as HEK293 cells or Xenopus laevis oocytes.
These functional data contributed to the classification of 41 missense variants as

pathogenic and 11 as likely pathogenic. The previous studies have shown that the
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variants negatively affected ligand sensitivity, gating, ion selectivity and protein folding
and/or trafficking of CNGAS3 channels or even lead to complete channel (function) loss
(Trankner et al., 2004; Liu and Varnum, 2005; Patel et al., 2005; Muraki-Oda et al.,
2007; Koeppen et al., 2008; Reuter et al., 2008; Koeppen et al., 2010; Matveev et al.,
2010; Dai and Varnum, 2013; Meighan et al., 2015; Shaikh et al., 2015; Kuniyoshi et
al., 2016; Burkard et al., 2018). One missense variant remained a VUS even after
functional testing because of conflicting results from different studies, showing either
increased apparent ligand sensitivity or wild-type like characteristics of the mutant
channels (Liu and Varnum, 2005; Muraki-Oda et al., 2007). Finally, one missense
substitution could be confirmed as benign since a wildtype-like function in homomeric
CNGAZ3 channels was observed using different functional approaches (Trankner et al.,
2004; Meighan et al., 2015). However, 150 out 204 currently known CNGA3 missense
variants remain functionally uncharacterized, of which a large number of 53 variants is
of uncertain pathogenicity, highlighting the need to perform functional analysis of such

variants to improve the classification of missense variants in the CNGA3 gene.

8.2. Publication II: Functional evaluation allows ACMG/AMP-based
re-classification of CNGA3 variants associated with achromatopsia.

8.2.1. Further development and validation of the aequorin-based bioassay

As mentioned above, functional studies are sometimes the only mean to
unambiguously assess the pathogenicity of sequence variants in the CNGA3 gene
since comprehensive genetic information is often lacking due to the rarity of the
identified variants. This represents the main hurdle in genetic diagnosis of ACHM
patients since these sequence alterations typically remain classified as VUS. As
several gene therapy trials for CNGA3-associated ACHM have been conducted
(NCT02610582, NCT02935517, NCT03758404, NCT03278873) (Fischer et al., 2020;
Reichel et al.,, 2022), functional assays are needed to unequivocally classify the
identified CNGA3 variants, hereby facilitating the selection of patients who would be
eligible for such interventions.

In a previously conducted study by Tager and colleagues, an in vitro bioassay based
on the calcium-sensitive photoprotein aequorin was developed for the CNGA3 gene.
The objective was to perform a compound screening for chemical and pharmacological
chaperones in order to ameliorate the surface localization of mutant trafficking-deficient
CNGAS channels (Tager et al., 2021).
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One of the main aims of the present project was to expand the field of application of
this existing bioassay so it can be used as a medium-throughput platform for the
functional characterization of disease-associated variants detected in patients with
CNGA3-ACHM. In order to perform the assay with medium throughput in a 96-well
format, apo-aequorin was stably expressed in HEK293 cells (HEK2932¢a' cells)
transiently transfected with wild-type or mutant CNGA3-encoding plasmids.
Luminescence measurement was performed using an automated luminometer,
thereby recording the luminescence signals 6 seconds before and 394 seconds after
automatic application of the membrane-permeable ligand 8-Br-cGMP. This further
development of the assay enabled the parallel analysis of up to 11 mutant
CNGAZ3 channels in comparison to the wild-type channels on one 96-well plate. For
the final variant evaluation both the overall luminescence signal (area under the curve
[AUC]) and the luminescence peak latency were assessed in a specific time window
after ligand addition and compared to the values of the wild-type channels. To finally
distinguish functionally normal from abnormal variant channels, thresholds for both the
normalized AUC and the normalized peak latency were defined. For verification of
CNGABS protein expression, dot blot analysis was established and conducted by using

whole lysates of the transfected HEK2932¢41° cells.

In summary, the established Iluminescence assay detects the CNGA3
channel-mediated calcium influx following activation of the CNGA3 channels by the
membrane-permeable ligand 8-Br-cGMP by using the calcium-sensitive reporter
photoprotein aequorin. The generated transient luminescence signal is proportional to
the amount of calcium present. It therefore correlates with the functionality of the
CNGAZ3 channels tested, as these are the only cGMP-inducible calcium source in the
HEK2932eaw cells. Thus, the bioassay allows assessment of CNGA3 channel
functionality as a result of calcium conductivity and is capable of detecting variant

CNGAZ3 channel dysfunction relative to wild-type channels.

The aequorin-based bioassay was evaluated regarding its reliability of discriminating
between functionally normal and abnormal homomeric CNGA3 channels regardless of
the defect in the mutant channel being evaluated. A total of 24 control
CNGA3 sequence alterations composed of nine benign and 15 pathogenic variants
were selected to perform the assay validation (Supplementary Table 3, Publication II,

Appendix). The benign variant dataset included a total of four missense variants either
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showing wild-type-like function in homomeric CNGA3 channels in previously
conducted experiments (n=1) (Trankner et al., 2004; Meighan et al., 2015) or being
detected homozygously in at least four healthy individuals on the gnomAD database
(n=3) and five synonymous variants found on the gnomAD database. Finally, the
pathogenic variant dataset was composed of 15 previously functionally characterized
missense alterations either proven to display aberrant channel function (n=8) due to a
variety of functional defects including aberrant ligand sensitivity, gating, ion selectivity
and protein folding and/or trafficking, or completely absent channel function (n=7)
compared to the wild-type channel (Trankner et al., 2004; Liu and Varnum, 2005;
Muraki-Oda et al., 2007; Koeppen et al., 2008; Reuter et al., 2008; Koeppen et al.,
2010; Matveev et al., 2010).

All nine benign variants in the validation dataset displayed comparable luminescence
responses as the CNGAS3 wild-type channels with regard to overall luminescence and
luminescence peak latency. The functional data obtained by the aequorin-based
bioassay for the 15 pathogenic variants differed in comparison to CNGA3 wild-type
channels indicating altered/impaired channel functionality. This was in line with the
observations from previous studies using calcium imaging or electrophysiological
recordings (Figure 1A and 1B, Publication IlI, Appendix). All seven pathogenic
missense alterations previously displaying completely absent channel function were
also identified as non-functional in the aequorin-based bioassay (Muraki-Oda et al.,
2007; Koeppen et al., 2008; Reuter et al., 2008; Koeppen et al., 2010; Matveev et al.,
2010). Furthermore, the used bioassay showed a sufficient sensitivity, as all eight
pathogenic variants with residual channel function were also observed to have residual
but aberrant luminescence signals compared to the wild-type channels (Trankner et
al., 2004; Liu and Varnum, 2005; Muraki-Oda et al., 2007; Koeppen et al., 2008; Reuter
et al., 2008).

In order to distinguish functionally normal from abnormal variants, a receiver operating
characteristic (ROC) analysis was performed to define thresholds for both the
normalized AUC and the normalized peak latency. Since the aequorin-based bioassay
provided a sufficient dynamic range between the benign and pathogenic variants
evaluated in the assay validation dataset, it was possible to establish a total of three
precise pathogenicity thresholds. The threshold for the normalized AUC was calculated

to be at 0.65, thereby reaching a sensitivity of 93.3% as only one out of the
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15 pathogenic assay validation variants could not be identified as functionally
abnormal applying only this threshold. However, the specificity was 100%, as all nine
benign variants of the assay validation dataset were correctly identified as functionally
normal with respect to the AUC (Figure 1C and 1D, Publication IlI, Appendix). Two
separate pathogenicity thresholds were set for the normalized peak latency — one for
increased peak latency at 1.10, and one for reduced peak latency at 0.74, based on
the functional data of the eight pathogenic variants with residual channel function and
the nine benign variants of the assay validation dataset, reaching both a sensitivity and
specificity of 100% (Figure 1C and 1E, Publication I, Appendix). By combining all three
pathogenicity thresholds, a clear separation and correct classification as functionally
normal and abnormal could be achieved for all 24 control CNGA3 sequence alterations
in the assay validation dataset (Figure 1F, Publication Il, Appendix). Additionally,
expression verification in all tested samples of the 24 assay validation variants was
performed by Western blot and dot blot analysis of whole-cell lysates confirming
CNGAZ3 protein expression (Supplementary Figure 2 and 7, Publication I, Appendix).
Finally, 15 individual assay plates containing both positive (HEK2932¢ cells
transfected with the CNGA3 wild-type expression construct) and negative controls
(untransfected HEK2932¢a' cells) were used to calculate the Z’ factor to assess the
overall assay quality. As the mean Z’ factor was shown to be 0.87+0.08 (median: 0.9),
an excellent assay quality could be confirmed. To sum up, the aequorin-based
bioassay could therefore be used as a strong line of evidence to evaluate mutant
CNGAZ3 channel function and to re-classify ACHM-associated CNGAS3 variants in the
ACMG/AMP classification system.

8.2.2. Functional analysis of 150 CNGA3 missense variants using the aequorin-
based bioassay

Using the aequorin-based luminescence bioassay, the present study aimed to
functionally assess and re-classify a total of 149 CNGA3 missense variants lacking
functional data, and one CNGA3 missense alteration displaying conflicting results in
previously conducted studies (Liu and Varnum, 2005; Muraki-Oda et al., 2007). All
analysed variants were thereby retrieved from the comprehensive CNGA3 variant
database compiled by Solaki et al. (n=147 variants) (Solaki et al., 2022), the LOVD
database (n=2) and an ACHM cohort study recently published by Brunetti-Pierri et al.
(n=1) (Brunetti-Pierri et al., 2021).
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Of the 150 functionally evaluated CNGA3 missense alterations, a high number of
80 variants were shown to encode non-functional channels displaying no increase in
the luminescence signal after application of the ligand 8-Br-cGMP for channel
activation (Figure 2, Publication IlI, Appendix). This corresponds to 53.3% of all
analysed variants which is consistent with the findings of previous functional studies,
in which 50% of the 54 missense variants analysed thus far were found to significantly
impair channel functionality (Trankner et al., 2004; Liu and Varnum, 2005; Patel et al.,
2005; Muraki-Oda et al., 2007; Koeppen et al., 2008; Koeppen et al., 2010; Matveev
et al., 2010; Shaikh et al., 2015). Most of these variants designated as non-functional
using the aequorin-based bioassay are located in functional or structural relevant
domains of the CNGAS protein. These include the transmembrane helices/pore helix
(n=33 variants), the CNBD (n=23), and the C-linker (n=7), all of them showing a high
level of conservation across the CNGA3 orthologs and its rod equivalent CNGA1. This
suggests that the CNGAS3 polypeptide is particularly susceptible to exhibit a functional

defect due to an amino acid substitution in these domains.

Thirty-six CNGAS3 variant channels displayed overall luminescence signals similar to
the wild-type channel. However, five of these exhibited an increased and six variants
— predominantly located in the CLZ domain — a reduced luminescence peak latency
compared to the wild-type channel. This ultimately led to the classification of these
variants as functionally abnormal emphasising the necessity to consider both

measures for final variant evaluation.

In contrast, the remaining 25 missense alterations, of which 11 affected amino acid
residues in the aminoterminal part of the CNGAS3 polypeptide, additionally displayed
wild-type-like luminescence peak latency values rendering them as functionally
normal. Furthermore, 34 CNGAS3 variant channels demonstrated diminished overall
luminescence values in comparison to the wild-type channel. In addition, 27 of these
missense variant channels displayed increased luminescence peak latency values,
and three exhibited reduced values in comparison to wild-type channels. These
findings led to the classification of these 34 variant channels as functionally abnormal
(Figure 2 and 3, Publication Il, Appendix). Finally, the successful expression of all
analysed variant channels in the transiently transfected HEK2932¢d'" cells was
confirmed by dot blot analysis and, in one instance, by Western blot analysis of whole

cell lysates. This ruled out the possibility of e.g. cell transfection failure or defective
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CNGAZ3 expression constructs being the cause of reduced or absent luminescence

signals in the bioassay (Supplementary Figure 2 and 7, Publication I, Appendix).

8.2.3. ACMG/AMP-based re-classification of 150 CNGA3 missense variants
based on functional data

The functional data obtained by the aequorin-based bioassay were subsequently used
for the ACMG/AMP-based re-classification of the 150 analysed CNGA3 missense
substitutions. As the bioassay was deemed to constitute a strong line of evidence for
the evaluation of mutant CNGA3 channels following the successful assay validation,
the criterion PS3 strong was applied to 125 functionally abnormal missense
substitutions whereas BS3_strong was assigned to 25 missense variants observed to
give rise to functionally normal CNGAS3 channels (Supplementary Table 4, Publication
II, Appendix). Based on this approach, the initial ACMG/AMP classification of the two
likely benign and 92 of the 93 (likely) pathogenic variants could be confirmed or even
downgraded to benign or upgraded to pathogenic, respectively (Figure 4A, 4C, and 5,
Publication Il, Appendix).

However, one missense substitution — the p.(Arg436Gin) variant — initially classified as
likely pathogenic was re-classified as VUS (Figure 4C and 5, Publication Il, Appendix).
In contrast to the known pathogenic alternative amino acid substitution p.(Arg436Trp)
at the same codon, which displayed an impaired responsiveness to ligands and
cytosolic aggregation resulting in a complete loss of channel functionality (Wissinger
et al., 2001; Muraki-Oda et al., 2007; Matveev et al., 2010), the p.(Arg436GIn) variant
was identified as functionally normal showing both wild-type-like overall luminescence
signals and peak latency in the aequorin-based bioassay. Given its rarity in the general
population (gnomAD), its deleterious in silico prediction, and its localization at a
completely conserved amino acid residue in the C-linker region, where a known
pathogenic alternative amino acid exchange has already been described in the
scientific literature, even the application of the functional data as a strong line of
evidence only resulted in a post-assay ACMG/AMP classification as VUS. Since the
p.(Arg436GIn) variant was only observed once as part of a complex allele together with
the pathogenic variant p.(Phe322Ser) (Li et al., 2014), its contribution to the disease
phenotype in this ACHM patient remains elusive. Nevertheless, this case reinforces
the need for functionally analysing novel missense variants, as demonstrated by the
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differential impact that missense alterations can have on CNGAS protein function, even

when affecting the same amino acid residue.

One of the main aims of the present study was to provide an unambiguous
classification based on functional evaluation for a total of 55 missense variants in the
CNGAS3 gene, which have been previously designated as uncertain in terms of their
pathogenicity, to finally assure molecular diagnosis to the ACHM patients carrying such
variants. Using our medium-throughput functional approach, one of 55 VUS could be
re-classified as benign, 18 of 55 as likely benign, and 33 of 55 as likely pathogenic,
hereby considerably consolidating variant interpretation in a clinical context by
reaching a VUS re-classification rate of 94.5% (Figure 4B and 5, Publication I,
Appendix). One example for a VUS re-classified as likely pathogenic with the aid of the
aequorin-based bioassay is the missense variant p.(Asn471Ser). This sequence
alteration has so far only been observed as a single heterozygous variant in a patient
affected by cone-rod dystrophy (Wissinger et al., 2001) and previous functional
characterizations yielded conflicting results displaying either an increased apparent
ligand sensitivity or no change compared to homomeric wild-type channels (Liu and
Varnum, 2005; Muraki-Oda et al., 2007). The functional data obtained by the
aequorin-based bioassay provided evidence to support the observation of altered
variant channel function as postulated by Liu and Varnum (Liu and Varnum, 2005).
This was demonstrated by the detection of a reduction in luminescence peak latency
in the context of an unaltered overall luminescence signal, deeming the variant
CNGAZ3 channel as functionally abnormal, ultimately resulting in a post-assay

ACMG/AMP classification as likely pathogenic.

In contrast, ACMG/AMP-based variant re-classification from VUS to another
pathogenicity class was unsuccessful for three missense substitutions located in the
CNBD and CLZ domains despite characterizing these variants as functionally normal
in the aequorin-based bioassay. Following the ACMG/AMP rules, application of the
functional data as strong evidence (BS3_strong) was not sufficient to shift the
classification of the variants p.(Lys595Arg), p.(Arg646His), and p.(Val669Leu)
(Figure 4B and 5, Publication Il, Appendix). However, it was still proposed that these
sequence alterations may not result in a functional defect in the CNGAS3 protein, given
the unambiguous functional evidence provided by the luminescence bioassay and the

currently available genotype data. The p.(Arg646His) variant has only been observed
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in a single heterozygous state lacking a second disease-associated allele (Li et al.,
2014), whereas for the p.(Lys595Arg) and p.(Val669Leu) variants no genotype could
be established as this information was not provided in the respective ClinVar database
entries (ClinVar Variation IDs: 896798 and 897276), a limitation of these variant

databases.

8.2.4. Further functional in vitro studies and their influence on VUS
re-classification in a variety of genes

In conclusion, incorporating the outcome of the functional data in the
ACMG/AMP-based classification system resulted in a VUS re-classification rate of
94 .5%, with 52 of the 55 analysed VUS in the CNGA3 gene being re-classified as either
(likely) benign or likely pathogenic. This result is comparable or even superior to other
functional studies that have been used to improve the classification of a high number
of VUS in genes such as BRCA2 and OTC thereby reaching re-classification rates
between 68.8% and 92.5% (Richardson et al., 2021; Hu et al., 2022; Lo et al., 2023).
Two of these functional studies used a validated functional assay to assess the
pathogenicity of missense variants in the BRCA2 gene by measuring homologous
recombination DNA-repair activity. The application of these protein functional data in
the ACMG/AMP-based classification framework led to the re-classification of 132 of
154 tested BRCA2 VUS (86%) in the first study (Richardson et al., 2021) and 62 of
67 VUS (92.5%) in the second approach, determining the clinical relevance of these
variants (Hu et al., 2022). Moreover, a high-throughput complementation assay was
used by Lo and colleagues to differentiate between benign and pathogenic variants,
as well as neonatal and late-onset disease variants in the OTC gene based on their
functional impact. Subsequent pilot ACMG/AMP-based re-classification of
34 missense variants with complete loss of activity, previously classified as VUS,
changed the classification of 22 of these missense substitutions (68.8%) to clinically
actionable, likely pathogenic variants (Lo et al., 2023).

Functional approaches for facilitation of variant interpretation have also been
developed for other IRD-associated genes such as RHO and ABCA4 (Wan et al., 2019;
Curtis et al.,, 2020; Garces et al, 2020). Using a higher-throughput flow
cytometry-based assay, three out of nine rare RHO VUS identified through genetic
diagnostic testing could be linked to be causative for the RP phenotype in these

pedigrees due to pathogenic surface expression levels detected in the assay (Wan et
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al., 2019). Furthermore, Curtis and colleagues determined the effect of
22 disease-causing missense variants in the ABCA4 gene on ABCA4 protein
expression and ATPase activity. The researchers established three different variant
classes, depending on the extend of the functional defect, which correlated with
disease onset and severity in individuals affected by Stargardt disease 1 (STGD1)
carrying these variants in a homozygous state. These results provide a better
understanding of genotype-phenotype correlations in STGD1 patients (Curtis et al.,
2020). In summary, the high VUS re-classification rates achieved in this work and the
studies mentioned above show that functional assays are essential powerful tools for
improving the classification of sequence variants and can significantly improve

molecular diagnostics in patients.

8.2.5. Limitations of the aequorin-based bioassay

However, the aequorin-based bioassay shows some limitations which need to be taken
into consideration when interpreting the obtained functional data. The native cone CNG
channel is composed of CNGA3 and CNGB3 subunits. The assessed variant channels
were heterologously expressed as homomeric CNGAS3 channels in the absence of the
modulatory CNGB3 subunit in the HEK2932¢44° cells. In studies conducted previously,
it has been shown that the presence of the wild-type CNGB3 subunit can improve
functionality of heteromeric CNG channels with variants in the CNGA3 subunit.
However, only a partial rescue effect was achieved for five of 54 missense variants by
co-expressing the CNGB3 subunit in combination with lowering the cell cultivation
temperature from the standard 37°C to 27°C to support protein folding and trafficking.
Nevertheless, wild-type-like function could not be restored as these variant
heteromeric channels still exhibited altered biophysical properties (Liu and Varnum,
2005; Muraki-Oda et al., 2007; Reuter et al., 2008; Koeppen et al., 2010). It can
therefore be concluded that the assessment of CNGAS3 variant effects in homomeric
channels is a sufficient and effective method for the evaluation of pathogenicity. In the
current assay set up, the assessed variant homomeric channels carried only a single
missense alteration in the CNGAS3 subunit, which reflects a homozygous genotype in
ACHM patients. But two recent ACHM cohort studies have shown that most patients
with CNGAS3-associated ACHM - ranging from 61.8% to 79.4% — harbour two (likely
compound) heterozygous variants (Sun et al., 2020; Solaki et al., 2022). It is feasible
to co-express two mutant CNGAS3 subunits carrying two distinct missense variants in
the HEK2932¢d'° cells. As the final subunit composition of the resulting channels could
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not be reconstructed, the informative value of how these mutant subunits would interact
with each other and influence CNGAS3 protein function would only be limited. Finally,
interference with splicing was suspected by using in silico splicing algorithms for a total
of three missense variants tested in the aequorin-based bioassay including
p.(Arg189Lys), p.(Thr224Ala), and p.(Thr224lle). The suspected splicing effect for
these variants located at the exon-intron borders could not be evaluated in the context
of the bioassay since a CNGA3 cDNA expression construct was used. This limitation
was overcome by performing minigene splice assays in a complementary study,
showing that only the p.(Arg189Lys) variant interfered with splicing resulting in the use
of an exonic cryptic donor site in a minor fraction of transcripts (Reuter et al., 2023). In
contrast, an impairment of CNGA3 channel function could be observed for all three
tested variants in the aequorin-based bioassay demonstrating that these alterations
exert a pathogenic effect by acting as missense variants rather than as splicing
variants. However, these results underline the importance to combine both the
aequorin-based bioassay and a minigene splice assay to conclusively evaluate the

pathogenicity of CNGA3 variants located at the exon-intron borders of the gene.

In conclusion, despite the limitations listed above, the medium-throughput
aequorin-based bioassay still exhibited important implications for clinical variant
interpretation by re-classifying 94.5% of the tested CNGA3 VUS and substantially
improving genetic diagnosis for patients with CNGA3-associated ACHM carrying such
missense substitutions, thereby enabling their selection for future gene therapeutic

interventions.

8.3. Publication llI: Paternal uniparental isodisomy of chromosome 2 in a
patient with CNGA3-associated autosomal recessive achromatopsia.

8.3.1. Ophthalmological and genetic examination of the respective ACHM
patient

The present study reported the first case of ACHM which was caused by uniparental
isodisomy (UPD) of chromosome 2. The female patient of Italian origin presented with
photophobia since birth and received a clinical diagnosis of ACHM at the age of
10 years. Ophthalmological examinations of this patient revealed a visual acuity of
20/200 Snellen, severely reduced cone responses and abnormal rod responses as

well as abnormal dark adaptation curves and colour vision typical for ACHM.
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Furthermore, a fine pendular nystagmus was observed. Her family history regarding

ACHM was reported to be negative.

The patient was subsequently referred to the Centre for Ophthalmology Tubingen to
perform genetic testing in a research setting. Sanger sequencing of all coding exons
of the CNGAS3 gene identified the missense variant c.778G>C; p.(Asp260His) located
in the coding exon 8 in an apparent homozygous state. The detected variant had not
been previously reported in the scientific literature or in various mutation databases
including HGMD®, ClinVar, and LOVD. According to the ACMG/AMP guidelines, the
missense substitution was initially classified as likely pathogenic based on its low MAF
of <0.039% in the reference population database gnomAD, the localization of the
variant in the transmembrane domain TM3 affecting a completely conserved amino
acid residue (Figure 1C, Publication Ill, Appendix) at which an alternative amino acid
substitution p.(Asp260Asn) had already been identified as pathogenic (Wissinger et
al., 2001; Solaki et al., 2022), and the in silico prediction as disease-causing by various

tools.

8.3.2. Functional evaluation of the identified CNGA3 missense variant

Functional characterization of the p.(Asp260His) variant using the bioluminescent
aequorin-based bioassay in HEK293 cells transiently expressing apo-aequorin and
CNGAZ3 revealed that this missense alteration results in a complete loss of channel
function (Figure 2A, Publication Ill, Appendix) similar to the alternative amino acid
substitution p.(Asp260Asn) which has also been shown to completely abolish channel
function in a previous in vitro study (Muraki-Oda et al., 2007). Despite the undetectable
calcium influx in the aequorin-based bioassay, the expression of the mutant
CNGAZ3 channel carrying the p.(Asp260His) variant could be confirmed by
immunocytochemistry in the transfected cells (Figure 2B, Publication Ill, Appendix). In
conclusion, the pathogenicity of the analysed missense substitution could be confirmed
thereby upgrading its ACMG/AMP-based classification to pathogenic (Solaki et al.,
2023). The presented case was also included in the ACHM study cohort genetically
characterized in Tubingen thereby expanding the spectrum of disease-associated
CNGAS3 variants (Solaki et al., 2022).
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8.3.3. Segregation analysis and confirmation of UPD of chromosome 2

To confirm the homozygosity of the missense variant c.778G>C; p.(Asp260His) in the
patient, segregation analysis by PCR and Sanger sequencing was performed in both
parents. Surprisingly, only the patient’s father was identified to be a heterozygous
carrier whereas the variant was absent in the patient’s mother (Figure 1A, Publication
[ll, Appendix). As a heterozygous deletion on the second allele was excluded in the
mother by long-distance PCR and a SYBR Green-based quantitative real-time PCR
copy number assay, a microsatellite marker analysis using a total of ten markers
covering the entire chromosome 2 was executed in the three family members. This
analysis revealed that the patient was homozygous for all ten markers for the paternal
allele providing evidence that the homozygosity of the CNGAS3 variant identified in the
patient resulted from a partial or complete paternal uniparental isodisomy (UPD) of

chromosome 2 (Figure 1B, Publication IIl, Appendix).

8.3.4. Further cases of UPD of chromosome 2 in the scientific literature

So far, maternal or paternal UPD of chromosome 2 was described as the underlying
cause of an autosomal recessive disorder in a total of 42 cases in the scientific
literature. In these cases, the respective recessive variant manifested in the patient
through inheritance of two copies of the recessive variant from a single parent due to
the UPD (Kelkar et al.,, 2024). In the context of ocular disorders such as primary
congenital glaucoma, retinal dystrophy, and syndromes with retinal involvement,
including Alstrom syndrome and Jalili syndrome, five cases of UPD2 have been
reported involving the genes CYP1B1, MERTK, CNNM4, and ALMS1, respectively
(Thompson et al., 2002; Lopez-Garrido et al., 2009; Souzeau et al., 2019; Prasov et
al., 2020; Lopour et al., 2023; Kelkar et al., 2024). However, phenotypically normal and
generally healthy individuals with UPD2 have also been identified in several studies by
genome-wide SNP scan or parentage testing (Bernasconi et al., 1996; Heide et al.,
2000; Keller et al., 2009; Ou et al., 2013; Chen et al., 2019; Zhang et al., 2019; Doniec
etal., 2021; Song et al., 2021; Kelkar et al., 2024 ). A total of six genes on chromosome
2 have either been predicted (i.e., OTX1, VAX2, CYP1B1) or experimentally confirmed
to be imprinted (i.e., LRRTM1, GPR1, ZDBF2) based on the imprinted gene database
Geneimprint (https://www.geneimprint.com/site/genes-by-species). Nevertheless, no
association between these genes and imprinting diseases has been described thus far
according to the OMIM® database (https://omim.org). These findings indicate that the

disease phenotype in UPD2 cases rather results from manifesting classical point
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variants than imprinting effects, which is also in-line with the observation made in the
present study where the described UPD2 patient is of general good health only
showing the isolated retinal phenotype of ACHM.

In summary, the present study reported the first case of ACHM which was caused by
paternal UPD of chromosome 2. The UPD2 thereby uncovered the recessive missense
variant c.778G>C; p.(Asp260His) in CNGAS3 in the patient’s father, which ultimately is
causative for ACHM in the index patient. The study presented herein underlines the
necessity of performing segregation analysis in both parents especially in patients with
recessive variants in an apparent homozygous state, as UPD has considerable
implications for genetic counselling with a very low recurrence risk assessment in these
families. Furthermore, the study demonstrated the importance of functionally analysing
rare missense variants in CNGA3 as the identified missense variant ¢c.778G>C;
p.(Asp260His) could be classified as pathogenic using the bioluminescent
aequorin-based bioassay thereby confirming the molecular genetic diagnosis of the

presented index patient.

8.4. Conclusion and outlook

In conclusion, the present doctoral thesis substantially expanded the CNGA3 variant
spectrum to a total of 316 sequence alterations by compiling genetic data from a large
in-house ACHM cohort of 889 independent families with those reported in the scientific
literature and public variant databases further underlining the importance of the
CNGAS3 gene as one of the major disease-causing genes in ACHM. By providing
extensive in silico variant assessment data, ACMG/AMP classification, and
manual/expert-based variant categorization for the identified variants, a total of
244 sequence alterations could be interpreted as “likely disease-causing” (Solaki et al.,
2022). As a high number of missense substitutions in the CNGA3 gene was functionally
uncharacterized and still of uncertain pathogenicity, a medium-throughput
aequorin-based luminescence bioassay in transiently transfected HEK2932¢d° cells
was established and validated using a set of benign and pathogenic CNGA3 sequence
alterations. Using this bioassay, functional data were generated for a total of
150 missense variants, of which 55 were of uncertain pathogenicity (VUS), displaying
25 as functionally normal and 125 as functionally abnormal. The obtained functional
data had a substantial impact on the ACMG/AMP-based re-classification of the

analysed variants as 52 of 55 VUS could be re-classified as either (likely) benign or
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likely pathogenic resulting in a VUS re-classification rate of 94.5% (Solaki et al., 2023).
Furthermore, the missense variant c.778G>C; p.(Asp260His) identified in a
homozygous state as a result of paternal UPD2 in a patient of the in-house ACHM
study cohort was proven to completely abolish CNGA3 channel function using the
aequorin-based bioassay thereby re-classifying the variant from likely pathogenic to
pathogenic (Kohl et al., 2021; Solaki et al., 2023).

To sum up, the functional data presented in this doctoral thesis substantially facilitated
the clinical variant interpretation of the analysed CNGA3 missense variants. Molecular
genetic diagnosis could therefore be improved for ACHM patients carrying these
CNGAS3 variants making them eligible for future gene therapeutic interventions. In
future studies, the presented bioassay could be adapted to functionally characterize
missense variants in other IRD-associated genes coding for subunits of CNG channels
such as CNGB3 in ACHM and CNGA1/CNGB1 in autosomal recessive retinitis

pigmentosa potentially facilitating variant interpretation in these genes.
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Achromatopsia (ACHM) is a congenital cone photoreceptor disorder characterized
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nucleotide-gated ion channel in cone photoreceptors and is one of the major
disease-associated genes for ACHM. Herein, we provide a comprehensive overview
of the CNGA3 variant spectrum in a cohort of 1060 genetically confirmed ACHM
patients, 385 (36.3%) of these carrying “likely disease-causing” variants in CNGAS3.
Compiling our own genetic data with those reported in the literature and in public
databases, we further extend the CNGAS3 variant spectrum to a total of 316 variants,
244 of which we interpreted as “likely disease-causing” according to ACMG/AMP
criteria. We report 48 novel “likely disease-causing” variants, 24 of which are
missense substitutions underlining the predominant role of this mutation class in the
CNGAS3 variant spectrum. In addition, we provide extensive in silico analyses and
summarize reported functional data of previously analyzed missense, nonsense and

splicing variants to further advance the pathogenicity assessment of the identified

variants.

KEYWORDS

1 | BACKGROUND

Achromatopsia (ACHM; rod monochromacy) is a rare autosomal
recessively inherited retinal disorder characterized by impaired cone
photoreceptor function. The disease is estimated to affect one in
30,000-50,000 live births worldwide (Francois, 1961). Signs and
symptoms of the disorder manifest in early infancy and include
marked photosensitivity, nystagmus, severely reduced visual acuity
(<0.1), and the inability to discriminate colors (Hirji et al., 2018;
Michalakis et al., 2017; Sun & Zhang, 2019).

ACHM is a phenotypically and genetically heterogeneous
inherited retinal disorder. To date, pathogenic variants in six genes
have been identified to cause ACHM. Five of these genes, namely
CNGA3 (MIM# 600053) (Kohl et al., 1998), CNGB3 (MIM# 605080)
(Kohl et al., 2000; Sundin et al., 2000), GNAT2 (MIM# 139340)
(Aligianis et al., 2002; Kohl et al., 2002), PDE6C (MIM# 600827)
(Chang et al., 2009; Thiadens et al., 2009), and PDE6H (MIM#
601190) (Kohl et al., 2012), encode key components of the cone
phototransduction cascade. Only ATF6 (MIM# 605537) is not a part
of this pathway, but codes for a transcription factor involved in the
unfolded protein response (Ansar et al., 2015; Kohl et al., 2015; Xu
et al., 2015).

Molecular genetic analyses in ACHM patients revealed that a
large proportion of these cases carry causative variants in the CNGA3
gene though its prevalence varies among different ethnic popula-
tions. While biallelic CNGA3 mutations are the most common cause
of ACHM among patients of Chinese (80%) or Israeli/Palestinian
(84%) origin (Liang et al., 2015; Sun et al., 2020; Zelinger et al., 2015),
its prevalence ranges between 5% and 44% in European and US
ACHM patients of European origin, thus representing the second

most commonly afflicted gene in the latter countries after CNGB3

achromatopsia, CNGAS3, cyclic nucleotide-gated ion channel, in silico analysis, variant
classification, variant spectrum

(Johnson et al., 2004; Thiadens et al., 2009; Varsanyi et al., 2005;
Wissinger et al., 2001).

CNGAS3 encodes for the A3 subunit of the cyclic nucleotide-gated
(CNG) channel in cone photoreceptors outer segments, a key
component of the phototransduction cascade (Kaupp & Seifert,
2002). Cone CNG channels are ligand-activated, nonselective cation
channels forming heterotetrameric complexes via assembly of three
CNGAS3 and one CNGB3 subunit (Barret et al., 2022; Biel & Michalakis,
2009; Shuart et al., 2011; Zheng et al., 2022; Zhong et al., 2002). Both
subunits are structurally homologous proteins comprising six trans-
membrane helices (TM1-TMé) which are connected via intracellular
and extracellular loops (also compare Figure 3b). The pore region
including the pore helix is located between TM5 and TMé. The cyclic
nucleotide-binding domain (CNBD) consists of three a-helices (aA-aC)
and eight B-sheets (31-B8), and is connected via the C-linker—formed
by six a-helices (aA’-aF’)-to TMé6 (Gofman et al., 2014). Furthermore,
the CNGAS subunit comprises a C-terminal leucine zipper (CLZ) domain
important for subunit assembly (Dai et al, 2013; Zagotta &
Siegelbaum, 1996).

Nonsense and frameshift variants likely result in the loss of the
CNGAS subunit, while some missense variants in the CNGAS3 subunit
have been shown to impair or even abolish CNG channel function
and/or protein folding and trafficking leading to impaired photo-
transduction and impaired or lost cone function (Burkard et al., 2018;
Dai & Varnum, 2013; Duricka et al., 2012; Koeppen et al., 2008,
2010; Kuniyoshi et al., 2016; Liu & Varnum, 2005; Matveev et al.,
2010; Meighan et al., 2015; Michalakis et al., 2017; Muraki-Oda et al.,
2007; Patel et al., 2005; Reuter et al., 2008; Shaikh et al., 2015; Tager
et al., 2018; Trankner et al., 2004).

ACHM caused by pathogenic variants in CNGA3 is of strong

current interest as a first gene supplementation therapy trial has been
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completed for CNGA3-ACHM (CNGA3: NCT02610582; Fischer et al.,
2020; Reichel et al., 2021), and a number of such therapy trials are
ongoing at several sites all over the world for both CNGA3- and
CNGB3-ACHM (NCT03758404, NCT02935517, and NCT02599922).
Although the primary endpoint of such a trial is safety—which was
confirmed, the functional benefits were limited but persistent for the
adult treated patients for a period of 3 years (Fischer et al., 2020;
Reichel et al, 2021). These included slight improvement in color
contrast sensitivity, improvements in the ability to fixate, to recognize
letters and numbers as well as in photoaversion. It has been discussed
whether treatment of younger patients may result in greater functional
benefit by avoiding amblyopia as a potential limiting factor (Reichel
et al, 2021). The emergence of therapeutic studies highlights the
necessity to classify the pathogenicity of disease-associated variants as
unambiguously as possible to enable the right selection of patients for
these trials.

In the present study, we aim to provide a complete and
comprehensive spectrum overview of variants in the CNGA3
gene. The CNGAS3 variant database combines the variants of our
Tibingen in-house investigated ACHM cohort, variants from
literature, and mutation databases and is complemented by
extensive in silico analysis of the identified variants for assessing
their pathogenic effect. In addition, we provide an overview of
clinical and diagnostic aspects of ACHM and the animal models of
CNGA3-associated ACHM.

2 | MATERIAL AND METHODS

2.1 | Patient cohort, clinical examination, and
ethical considerations

Patients with a clinical diagnosis of ACHM were recruited over a
period of 25 years (1996-2020) in various ophthalmic centers
predominantly located in Europe (Austria, Belgium, Czech Republic,
Denmark, France, Germany, Greece, Hungary, Italy, the Netherlands,
Spain, Sweden, and United Kingdom), but also in Brazil, Israel,
Palestine, Turkey, and in the USA. In total, our entire Tlibingen ACHM
cohort of genetically confirmed ACHM patients includes 1060
affected individuals diagnosed with ACHM originating from 889
independent families.

Clinical diagnosis was established by standard clinical ophthal-
mologic examination and depended on the local clinical protocol (i.e.,
color vision testing, best-corrected visual acuity, electroretinography
[ERG], fundus photography, and optical coherence tomography).

The study was conducted in accordance with the principles of
the Declaration of Helsinki. Blood, saliva, or DNA samples of the
ACHM patients and family members were collected over a period of
25 vyears after informed consent approved by the respective local
research and ethical boards and/or dependent on the local regulatory
bodies and regulations. Specifically, the study was approved by
the Ethics Board of the University of Tibingen under the study
no. 349/2003V and 116/2015BO2.

2.2 | Variant screening

Peripheral blood, saliva or DNA samples from patients diagnosed
with ACHM and family members were sent to the Institute for
Ophthalmic Research, Tubingen (Germany) for genetic testing.
Extraction of whole genomic DNA was performed according to
standard procedures. Molecular genetic screening of the CNGA3
gene was executed as previously described (Kohl et al, 1998;
Wissinger et al,, 2001). Primers used for PCR amplification and
Sanger sequencing are provided in Table S1. If two potential disease-
causing CNGA3 alleles were identified in cases that were analyzed
within a research setting, no further genetic analysis in other ACHM
genes was performed. In case DNA samples from additional family
members were available, segregation analysis was performed to
validate the presence and the independent segregation of two
mutant CNGA3 alleles using either restriction fragment length

polymorphism analysis or Sanger sequencing.

2.3 | Variant nomenclature and establishment of
the CNGA3 variant database

Variant nomenclature of the identified CNGA3 sequence alterations
was based on the NCBI reference sequence NM_001298.2 and
the Ensembl transcript reference sequence ENST00000272602.7
(GRCh38/hg38 genome assembly) comprising seven coding exons.
The first nucleotide of the translation initiation codon ATG is denoted
as nucleotide 1. Moreover, all variants located in the alternatively
spliced exon 3b (formerly named exon 2b; Wissinger et al., 2001;
now renamed exon 3b) and its flanking intronic sequences were
denoted based on NCBI reference sequence XM_011510554.2
(GRCh38/hg38). Validation of the variant nomenclature was per-
formed using the web-based Mutalyzer name checker tool (https://
mutalyzer.nl/name-checker).

To establish a comprehensive CNGA3 variant database, a
literature search was conducted on the free search engine PubMed®
(https://pubmed.ncbi.nlm.nih.gov/) (last queried on January 11,
2021). In addition, web-based databases including the Human Gene
Mutation Database (HGMD®) (http://www.hgmd.cf.ac.uk/ac/index.
php) (Stenson et al.,, 2017), the Leiden Open Variation Database
(LOVD) for CNGA3 (https://www.lovd.nl/CNGA3), and the public
archive of human genetic variants ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/) (Landrum et al, 2014) were searched for entries
regarding CNGA3 disease-associated variants (searches conducted
on January 11, 2021 and March 18, 2021). Variants retrieved from
public databases (i.e., LOVD and ClinVar) that have not been
associated with a retinal phenotype (i.e., ACHM or allied disease)
were not included and not validated. Finally, all CNGA3 variants
identified in our ACHM cohort were entered into our in-house
CNGAS3 variant database. Variants identified in the ACHM cohort
genetically characterized in Tibingen that were not yet published in a
journal listed on PubMed® are referred to as “novel.” All novel

variants were submitted to the ClinVar database with accession
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numbers from SCV001571262 to SCV001571322. Additionally,
these variants will be submitted to the Global Variome shared LOVD
database and can be accessed using the following URL: database-

s.lovd.nl/shared.

2.4 | In silico variant assessment

Sequence alterations listed in the CNGA3 variant database were
subjected to in silico analysis to evaluate their pathogenic impact. The
Combined Annotation Dependent Depletion (CADD) tool was used
to score the deleteriousness of both coding and noncoding single-
nucleotide variants in the CNGA3 gene (https://cadd.gs.washington.
edu/). CADD provides PHRED-scaled scores ranging from 1 to 99. A
scaled CADD score of 10 thereby indicates a variant being amongst
the top 10% of deleterious variants in the human genome whereas a
score of 20 is used to describe variants that are amongst the top 1%
of deleterious variants and so on (Kircher et al., 2014). To score the
identified variants, we used the CADD model GRCh38-v1.6 and
applied a PHRED-scaled score of 20 as a cutoff for deleteriousness as
suggested by the authors (Rentzsch et al., 2021). Three in silico
prediction algorithms for the evaluation of missense variants were
used as embedded in Alamut Genova v.1.4/Alamut Visual v.2.14.0:
SIFT (Sorting Intolerant From Tolerant, v4.0.3/v6.2.0) applies a score
range of 0.0 for a deleterious effect to 1.0 for the substitution being
tolerated (http://sift.bii.a-star.edu.sg/) (Kumar et al., 2009), whereas
MutationTaster (v2013) classifies the variants either as “disease-
causing” or as a “polymorphism” with the p value indicating the
certainty of the prediction (http://www.mutationtaster.org/)
(Schwarz et al., 2010). The third prediction algorithm, Align-GVGD
(v2007), provides prediction classes defining a spectrum of classifi-
cations with CO suggesting least likely to interfere with protein
function to C65 being most likely to affect functionality of the
protein (https://agvgd.iarc.fr/index.php) (Tavtigian et al., 2006). In
addition, phyloP scores and the Grantham distance were computed
as embedded in Alamut Genova v.1.4/Alamut Visual v.2.14.0 to
further elucidate the possible pathogenic effect of missense variants.
PhyloP determines the evolutionary conservation and acceleration of
a given nucleotide. Positive scores are assigned to sites predicted to
be conserved whereas negative scores indicate a fast-evolving site
(Pollard et al., 2010). The Grantham distance scores missense
substitutions regarding the physicochemical difference between the
exchanged amino acids with scores ranging from O to 215
(Grantham, 1974).

To further assess the conservation of amino acid residues
of missense substitutions, we, in addition, performed a protein
sequence alignment of Homo sapiens CNGAS3 against its ortholo-
gues from seven other species, the Homo sapiens CNGA1
protein and its orthologues from additional five species
using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/)
(Sievers et al., 2011) and the alignment visualization tool BoxShade
version 3.21 (https://embnet.vital-it.ch/software/BOX_form.html)
(Figure S2).

Minor allele frequencies were retrieved from the Genome
Aggregation Database (gnomAD) (v2.0.2/v2.1) (https://gnomad.
broadinstitute.org/).

In silico evaluation of variants affecting either canonical or
noncanonical splice sites was conducted using the splicing algorithms
SpliceSiteFinder-like [0-100] (Shapiro & Senapathy, 1987), MaxEntS-
can [donor sites: 0-12 & acceptor sites: 0-16] (Yeo & Burge, 2004),
NNSplice [0-1] (Reese et al., 1997), GeneSplicer [0-15] (Pertea et al.,
2001) as embedded in Alamut Genova v.1.4/Alamut Visual v.2.14.0,
and SpliceAl [0-1] (Jaganathan et al., 2019) (https://spliceailookup.
broadinstitute.org/). Furthermore, variants affecting noncanonical
exonic splice site sequences (cutoff: first/last five nucleotides of an
exon) were also evaluated using the above-mentioned splicing
algorithms. All in silico tools were used following the guidelines for
the use of prediction tools (Vihinen, 2013).

2.5 | Variant classification

The pathogenic impact of the CNGA3 variants listed in this study was
automatically and/or semi-automatically classified according to the
standards and guidelines provided by the American College of
Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) (Richards et al., 2015) using the web-
based variant interpretation tool Franklin (Genoox Ltd, https://
franklin.genoox.com/). The criterion PP1 was thereby used for
sequence alterations showing co-segregation of the variant(s) with
disease in multiple affected family members, either performed in-
house or documented in previously published studies. CNGA3
variants which were functionally analyzed in previously published
studies and proven to have a damaging effect on protein function
were assigned the criterion PS3. The criterion PP3 was used for
missense variants that were predicted to be deleterious by CADD
and MutationTaster, and for canonical/noncanonical splice site
variants unanimously predicted to affect splicing using the above-
mentioned in silico tools. If the applied in silico tools did not suggest a
pathogenic effect, the criterion BP4 was assigned. For CNGA3
variants having a minor allele frequency of <0.1% on gnomAD, the
criterion PM2 was applied. In contrast, variants with a minor allele

frequency of >0.1% were assigned the criterion BS1.

3 | OVERVIEW OF CNGA3 VARIANTS
UNDERLYING ACHM

3.1 | Spectrum of CNGA3 gene variants in our
ACHM study cohort genetically characterized in
Tibingen

Our total ACHM cohort genetically characterized in Tlbingen
comprises 1060 affected individuals from 889 independent families
carrying “likely disease-causing” variants in the six genes associated
with ACHM. Among these, 385 patients from 304 distinct families
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carry likely biallelic ACHM-related variants in the CNGA3 gene,
hereby revealing that CNGA3 is the second most commonly mutated
gene in our study cohort (36.3% patients/34.2% families, Figure S1).
Of note, 216 of these families have not been published previously.

In total, we detected 221 distinct genotypes of CNGA3 sequence
alterations in our patient cohort (Table S2). Segregation analysis was
performed in both parents for 181 affected individuals and in a
single parent and/or in other family members (i.e., siblings, cousins, or
offspring) for 88 ACHM patients confirming the presence and
independent inheritance of two mutant biallelic CNGA3 alleles. In
116 cases no relatives were available for segregation analysis which
corresponds to 116 families out of 304 families in the cohort missing
segregation analysis (38.2%). One hundred and forty-seven affected
individuals carry possibly disease-causing CNGA3 variants in an
(apparent) homozygous state whereas 238 solved cases harbor two
(likely compound) heterozygous variants expected to explain the
ACHM phenotype. Homozygosity for the c.1641C>A/p.(Phe547Leu)
or the c.847C>T/p.(Arg283Trp) CNGAS3 variant were by far the most
common genotypes in our cohort (n=23 and n=22 affected
individuals, respectively; Table S2).

Moreover, we observed one family in our study cohort with
pseudo-dominant inheritance involving two mutant CNGA3 alleles. In
this family, the affected mother was homozygous for the c.847C>T/
p.(Arg283Trp) variant and the clinically unaffected spouse was a
heterozygous carrier of the c¢.488C>T/p.(Pro163Leu) variant. Both
affected children in this family were compound heterozygous for the
two CNGA3 variants inherited from the parents (Table S2).

One patient in our study cohort was shown to harbor two
heterozygous missense variants (c.353A>G/p.(GIn118Arg) and
c.1615G>A/p.(Val539Met); Table S2), of which the c.353A>G variant
was classified as likely benign and the c.1615G>A alteration as a
variant of uncertain significance (VUS) according to ACMG/AMP
guidelines. Notably, this male patient was in the meantime shown to
carry an alteration at the OPN1LW/OPN1MW gene cluster compati-
ble with a genetic diagnosis of blue cone monochromacy, an X-linked
incomplete form of ACHM. In one patient, only a single heterozygous
CNGAB variant was identified. Of note, in this patient screening of all
other ACHM-associated genes did not identify any other likely
causative variants. Both above-mentioned cases were excluded from
the group of genetically solved ACHM cases.

In the ACHM cohort genetically characterized in Tlbingen, we
identified 140 different potential disease-associated variants. The
ten most common CNGA3-ACHM-related alleles detected in our
patient cohort are presented in Table 1. All but one of these are
missense sequence alterations. The two missense substitutions
c.1641C>A/p.(Phe547Leu) and c.847C>T/p.(Arg283Trp) are the
by far most commonly observed CNGA3-associated alleles for
ACHM in our cohort, both with a similar allele frequency (n=86
chromosomes for ¢c.1641C>A/p.(Phe547Leu) and n =84 chromo-
somes for c.847C>T/p.(Arg283Trp)). Both alleles are frequently
seen in ACHM patients originating from Germany (c.1641C>A/
p.(Phe547Leu): n=21  affected individuals; ¢.847C>T/
p.(Arg283Trp): n=22) and in the case of the c.1641C>A/

TABLE 1 Ten most common CNGA3-ACHM-associated alleles in
the ACHM study cohort genetically characterized in Tlbingen

Alteration

nucleotide Alteration Total number of
sequence” polypeptide chromosomes
c.1641C>A p.(Phe547Leu) 86

c.847C>T p.(Arg283Trp) 84

c.829C>T p.(Arg277Cys) 48

c.1306C>T p.(Arg436Trp) 32
c.1279C>T p.(Arg427Cys) 26
c.1114C>T p.(Pro372Ser) 25

c.667C>T p.(Arg223Trp) 20

c.848G>A p.(Arg283GIn) 20

c.830G>A p.(Arg277His) 19
c.1495C>T p.(Arg499Ter) 19

Abbreviation: ACHM, achromatopsia.
Variant designation is based on NM_001298.2 (GRCh38/hg38).

p.(Phe547Leu) variant also in the Middle East (n=15). Further
common CNGA3 alleles associated with ACHM include the
missense substitution ¢.829C>T/p.(Arg277Cys) (n=48 chromo-
somes) which is mainly seen in German (n=18) and US ACHM
patients (n=6). Similarly, we observed some descent-specific
enrichment for ¢.1279C>T/p.(Arg427Cys) (total n=26 chromo-
somes) in US patients (n=9), as well as for the c.848G>A/
p.(Arg283GIn) variant (total n=20 chromosomes) observed in 5
out of 15 individuals who originated from Great Britain. Further-
more, the c.1495C>T/p.(Arg499Ter) variant (total n=19 chromo-
somes) is the only nonsense variant detected in the spectrum of
commonly observed CNGA3-ACHM-related alleles and was pre-
dominantly identified in French patients (n=6) (Table 1 and
Figure 1).

3.2 | Comprehensive CNGA3 variant database

To create a comprehensive CNGA3 variant database, we combined
all CNGA3 variants identified in our ACHM cohort with all CNGA3
sequence alterations obtained after an extensive literature
search on PubMed®, and database search in HGMD®, LOVD and
ClinVar. The so established CNGA3 variant database currently
comprises 316 variants (Tables 2 and S3). Of these, four variants
are located in the alternate exon 3b and its flanking intronic
sequences. As the functional relevance of this sequence remains
unclear and no association with disease has ever been reported,
these variants were not further analyzed and were classified as
“likely benign.”

Following the standards and guidelines of ACMG/AMP, 67 out of
the remaining 312 variants were classified as pathogenic, 152 as

likely pathogenic, and 71 were categorized as variants of uncertain
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FIGURE 1 Geographic descent of patients carrying the ten most
common CNGA3-ACHM-related alleles in the ACHM study cohort
genetically characterized in Tibingen. The number of patients is
determined by considering all affected individuals carrying the 10
most common CNGA3-ACHM-related alleles either in a homozygous
or (compound) heterozygous state. The c.1641C>A/p.(Phe547Leu)
variant (n = 63 patients) is the most common CNGA3-ACHM-
associated variant in our cohort and was frequently observed in
ACHM patients of German (n = 21) and Middle Eastern origin (n = 15).
ACHM, achromatopsia.

significance (VUS). Furthermore, 12 out of 312 sequence alterations
were classified as likely benign and 10 as benign (Tables 2 and S3).

The 316 CNGA3 variants listed in our CNGA3 variant database
were revised manually and expert-categorized into “likely benign,”
“VUS,” and ‘“likely disease-causing” applying the following criteria.
Variants categorized as “likely benign” (n = 44 variants; Tables 2 and
S3) included: (1) variants classified as likely benign or benign
according to ACMG/AMP guidelines, (2) synonymous variants that
are not predicted to affect splicing, (3) missense variants with a minor
allele frequency (MAF) higher than 0.1% and predicted to be
tolerated by at least two in silico algorithms, (4) missense variants
predicted to be tolerated by at least two in silico tools and only
observed in a heterozygous state in the absence of a second “likely
disease-causing” allele, (5) noncanonical splice variants not predicted
to affect splicing and (6) variants located in the alternate exon 3b and
its flanking intronic sequences.

Variants classified as “VUS” (n = 28; Tables 2 and S3) comprised
missense variants that were classified as VUS following the ACMG/
AMP guidelines and were predicted to be tolerated by at least two in
silico tools. In addition, 15 variants were grouped in this category
since no genotype could be established from the literature or
database data. If the following criteria for a “VUS” were fulfilled, we
considered patients carrying such variants with respect to the
phenotype as solved cases: (1) observation of the variant in a
heterozygous state with a (known) “likely disease-causing” variant
and/or (2) segregation analysis demonstrated independent segrega-
tion of two variants and/or co-segregation of the variant with

the disease.

All variants in the CNGA3 variant database not meeting the
above-mentioned criteria were categorized as “likely disease-causing”
(n = 244; Tables 2 and S3). Thus, we included the following variants in
this “likely disease-causing” category: (1) variants classified as
pathogenic or likely pathogenic following the ACMG/AMP guide-
lines, (2) variants representing likely null alleles (nonsense, start loss,
canonical splice site, and frameshift variants), (3) missense variants
classified as VUS following ACMG/AMP guidelines, but predicted to
be deleterious by at least three in silico tools, (4) missense variants for
which functional analysis revealed a deleterious effect on protein
function, (5) noncanonical splice site variants classified as VUS
following ACMG/AMP guidelines, but predicted to have an effect on
splicing by at least three in silico tools, and (6) in-frame deletions
affecting (completely) conserved amino acid residues. Consequently,
all patients carrying CNGA3 variants categorized as ‘“likely disease-
causing” were designated as solved cases with respect to the ACHM
phenotype.

Among 316 CNGA3 variants listed in the CNGA3 variant
database, 251 variants were already published in the literature and
in public databases. From these, we classified 196 variants as “likely
disease-causing”, 23 as “VUS” and 32 as “likely benign” following
manual and expert-based revision (Table S3). Only a small nhumber
of previously published missense variants were categorized as
“likely benign” including the variants p.(Thr20lle), p.(Pro48Leu),
p.(Thr153Met), and p.(Val540lle) based on the following observa-
tions: (1) All but one of these are located in the N-terminal region
affecting residues which are neither conserved within CNGA3
orthologues nor the rod homolog CNGA1—only the p.(Val540lle)
variant affects a conserved residue in the CNBD. (2) All above-
mentioned missense variants have a MAF higher than 0.1% and were
predicted to be tolerated by in silico tools underlining their
presumably nonpathogenic impact.

Within our CNGA3 variant database, we report 48 novel “likely
disease-causing” variants detected in our ACHM cohort with six
variants classified as pathogenic, 36 as likely pathogenic, and six as
VUS following ACMG/AMP classification (Table S3). These previ-
ously unpublished variants comprise 24 missense substitutions, 14
small indel variants, and 6 nonsense substitutions creating a
premature stop codon.

Overall, out of the 244 “likely disease-causing” variants in the
CNGA3 variant database, missense substitutions were the most
frequently observed variant type (66.8%) followed by small indel
variants (16.8%) and nonsense alterations (12.3%) creating a
premature stop codon (Figure 2). An overview of the mutation
types and the respective frequencies of these “likely disease-
causing” CNGA3 variants within our database is provided in
Figure 2.

In addition, we observed one novel start loss variant affecting the
first nucleotide of the translation initiation codon ATG (c.1A>T/p.(?))
and one copy number variation leading to the complete deletion of
exon 8 (NC_000002.12:g.98393909_98399093del (GRCh38/hg38)).
Actually, this deletion is the first large structural variation/copy

number variation observed and reported for the CNGA3 gene and
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genetically characterized in Tlbingen

Location
CNGA3

Alteration nucleotide

sequence”

Likely disease-causing variants

Intron 1
Exon 2
Exon 2
Exon 2
Exon 2
Intron 2
Exon 3
Exon 3
Exon 3
Exon 3
Exon 3

Exon 3

Exon 4
Exon 4
Exon 4
Exon 4
Exon 4
Intron 4
Intron 4
Intron 4
Intron 5
Intron 5
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6
Exon 6

Exon 6

c.-37-1G>C
c1A>T
c.40del
€.62C>G
c.67C>T
c.101+1G>A
¢.107_110del
c.128C>A
¢.130_151dup
c.139C>T
c.147dup

c.162_163insT

c.248G>A
€.332_333delinsAA
c.340G>T
¢.384_387del
c.387del
c.395+1G>T
€.396-2_398dup
¢.396-11C>G
c.450-1G>A
c.450-15T>G
c.464del
c.478G>A
c479T>G
c.485A>T
c.488C>T
c.489_492del
c.499del
c.512G>A
c.513G>T
c.513G>A
c.536T>A
c.542A>G
c.544A>G

c.544A>T

Alteration polypeptide

p.(Thr14ProfsTer5)
p.(Ser21Ter)
p.(Arg23Ter)

p.(?)
p.(His36ArgfsTer136)
p.(Ser43Ter)
p.(Ala51ValfsTer16)
p.(GIn47Ter)
p.(lle50AspfsTer10)
p.(Arg55Ter)

p.(Trp83Ter)
p.(Ser111Ter)
p.(Glu114Ter)
p.(Asp128GilufsTer44)

p.(Arg131GlufsTer42)

p.(Lys155ArgfsTer18)
p.(Val160Met)
p.(Val160Gly)
p.(Asp162Val)
p.(Pro163Leu)
p.(Ser164AlafsTer8)
p.(Leul67CysfsTer6)
p.(Trp171Ter)
p.(Trp171Cys)
p.(Trp171Ter)
p.(Val179Asp)
p.(Tyr181Cys)
p.(Asn182Asp)
p.(Asn182Tyr)

Location protein
domain®

N-Term.
N-Term.
N-Term.

N-Term.

N-Term.
N-Term.
N-Term.
N-Term.
N-Term.

N-Term.

N-Term.
N-Term.
N-Term.
N-Term.

N-Term.

N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
™1
™1
™1
™1
™1
™1
™1
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TABLE 2 Variants in the CNGA3 gene reported in the literature, mutation databases and novel variants identified in the ACHM study cohort

References

Burkard et al. (2018)
This study

Liang et al. (2015)

Li et al. (2014)
Johnson et al. (2004)
Abdelkader et al. (2018)
Thomas et al. (2012)
Sun et al. (2020)
Zelinger et al. (2015)
Zobor et al. (2017)
Wissinger et al. (2001)

Ezquerra-Inchausti
et al. (2018)

Ellingford et al. (2016)
This study

This study

This study

This study

Abdelkader et al. (2018)
This study

Li et al. (2014)
Georgiou et al. (2019)
This study

This study

ClinVar

This study

Wissinger et al. (2001)
Kohl et al. (1998)
LOVD

Weisschuh et al. (2020)
Li et al. (2014)

Li et al. (2014)

This study

Dubis et al. (2014)
Wissinger et al. (2001)
This study

Wissinger et al. (2001)

ACMG/AMP
classification

Pathogenic

VUS

Pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic

Pathogenic

Pathogenic
Pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
VUS

Pathogenic

VUS

VUS

Likely pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic

VUS

Pathogenic

VUS

Pathogenic
Likely pathogenic

Likely pathogenic

(Continues)
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TABLE 2

Location
CNGA3

Exon 6
Exon 6
Exon 6
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7

Exon 7

Exon 7
Intron 7

Exon 8

Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8

Exon 8

(Continued)

Alteration nucleotide
sequence”

c.556C>T
c.560T>C
c.566G>A
c.572G>A
c.580G>A
c.584T>C
c.586C>T
c.589T>C
c.591del

c.608G>A
c.609G>A
c.609G>T
c.624C>G
c.633T>A
€.649G>C
c.661C>T
c.667C>T
c.667C>G
c.668G>A

c.671C>G
c.674-2A>C

c.674-1935_*1838del
(Deletion Exon 8)

c.682G>A
c.704A>T
c.742C>T
c.746T>C
c.754G>A
c.755A>C
c.772C>G
c.773C>G
c.778G>A
c.778G>C
c.778dup

c.787T>G
c.800G>A
c.811C>G
c.811C>A

SOLAKI ET AL.

Alteration polypeptide
p.(Leu186Phe)
p.(le187Thr)
p.(Arg189Lys)
p.(Cys191Tyr)
p.(Glu194Lys)
p.(Leu195Pro)
p.(GIn196Ter)
p.(Ser197Pro)
p.(Glu198SerfsTer3)
p.(Trp203Ter)
p.(Trp203Ter)
p.(Trp203Cys)
p.(Tyr208Ter)
p.(Asp211Glu)
p.(Asp217His)
p.(Arg221Ter)
p.(Arg223Trp)
p.(Arg223Gly)
p.(Arg223GlIn)

p.(Thr224Arg)

p.(Glu228Lys)
p.(Asp235Val)
p.(GIn248Ter)
p.(Phe249Ser)
p.(Asp252Asn)
p.(Asp252Ala)
p.(Pro258Ala)
p.(Pro258Arg)
p.(Asp260Asn)
p.(Asp260His)
p.(Asp260GlyfsTer27)
p.(Tyr263Asp)
p.(Gly267Asp)
p.(Pro271Ala)
p.(Pro271Thr)

Location protein
domain®

™1
T™1 - TM2
T™1 - TM2
T™1 - TM2
T™1 - TM2
T™1 - TM2
T™1 - TM2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2
T™M2

TM2 - TM3

T™M2 - TM3
T™M2 - TM3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3
T™M3 - TM4
T™M3 - TM4
T™M3 - TM4

References

Wissinger et al. (2001)
Taylor et al. (2017)
This study

Wissinger et al. (2001)
Wissinger et al. (2001)
ClinVar

Johnson et al. (2004)
ClinVar

This study

Georgiou et al. (2019)
Sun et al. (2020)

This study

Hull et al. (2020)
Liang et al. (2015)
ClinVar

Johnson et al. (2004)
Wissinger et al. (2001)

Wiszniewski et al. (2007)

Li et al. (2014); Greenberg

et al. (2014)
Wissinger et al. (2001)
Li et al. (2014)

This study

Reuter et al. (2008)
Weisschuh et al. (2020)
This study

Nishiguchi et al. (2005)
Koeppen et al. (2008)
Sun et al. (2020)

This study

Li et al. (2014)
Wissinger et al. (2001)
This study

LOVD

Nishiguchi et al. (2005)
Wissinger et al. (2001)
Zelinger et al. (2015)

This study

ACMG/AMP
classification

Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
VUS

VUS

Pathogenic
Pathogenic
Likely pathogenic

Pathogenic

Likely pathogenic
Likely pathogenic

Pathogenic

Pathogenic

VUS

Likely pathogenic
VUS

Likely pathogenic
VUS

VUsS

VUS

Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic

Likely pathogenic
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SOLAKI ET AL.
TABLE 2 (Continued)
Location Alteration nucleotide Location protein
CNGA3 sequence” Alteration polypeptide domain®
Exon 8 c.811C>T p.(Pro271Ser) T™M3 - TM4
Exon 8 c.822G>T p.(Arg274Ser) T™M4
Exon 8 c.821G>A p.(Arg274Lys) T™4
Exon 8 c.827A>G p.(Asn276Ser) ™4
Exon 8 c.829C>T p.(Arg277Cys) ™4
Exon 8 c.829C>G p.(Arg277Gly) ™4
Exon 8 c.830G>A p.(Arg277His) ™4
Exon 8 c.833T>C p.(Leu278Pro) ™4
Exon 8 c.838A>T p.(Lys280Ter) ™4
Exon 8 c.847C>T p-(Arg283Trp) ™4
Exon 8 c.848G>A p.(Arg283GlIn) T™4
Exon 8 c.851del p.(Leu284ProfsTer78) T™4
Exon 8 c.869G>A p.(Arg290His) ™4
Exon 8 c.872C>G p.(Thr291Arg) TM4 - TM5
Exon 8 c.872_873del p.(Thr291ArgfsTer77) TM4 - TM5
Exon 8 €.902_903delinsAA p.(Phe301Ter) TM5
Exon 8 c.904A>G p.(Arg302Gly) T™M5
Exon 8 c.906G>T p.(Arg302Ser) TM5
Exon 8 c.907A>T p.(1le303Phe) TM5
Exon 8 c.940_942del p.(lle314del) TM5
Exon 8 c.945C>G p.(His315GIn) TM5
Exon 8 c.947G>A p.(Trp316Ter) TM5
Exon 8 c.952G>A p.(Ala318Thr) T™M5
Exon 8 c.955T>C p.(Cys319Arg) TM5
Exon 8 €.955_963delinsACCAAT- p.(Cys319ThrfsTer46) TM5
GAAATGGAAAT
Exon 8 c.965T>C p.(Phe322Ser) TM5
Exon 8 c.967G>C p.(Ala323Pro) TM5
Exon 8 c.968C>A p.(Ala323Asp) TM5
Exon 8 c.983T>C p.(1le328Thr) TM5
Exon 8 c.985G>T p.(Gly329Cys) TM5 - pore helix
Exon 8 c.989T>C p.(Phe330Ser) TM5 - pore helix
Exon 8 c.991G>C p.(Gly331Arg) TM5 - pore helix
Exon 8 c.992G>A p.(Gly331Glu) TM5 - pore helix
Exon 8 €.997_998del p.(Asp333LeufsTer35) TMS5 - pore helix
Exon 8 c.1001C>T p.(Ser334Phe) TM5 - pore helix
Exon 8 c.1004G>A p.(Trp335Ter) TM5 - pore helix
Exon 8 c.1006G>T p.(Val336Phe) TM5 - pore helix
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Wissinger et al. (2001)
Koeppen et al. (2010)
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Wang et al. (2019)
Kohl et al. (1998)

Kohl et al. (1998)
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Burkard et al. (2018)
Kohl et al. (1998)

Li et al. (2014)

This study

Zelinger et al. (2015)
Weisschuh et al. (2020)
ClinVar

Wissinger et al. (2001)
Patel et al. (2019)
Wissinger et al. (2001)
Li et al. (2017)

Shaikh et al. (2015)

This study

Li et al. (2014)

Carss et al. (2017)

Li et al. (2015)

This study

Genead et al. (2011)
Li et al. (2014)

Saqib et al. (2015)
This study

Kuniyoshi et al. (2016)
Sundaram et al. (2014)
This study

Liang et al. (2015)

ACMG/AMP
classification

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic

Likely pathogenic
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TABLE 2

Location
CNGA3

Exon 8

Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8

Exon 8

(Continued)

Alteration nucleotide
sequence”

¢.1010_1012delin-
sCAATCCCAGTG

c.1021T>C
c.1030G>T
c.1034A>G
c.1039C>T
c.1048A>G
c.1058T>C
c.1061A>G
c.1063A>G
c.1070A>G
c.1074G>A
c.1076C>T
c.1085C>T
c.1088T>C
¢.1100G>T
c.1106C>G
c.1114C>T
c.1114C>G
c.1115C>T
c.1116del
c.1116dup
c.1117G>A
c.1124A>G
c.1126G>A
c.1129_1131del
¢.1137_1139del
c.1139T>C
c.1146dup
c.1163G>A
c.1163G>T
c.1190G>T
c.1201T>C
c.1217T>C
c.1228C>T
€.1235_1236del
c.1243G>C
c.1254T>G
c.1255T>C

SOLAKI ET AL.

Alteration polypeptide

p.(Tyr337SerfsTer28)

p.(Ser341Pro)
p.(Glu344Ter)
p.(His345Arg)
p.(Arg347Cys)
p.(Arg350Gly)
p.(1e353Thr)
p.(Tyr354Cys)
p.(Ser355Gly)
p.(Tyr357Cys)
p.(Trp358Ter)
p.(Ser359Phe)
p.(Thr362lle)
p.(Leu363Pro)
p.(Gly367Val)
p.(Thr369Ser)
p.(Pro372Ser)
p.(Pro372Ala)
p.(Pro372Leu)
p.(Val373Ter)
p.(Val373ArgfsTer4)
p.(Val373Met)
p.(Asp375Gly)
p.(Glu376Lys)
p.(Glu377del)
p.(Phe380del)
p.(Phe380Ser)
p.(Val383ArgfsTer36)
p.(Gly388Asp)
p.(Gly388Val)
p.(Gly397Val)
p.(Ser401Pro)
p.(Met406Thr)
p.(Arg410Trp)
p.(Glu412ValfsTer6)
p.(Ala415Pro)
p.(Asp418Glu)
p.(Ser419Pro)

Location protein
domain®

TM5 - pore helix

TM5 - pore helix
TM5 - pore helix
TM5 - pore helix
TM5 - pore helix
TM5 - pore helix
Pore helix

Pore helix

Pore helix

Pore helix

Pore helix

Pore helix

Pore helix

Pore helix

pore helix -TMé
pore helix -TMé
pore helix -TMé6
pore helix -TMé6
pore helix -TMé
pore helix -TMé6
pore helix -TMé6
pore helix -TMé6
T™Mé6

T™é6

T™é6

T™é6

T™Mé

T™é6

T™é6

T™é6

T™M6

T™é6

T™é6

TM6 - C-linker
TMé - C-linker
C-linker aA'
C-linker aA'
C-linker aA'
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Li et al. (2014)

Wissinger et al. (2001)
Nishiguchi et al. (2005)
ClinVar

Sun et al. (2020)
ClinVar

Liang et al. (2015)
This study

This study

Vincent et al. (2011)
Li et al. (2014)

This study

ClinVar

Koeppen et al. (2010)
Koeppen et al. (2010)
Wissinger et al. (2001)
Wissinger et al. (2001)
Sharon et al. (2020)
This study

Zobor et al. (2017)

Li et al. (2014)

This study

Sun et al. (2020)
Koeppen et al. (2010)
Fahim et al. (2013)
Liang et al. (2015)
Wissinger et al. (2001)
Li et al. (2014)

Sun et al. (2020)

Sun et al. (2020)
Ahuja et al. (2008)
Nishiguchi et al. (2005)
Wissinger et al. (2001)
Kohl et al. (1998)
Mégjécase et al. (2019)
Stone et al. (2017)
ClinVar

Weisschuh et al. (2020)

ACMG/AMP
classification

Likely pathogenic

Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Pathogenic
Pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic

Likely pathogenic
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SOLAKI ET AL.
TABLE 2 (Continued)

Location Alteration nucleotide Location protein

CNGA3 sequence” Alteration polypeptide domain®

Exon 8 c.1256C>T p.(Ser419Phe) C-linker aA'

Exon 8 c.1262del p.(Lys421SerfsTer44) C-linker aA'

Exon 8 c.1267dup p.(Tyr423LeufsTer20) C-linker aA'

Exon 8 c.1268A>C p.(Tyr423Ser) C-linker aA'

Exon 8 c.1270A>G p.(Met424Val) C-linker aA'

Exon 8 c.1271T>C p.(Met424Thr) C-linker aA'

Exon 8 c.1273C>T p.(GIn425Ter) C-linker aA'

Exon 8 c.1279C>T p.(Arg427Cys) C-linker aA' - aB'

Exon 8 c.1280G>T p.(Arg427Leu) C-linker aA' - aB'

Exon 8 c.1286T>C p.(Val429Ala) C-linker aA' - aB'

Exon 8 c.1294G>T p.(Asp432Tyr) C-linker aB'

Exon 8 c.1294del p.(Asp432ThrfsTer33) C-linker aB'

Exon 8 c.1298T>G p.(Leu433Trp) C-linker aB'

Exon 8 c.1306C>T p.(Argd436Trp) C-linker aB'

Exon 8 c.1307G>A p.(Arg436GIn) C-linker aB'

Exon 8 c.1315C>T p.(Arg439Trp) C-linker aB'

Exon 8 c.1319G>C p.(Trp440Ser) C-linker aB'

Exon 8 ¢.1320del p.(Trp440CysfsTer25) C-linker aB'

Exon 8 c.1319G>A p.(Trp440Ter) C-linker aB'

Exon 8 c.1320G>A p.(Trp440Ter) C-linker aB'

Exon 8 c.1351dup p.(Val451GlyfsTer3) C-linker aB' - aC'

Exon 8 c.1360A>T p.(Lys454Ter) C-linker aC'

Exon 8 c.1366del p.(Val456CysfsTer9) C-linker aC'

Exon 8 c.1379del p.(Leu460ProfsTer5) C-linker aC' - aD'

Exon 8 c.1391T>G p.(Leud64Arg) C-linker aD'

Exon 8 c.1395_1412del p.(Lys465_lle470del) C-linker aD'

Exon 8 c.1405G>A p.(Ala469Thr) C-linker aD'

Exon 8 c.1435_1436delinsGT p.(Lys479Val) C-linker aE'

Exon 8 c.1443dup p.(lle482HisfsTer6) C-linker aF'

Exon 8 c.1454A>T p.(Asp485Val) C-linker aF'

Exon 8 c.1457G>A p.(Cys486Tyr) C-linker aF' -
CNBD oA

Exon 8 c.1466G>T p.(Gly489Val) CNBD aA

Exon 8 c.1495C>T p.(Argd99Ter) CNBD B1

Exon 8 c.1513C>G p.(Pro505Ala) CNBD B1 - B2

Exon 8 c.1519del p.(Asp507llefsTerd7) CNBD B1 - B2

Exon 8 c.1520A>G p.(Asp507Gly) CNBD B1 - B2

Exon 8 c.1529G>C p.(Cys510Ser) CNBD B2
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LOVD

Wissinger et al. (2001)

ACMG/AMP
classification

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Pathogenic

Likely pathogenic
Pathogenic

Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

VUS

Likely pathogenic
Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic

Pathogenic
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TABLE 2

Location
CNGA3

Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8

Exon 8

(Continued)

Alteration nucleotide
sequence”

c.1535A>T
¢.1537G>C
c.1537G>A
c.1538G>A
c.1540G>A
c.1541A>T
c.1547G>A
c.1556T>C
c.1557G>A
c.1565T>C
€.1569_1577del
c.1573G>A
c.1574G>A
c.1579C>A
c.1580T>G
c.1585G>A
c.1597G>C
c.1609C>T
c.1621C>T
c.1627_1635del
c.1640T>G
c.1641C>A
c.1642G>A
c.1645G>T
c.1658T>A
c.1669G>A
c.1679C>T
c.1682G>A

c.1682_1683insACGCG

c.1686C>A
c.1687C>T
c.1688G>A
c.1694C>T
c.1705C>T
c.1706G>A
c.1708A>G
c.1709G>A
c.1709G>T
c.1712T>C

SOLAKI ET AL.

Alteration polypeptide
p.(Lys512Met)
p.(Gly513Arg)
p.(Gly513Arg)
p.(Gly513Glu)
p.(Asp514Asn)
p.(Asp514Val)
p.(Gly516Glu)
p.(Met519Thr)
p.(Met519lle)
p.(le522Thr)
p.(Asn523_Gly525del)
p.(Gly525Ser)
p.(Gly525Asp)
p.(Leu527Met)
p.(Leu527Arg)
p.(Val529Met)
p.(Asp533His)
p.(GIn537Ter)
p.(Leu541Phe)
p.(Asp543_Ser545del)
p.(Phe547Cys)
p.(Phe547Leu)
p.(Gly548Arg)
p.(Glu549Ter)
p.(Leu553GlIn)
p.(Gly557Arg)
p.(Ser560Leu)
p.(Gly561Glu)
p.(Asn562ArgfsTerd7)
p.(Asn562Lys)
p.(Arg563Cys)
p.(Arg563His)
p.(Thr565Met)
p.(Arg569Cys)
p.(Arg569His)
p.(Ser570Gly)
p.(Ser570Asn)
p.(Ser570lle)
p.(1le571Thr)

Location protein
domain®

CNBD B2 - B3
CNBD B2 - B3
CNBD B2 - B3
CNBD B2 - B3
CNBD B2 - B3
CNBD B2 - B3
CNBD B2 - B3
CNBD B3
CNBD B3
CNBD B3
CNBD B3
CNBD B3 - B4
CNBD B3 - B4
CNBD p4
CNBD p4
CNBD p4
CNBD p4 - B5
CNBD B4 - B5
CNBD B5
CNBD B5/B5 - B6
CNBD 6
CNBD B6
CNBD 6
CNBD 6
CNBD 6 - B7
CNBD B6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD 6 - B7
CNBD p7
CNBD 7
CNBD p7
CNBD p7
CNBD p7
CNBD p7 - B8
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Kohl et al. (1998)
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This study

This study

Kohl et al. (1998)
ClinVar

Zobor et al. (2017)
This study

ClinVar

Koeppen et al. (2008)
Wissinger et al. (2001)
Wissinger et al. (2001)
This study

Wissinger et al. (2001)
This study

Li et al. (2014)
Thiadens et al. (2010)

Jinda et al. (2021)

ACMG/AMP
classification

Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
VUS

Likely pathogenic
Pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
Pathogenic
Pathogenic
Pathogenic
Likely pathogenic
Pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic

Likely pathogenic
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TABLE 2 (Continued)

Location Alteration nucleotide

CNGA3 sequence” Alteration polypeptide
Exon 8 c.1717T>C p.(Tyr573His)
Exon 8 c.1718A>G p.(Tyr573Cys)
Exon 8 c.1719C>G p.(Tyr573Ter)
Exon 8 c.1736T>G p.(Leu579Arg)
Exon 8 c.1768G>A p.(Glu590Lys)
Exon 8 c.1771T>C p.(Tyr591His)
Exon 8 c.1775C>T p.(Pro592Leu)
Exon 8 c.1777G>A p.(Glu593Lys)
Exon 8 c.1793T>G p.(Leu598Arg)
Exon 8 c.1805G>A p.(Gly602Glu)
Exon 8 c.1810C>T p.(GIn604Ter)
Exon 8 c.1811del p.(GIn604ArgfsTer3)
Exon 8 c.1898T>C p.(Leu633Pro)
Exon 8 c.1931T>C p.(Phe644Ser)
Exon 8 c.1937G>A p.(Argb646His)
Exon 8 c.1949A>C p.(Glu650Ala)
Exon 8 c.1963C>T p.(GIné655Ter)
Exon 8 c.1975A>T p.(Lys659Ter)
Exon 8 c.1981C>A p.(Arg661Ser)
Exon 8 c.1982G>A p.(Arg661His)

Variants of uncertain significance

Exon 2 c.68G>A° p.(Arg23GlIn)
Exon 2 c.80G>A° p.(Arg27His)
Exon 3 c.110C>T* p.(Ser37Leu)
Exon 3 c.154A>G" p.(Met52Val)
Exon 3 c.211G>A" p.(Ala71Thr)
Exon 4 c.316G>A° p.(Glu106Lys)
Exon 4 c.358A>G" p.(Asn120Asp)
Exon 5 c.440C>G" p.(Thr147Arg)
Exon 6 c.471T>G* p.(Asp157Glu)
Exon 6 c.473C>T¢ p.(Ala158Val)
Exon 6 c.553C>G p.(Leu185Val)
Exon 7 c.587A>G p.(GIn196Arg)
Exon 7 c.625T>C p.(Ser209Pro)
Exon 7 c.664G>C p.(Ala222Pro)
Exon 7 c.670A>G p.(Thr224Ala)
Exon 7 c.671C>T p.(Thr224lle)
Exon 8 c.743A>G p.(GIn248Arg)
Exon 8 c.784G>C p.(Ala262Pro)

Location protein
domain®

CNBD p7 - B8
CNBD B7 - B8
CNBD p7 - B8
CNBD B8
CNBD aB
CNBD aB - aC
CNBD aB - aC
CNBD aC
CNBD aC
CNBD aC
CNBD aC
CNBD aC

cLz

cLz

cLz

cLz

cLz

cLz

cLz

cLz

N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
N-Term.
™1

T™M1 - TM2
™2

™2

TM2 - TM3
T™M2 - TM3
T™M3

™3
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References

This study

Wissinger et al. (2001)
Holtan et al. (2020)
This study

Nishiguchi et al. (2005)
This study

This study

Wissinger et al. (2001)
Sun et al. (2020)
Georgiou et al. (2019)
Taylor et al. (2017)
Sun et al. (2020)
Goto-Omoto et al. (2006)
Ellingford et al. (2016)
Li et al. (2014)

LOVD

Wissinger et al. (2001)
Li et al. (2014)

Yang et al. (2014)

Sun et al. (2020)

ClinVar

ClinVar

ClinVar

ClinVar

ClinVar

Sharon et al. (2020)
Li et al. (2014)
LOVD

ClinVar

LOVD

Kim et al. (2019)
Sun et al. (2020)
Weisschuh et al. (2020)
Reuter et al. (2008)
This study

Li et al. (2014)

This study

Zobor et al. (2017)

ACMG/AMP
classification

Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

Likely pathogenic
Likely pathogenic
Pathogenic

VUS

Likely pathogenic
Likely pathogenic
Likely pathogenic
Likely pathogenic
VUS

VUS

VUS

Likely pathogenic
Likely pathogenic
Likely pathogenic

Likely pathogenic

VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS

(Continues)
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TABLE 2

Location
CNGA3

Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8

Exon 8

(Continued)

Alteration nucleotide
sequence”

c.796G>A
c.1343A>G

c.1615G>A"
c.1784A>G*
c.1845G>T*
c.1877T>G

.1889T>C

c.1968G>A°
€.2005G>C*
€.2050G>A°

Likely benign variants

Exon 2
Exon 2
Exon 2
Exon 2
Intron 2
Exon 3
Exon 3
Intron 3
Intron 3
Exon 3
Exon 3b°®
Exon 3b°®

Intron
Exon 3b°®

Intron
Exon 3b°®

Exon 4
Exon 4
Exon 4
Exon 4
Intron 4
Intron 4
Intron 5
Exon 6
Intron 6
Intron 6
Exon 7

Exon 8

c.59C>T
c.66C>T
c.72T>C
c.81C>T
c.102-16A>G
c.129G>A
c.143C>T
c.215+11A>G
€.215+151T>C
c.198C>T
c.336G>A°
c.360C>T*
€.215+46T>G*

€.216-60A>T¢

€.225C>T
c.238C>T
c.284C>T
¢.353A>G*
€.395+9C>T
€.396-4G>A
c.449+13A>G
c.458C>T
€.566+6C>T
c.566+14G>A
€.592G>A
c.715C>T

SOLAKI ET AL.

Alteration polypeptide
p.(Val266Met)
p.(Lys448Arg)
p.(Val539Met)
p.(Lys595Arg)
p.(Glu615Asp)
p.(Leu626Arg)
p.(Val630Ala)
p.(Meté656lle)
p.(Val669Leu)
p.(Gly684Arg)

p.(Thr20lle)

p.(Pro95Leu)

p.(GIn118Arg)

Location protein
domain®

TM3 - TM4
C-linker aB' - aC'
CNBD B5

CNBD aC

CNBD aC - CLZ
CLz

CLz

CLz

CLz

C-Term.

N-Term.
N-Term.
N-Term.

N-Term.

N-Term.

N-Term.

N-Term.
N-Term.
N-Term.

N-Term.

T™M2
T™M2 - TM3

References

Thiadens et al. (2010)
This study

This study

ClinVar

ClinVar

Huang et al. (2016)
This study

ClinVar

ClinVar

Patel et al. (2016)

ClinVar

This study

This study

Nishiguchi et al. (2005)
This study

ClinVar

Nishiguchi et al. (2005)
LOVD

This study

This study

This study

This study

This study

This study

ClinVar

ClinVar

Thiadens et al. (2010)
This study
ClinVar

ClinVar

ClinVar

Kohl et al. (1998)
ClinVar

ClinVar

This study

ClinVar

ACMG/AMP
classification

VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS
VUS

Benign

VUS

Benign
Likely benign
Benign
Likely benign
Benign
Benign
Benign
Likely benign
n.a.

n.a.

VUS

VUS

VUS

Likely benign
VUS

Benign

VUS

Benign

Likely benign
VUS

Benign

VUS
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TABLE 2 (Continued)

Location Alteration nucleotide Location protein ACMG/AMP
CNGA3 sequence” Alteration polypeptide domain® References classification
Exon 8 c.734C>Tf p.(Thr245Met) T™M2 - TM3 Johnson et al. (2004) VUS

Exon 8 c.740C>T p.(Thr247Met) ™3 Li et al. (2014) Likely benign
Exon 8 c.777C>A p.(=) T™M3 ClinVar VUS

Exon 8 c.1116C>T p.(=) pore helix - TMé ClinVar Likely benign
Exon 8 c.1347G>A p.(=) C-linker aB' - aC' This study VUS

Exon 8 c.1412A>Gf p.(Asn471Ser) C-linker aD' Wissinger et al. (2001) VUS

Exon 8 c.1413C>T p.(=) C-linker aD' Nishiguchi et al. (2005) VUS

Exon 8 c.1569C>T p.(=) CNBD B3 Nishiguchi et al. (2005) Likely benign
Exon 8 c.1611G>A p.(=) CNBD B4 - B5 ClinVar VUS

Exon 8 c.1618G>Af p.(Val540lle) CNBD B5 Thiadens et al. (2010) VUS

Exon 8 c.1626C>T p.(=) CNBD B5 ClinVar Benign

Exon 8 c.1695G>A p.(=) CNBD B6 - B7 Nishiguchi et al. (2005) Likely benign
Exon 8 c.1746C>T p.(=) CNBD aB LOVD Likely benign
Exon 8 c.1767C>T p.(=) CNBD aB LOVD Likely benign
Exon 8 c.1856C>T" p.(Ala619Val) CNBD aC - CLZ Thiadens et al. (2010) VUS

Exon 8 c.1862C>Af p.(Ala621Glu) CNBD aC - CLZ Wiszniewski et al. (2007) VUS

Exon 8 c.1863G>A p.(=) CNBD aC - CLZ LOVD Likely benign
Exon 8 c.1866C>T p.(=) CNBD aC - CLZ ClinVar VUS

Note: All 316 variants were classified following ACMG/AMP criteria and subsequently revised manually and expert-categorized into “likely benign,” “VUS,”

and “likely disease-causing.”
Abbreviation: ACHM, achromatopsia.
Variant designation is based on NM_001298.2 (GRCh38/hg38).

bFunctional domains of CNGA3 according to Gofman et al., 2014 and Shuart et al., 2011: N-Term., N-terminus; TM1 to TMé, transmembrane domains;
C-linker having six alpha helices (aA'-aF'); CNBD, cyclic-nucleotide binding domain having three alpha helices (aA-aC) and eight beta-sheets (31-£8);
CLZ, C-terminal leucin zipper; C-Term., C-terminus; -, intermediate amino acid residue between two domains.

“Variants classified as VUS: no genotype could be established from the literature or database data.

dVariants observed in an affected individual with an OPN1MW/OPN1LW-associated genotype indicative for and compatible with a clinical diagnosis of

blue cone monochromatism, X-linked.

®Variant designation of variants located in the alternate exon 3b (formerly named exon 2b (Wissinger et al., 2001), now renamed exon 3b) and its flanking

intronic sequences is based on XM_011510554.2 (GRCh38/hg38).

fVariants only observed in a heterozygous state in the absence of a second likely disease-causing allele.

was identified in compound heterozygous state with the variant
¢.847C>A/p.(Arg283Trp) on the second allele in one patient. Following
the standard variant screening, the variant c.847C>A/p.(Arg283Trp)
was initially identified apparent homozygously in this index patient.
Segregation analysis failed to detect the variant in the father of the
patient. Microsatellite marker analysis confirmed paternity and deletion
mapping via PCR and primer walking identified the heterozygous
5.19 kb deletion.

Copy number variations (CNVs) are an important mutation
type associated with ACHM and are commonly seen in the CNGB3
gene as well as in GNAT2 and ATFé. Whereas ten out of 98
disease-associated CNGB3 variants identified in a large cohort of
ACHM patients are CNVs, the mutation spectrum of ATF6 and

GNAT2 includes two CNVs each (Felden et al.,, 2019; Kohl et al.,,
2002; Lee et al., 2020; Mayer et al., 2017). In contrast, it seems
that this kind of structural variation is not common in CNGA3. This
notion is further supported by the fact, that the gene had not been
pinpointed by a CNV-study focusing on genes in inherited retinal
dystrophies (Van Schil et al., 2018). In addition, single heterozy-
gous cases are rarely found in CNGA3 compared to the CNGB3
gene where 44 out of 552 patients with CNGB3 variants were
identified to harbor only a single heterozygous pathogenic variant
following standard variant screening and CNV analysis (Mayer
et al., 2017). This further suggests that most variants in CNGA3 are
exonic indicating that there are not many hidden pathogenic

variants—such as deep intronic variants—left.
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CNV
start loss
NCSS
1.6%

missense CSS 2.5%

66.8%

nonsense
12.3%

FIGURE 2 Frequencies of “likely disease-causing” variant types
within the CNGA3 variant database. The CNGA3 variant database
contains 244 “likely disease-causing” variants. The vast majority are
missense variants (66.8%) followed by small indels (16.8%), and
nonsense variants (12.3%). Splice variants affecting canonical splice
sites (CSS) (2.5%), noncanonical splice site (NCSS) variants (0.8%),
copy number variations (CNV) (0.4%), and start loss variants (0.4%)
are the minority of the identified variants.

Regarding the localization of “likely disease-causing” CNGA3
variants, 236 sequence alterations are located in the coding exons
whereas only eight variants are located in the intronic sequences
of the gene (Figure 3). Of these intronic variants, seven variants
represent single nucleotide substitutions affecting either the
canonical splice sites (i.e., the first two and last two nucleotides
of an intron) (n=5) or are located in the vicinity of a highly
conserved splice acceptor site (n=2). All variants affecting the
canonical splice sites are predicted to lead to the loss of the
respective donor or acceptor site based on five in silico algorithms.
Additionally, the previously published variant ¢.396-11C>G/p.(?)
and the novel sequence alteration c.450-15T>G/p.(?), both located
in the vicinity of a highly conserved splice acceptor site, are
predicted to activate an intronic cryptic acceptor site potentially
affecting splicing (SpliceAl A scores: acceptor loss 0.87 and 0.65,
respectively; acceptor gain 0.70 and 0.53, respectively; Table S3).
Furthermore, one small duplication is localized at the exon/intron
border of exon 5 (c.396-2_398dup/p.(?)). Although only one of the
in silico tools predicts a minor effect on transcript splicing, the
variant is still considered to be “likely disease-causing” (SpliceAl A
score: acceptor loss 0.00; acceptor gain 0.22). The novel missense
variant c.566G>A/p.(Arg189Lys) affecting the last nucleotide of
exon 6 was also predicted to have an effect—though minor—on
transcript splicing (SpliceAl A score: donor loss 0.08; donor gain
0.32). Consequently, it remains unclear whether this variant needs
to be considered a splicing or missense variant, as it may also act
both ways.

The majority of the exonic ACHM-associated CNGA3 variants
classified as “likely disease-causing” within the CNGA3 variant
database are located in exon 8 including 140 missense substitu-

tions, 46 nonsense/small indel variants, and the single copy

number variation (deletion of complete exon 8) (Table 2 and
Figure 3). The remaining 49 variants are distributed across exon 2
to exon 7, with exons 6 and 7 (encoding TM1 and TM2) each
harboring triple the number of variants as exons 2 to exon 5. On
protein level, the majority of CNGAS3 variants (n = 82) are spread
across the six transmembrane domains and their connecting loops.
Another major group of “likely disease-causing” CNGAS3 variants
(n = 57) clusters within the CNBD whereas only few variants (n = 8)
reside in the adjacent CLZ domain more closely located to the C-
terminus. The C-linker of the CNGAS subunit and the pore region
harbor a similar fraction of “likely disease-causing” CNGA3
variants (n = 36 and n = 30, respectively). The pore region spanning
around 46 amino acids, is thereby rendered to have the highest
mutation density within the CNGA3 subunit. Whereas the overall
majority of variants within the CNGA3 protein are missense
substitutions, the sequence changes within the N-terminal region
mainly comprise nonsense variants or small indels (17 out of 22)
(Figure 3). Of 163 “likely disease-causing” missense variants listed
in our database, 94 affect amino acid positions which are
completely conserved across CNGA3 orthologues and its rod
equivalent CNGA1 (Table S3 and Figure S2).

3.3 | Prevalence of CNGA3 variants in ACHM

From our in-house genetic investigations, we report disease-
associated CNGAS3 variants in 385 affected individuals descending
from 304 independent families representing 36.3% of our ACHM
cohort which predominantly comprises Western European and North
American patients (Figure S1). This observation is in line with our
previous and other studies reporting a prevalence of 5%-41% for
CNGA3 variants in cohorts of Dutch and British ACHM patients
making CNGA3 the second most frequently mutated gene in
European ACHM patients or patients of European descent (Johnson
et al., 2004; Thiadens et al., 2009; Wissinger et al., 2001).

The vast majority of all “likely disease-causing” CNGA3 variants
listed in our CNGA3 database represent amino acid substitutions
(66.8%) which are completely in line with several previously
conducted studies where missense variants showed a frequency of
61.5%-71.4% (Li et al., 2014; Liang et al., 2015; Wissinger et al,,
2001). In contrast, 16 out of 98 sequence changes (16%) in the
CNGB3 subunit of the cone photoreceptor CNG channel identified in
a large cohort of ACHM patients are missense variants (Mayer et al.,
2017). This high prevalence of missense substitutions in the CNGA3
gene may indicate a reduced tolerance of CNGA3 for amino acid
substitutions regarding the functional maintenance of the channel
protein.

All “likely disease-causing” variants listed in our CNGA3
database except the c.682G>A/p.(Glu228Lys) variant have a minor
allele frequency (MAF) lower than 0.1% in gnomAD (Table S3). In
contrast, the mentioned variant displays a MAF of 0.13%
(Table S3). In the South Asian population, the c.682G>A/
p.(Glu228Lys) variant displays an even higher allele frequency of
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(a) €.395+1G>T c.778dup ¢.1267dup
©.396-2_398dup c.851del c.1294del
.396-11C>G ©.872_873del ©.1320del
©.955_963delins17 ¢.1351dup
©.384_387del c.450-1G>A c.1366del
c.387del ¢.450-15T>G ©.1379del
c.1443dup
¢.107_110del c.464del c.1146dup
cAAST ¢.130_151dup .489_492del ©.1235_1236del
c.40del c.147dup c499del | c.591del c.1262del
-37-1G>C l CA01+1G>A l | ceraansc
Ex1 L Ex2 Ex3 Ex4 v Ex5 Ex6vEx7 Ex8
In1 In2 In3 [] In4
Gene locus [} ll} H Il

(b)

N5 [lIn6]] In7 [Ij

" C-Linker

1

375 408

Protein NH,=
!
p.V160M P.W171C|p.S197P [p.F249S |p.R274S | p.R302G
p.V160G P.V179D [p.W203C|p.D252N|p.R274K | p.R302S
p.D162V P.Y181C [p.D211E |p.D252A|p.N276S | p.I303F
p.P163L p.N182D |p.D217H [p.P258A|p.R277C | p.H315Q
p.S21* p.N182Y p.R223W|p.P258R|p.R277G | p.A318T
p.R23* p.L186F |p.R223G |p.D260N|p.R277H | p.C319R
p.543* p.W171* |p.R223Q |p.D260H|p.L278P | p.F322S
p.Q47* lo.W203* |P-Y263D|p.R283W| p.A323P
P-R55* p.Y208* |p.Q248* |P-R283Q| p.A323D
p.w83* bR221 p.R290H | p.1328T
S111* . .
st114' p.1187T p:K280) g:sfgs.
p.R189K p.T224R :
p.C191Y p.E228K P-G267D p.1314del p-
p.E194K p.D235V P-P271A T291R
p.L195P p.P271T
Q196" p.P271S
FIGURE 3

mutation databases, and in the literature. (a) The CNGA3 gene locus

p.G329C p.L363P p.L633P

p.D375G p.R4TOW p.R436Q p.G48OV p.DB33H  p.I571T

p.F330S p.G367V p.E376K p.A415P p.R43IW p.P505A  pL541F  p.Y573H p.F644S
p.G331R p.T369S p.F380S p.D418E p.W440S p.D507G  pF547C  p.Y573C p.R646H
p.G331E p.P372S p.G388D p.S419P p.L464R p.C510S  p.F547L  p.L579R p.E650A
p.S334F p.P372A [, G388V p.S419F p.A469T p.K512M  p.G548R  p.E590K p.R661S
p.V336F p.P372L [, G397V Y4238 p.K4TV p.G513R  pl553Q  p.Y591H p.R661H
p-S341P p.V373M [ S401P  p.M424V p.DA85V p.GS13E  p.G557R  p.P592L p.Q655*

* p.M40BT  p.M424T p.C486Y p.D514N  p.S560L  p.E593K p.KB59*

p.D514V  p.GSE1E  p.L598R
p.G516E  p.N562K  p.G6O2E
pMS19T  pR563C  p R499*

" p.E377del PRA27C p Qazst
.%375;' p.F380del P-R427L p w440
P p.VA29A p K454*

p.D432Y | iace 70del  PM5191  pRSE3H  pQsare
plLagaw PRAGSITOR Lot D TSESM  pESaor
; P.RA3BW p.G5258 p.RS6AC  pY573*
BT3821 p.G525D p.RS6OH  p.Q604*
pL52TM  p.S570G o\
p.N523_G525del
pLS27R  p.SS7TON | p543”S545del

pV520M  p.S5701

Localization of “likely disease-causing” CNGA3 variants identified in the ACHM cohort genetically characterized in Tibingen,

with its eight exons (GRCh38/hg38, NM_001298.2) (alternatively spliced

exon 3b is not shown) is depicted. Noncoding exonic regions are indicated by small light gray rectangles and coding exonic regions by dark gray
rectangles. Introns are depicted by a black line. The location of canonical and noncanonical splice site variants, start loss variants and small

insertion, duplication, deletions, and indel variants resulting in frame

shift with premature termination codon are depicted above the CNGA3

gene. Variants are color-coded with respect to their location within functional domains of the CNGAS protein. The copy number variation (CNV)

is indicated by a horizontal line under exon 8. The right breakpoint of
by a dashed line. (b) The CNGA3 polypeptide with its structural and fi
(TM1-TM6), a pore region including the pore helix (PH), the C-linker

the CNV extending beyond the 3'UTR of the CNGA3 gene locus is marked
unctional domains is shown. CNGA3 comprises six transmembrane helices
formed by six a helices (aA’-aF’), the CNBD consisting of three a helices

(aA-aC) and eight B sheets (B1-B8) and the CLZ. The location of missense, nonsense, and in-frame deletion variants are given below the protein.

Protein variants originating from different nucleotide variants are de
Gofman et al., 2014 and Shuart et al., 2011. aa, amino acids; ACHM

picted in italic. Functional domains of CNGA3 are annotated according to
, achromatopsia; bp, base pairs; CNBD, cyclic nucleotide-binding domain;

CLZ, C-terminal leucine zipper; del, deletion; dup, duplication; Ex, exon; In, intron; ins, insertion; PH, pore helix; 3'UTR, 3’ untranslated region.

0.99% in concordance with CNGA3 variants being more common
c.682G>A/
p.(Glu228Lys) variant has been observed in four patients from

here than in the European population. The
two families of South Asian origin in our cohort, but since it is part

of complex alleles in these patients (homozygous for
c.[67C>T;682G>A] or c.[682G>A;1315C>T]) the contribution of
the c.682G>A/p.(Glu228Lys) variant to the ACHM phenotype in
these families remains unclear—it may exert a cumulative effect
(Table S2). In addition, one ACHM patient carrying the c.682G>A/
p.(Glu228Lys) variant homozygously was described in a previously
published study (Sun & Zhang, 2019). Furthermore, the variant was
described to be part of a triallelic inheritance pattern involving the
CNGB3 ¢.1208G>A/p.(Arg403GIn) variant (Burkard et al., 2018;
Thiadens et al., 2010). Due to the deleterious effect predicted by
two out of three in silico analysis tools and functional studies
demonstrating impaired functionality of CNG channels harboring
CNGAB3Gu2281ys Subunits (Reuter et al., 2008; Tager et al., 2021),
we classified this variant as “likely disease-causing.” A complete
overview of the outcomes of the in silico prediction algorithms and

previously published functional studies are included in Table S3.

3.4 | Functional studies on CNGAS3 variants

As a first gene therapy trial for ACHM resulting from defects in
CNGA3 has already been completed (Fischer et al., 2020), and several
trials are ongoing (ClinicalTrials.gov NCT02610582,
NCT03278873, NCT03758404, and NCT02935517), the genotypes

of patients with CNGA3 missense variants classified as “VUS”

Identifier:

unfortunately hamper the inclusion of such patients eligible for
these gene therapeutic trials. Therefore, functional studies are
needed to validate the possible pathogenic effect of the respective
variants. Commonly used methods to characterize the functionality
of mutant CNG channels involve calcium imaging and patch-clamp
recordings of heterologously expressed mutant channels (Burkard
et al, 2018; Dai & Varnum, 2013; Koeppen et al., 2008, 2010;
Kuniyoshi et al., 2016; Liu & Varnum, 2005; Matveev et al., 2010;
Meighan et al., 2015; Muraki-Oda et al., 2007; Patel et al., 2005;
Reuter et al., 2008; Shaikh et al., 2015; Tager et al., 2018; Trankner
et al., 2004). Furthermore, a recently developed functional assay
proposes a fluorescence-based, high-throughput calcium influx-

based approach for analyzing mutant CNGA3 channels (Jacobson
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et al.,, 2019). In total, 54 missense substitutions, two nonsense and
one canonical splice site variant have already been functionally
characterized (Table S3), and this information was used to classify
44 variants as pathogenic, 11 as likely pathogenic, one as VUS—due
to contradictory results in functional approaches—and one as benign
according to ACMG/AMP guidelines.

Following functional characterization of heterologously ex-
pressed mutant channels in previously conducted studies, 27 out of
54 missense variants completely abolished formation of functional
channels (Koeppen et al., 2008, 2010; Liu & Varnum, 2005; Matveev
et al., 2010; Muraki-Oda et al., 2007; Patel et al., 2005; Shaikh et al.,
2015; Trankner et al., 2004). Seventeen previously analyzed missense
substitutions allowed the formation of functional channels but with
impaired/altered functionality such as impaired protein folding and/
or channel trafficking or altered biophysical properties, for example,
altered apparent cGMP-sensitivity or ion selectivity (Burkard et al.,
2018; Dai & Varnum, 2013; Koeppen et al., 2008; Liu & Varnum,
2005; Meighan et al., 2015; Muraki-Oda et al., 2007; Patel et al,,
2005; Reuter et al., 2008; Trankner et al., 2004). Furthermore, an
improvement in the mutant channel functionality was achieved in a
total of ten missense variants by using chemical chaperones or co-
expressing the CNGB3 subunit and/or reducing the cell cultivation
temperature from the standard 37°C to 27/28°C, a procedure that is
known to enhance protein folding and trafficking (Koeppen et al.,
2010; Kuniyoshi et al., 2016; Patel et al., 2005; Reuter et al., 2008). A
complete overview of CNGA3 variants previously analyzed in
functional studies and the respective channel functionality is
summarized in Table S3.

4 | CLINICAL AND DIAGNOSTIC ASPECTS
OF ACHM

ACHM usually becomes clinically manifest at early infancy. The most
typical signs and symptoms are marked photosensitivity, nystagmus,
severely reduced visual acuity, and the inability to discriminate colors.
The presented nystagmus is mostly of low amplitude and in many
affected individuals improves with older age. However, the most
pronounced and subjectively difficult symptom photophobia usually
remains for the lifetime of the patient.

In a complete achromat, the best-corrected visual acuity is stable
at around 20/200. Patients suffering from incomplete ACHM present
with a milder phenotype with retained residual color discrimination,
better visual acuity, and/or residual photopic ERG responses (Hirji
et al., 2018; Michalakis et al., 2017; Sun & Zhang, 2019).

ACHM is clinically diagnosed in childhood due to the typical
symptoms of nystagmus, photophobia, and low vision. Parents of
affected children usually notice nystagmus in the first months of life,
but in some patients the diagnosis is only made in preschool age. In
the case of incomplete achromats, the diagnosis is occasionally made
even later (Felden et al., 2019; Weisschuh et al., 2018).

The differential diagnosis of ACHM also includes treatable

ophthalmological diseases of infancy, but due to the low

cooperation of children at ophthalmological examination, the
final confirmation is usually given by molecular genetic testing.
The most important differential diagnoses for ACHM not only
include other rare genetic retinal diseases such as blue cone
monochromacy, bradyopsia, or early onset cone dystrophy, but also
include other diseases of early childhood connected to photopho-
bia such as juvenile glaucoma or neuroophthalmological causes
of nystagmus.

ACHM is genetically heterogeneous encompassing six known
causative genes, but the multimodal ophthalmological diagnostics,
especially retinal imaging, almost always reveal a very similar clinical
picture: a funduscopic normal-appearing retina (Figure 4d) with
a normal or close to normal fundus autofluorescence pattern
(Figure 4e). In some patients, changes in the foveal autofluorescence
are obvious, corresponding to granular changes in the ellipsoid zone
of the cones or fovea thinning (Felden et al., 2019; Zobor et al.,
2017). Optical coherence tomography (OCT) shows a normal layering
of the central retina, especially in children and young adults
(Figure 4a), but disruptions of the outer segments become obvious
with increasing age (Figures 4b,c). Furthermore, hypoplasia of the
fovea has been described in many ACHM patients. However, the
image quality is frequently diminished due to nystagmus (Tekavcic
Pompe et al., 2021; Zobor et al., 2017).

Achromatopsia has been classically considered to be a
stationary disease. But nowadays using high-resolution retinal
imaging we know that progressive cone cell loss and degenerative
changes occur in the retinal morphology in ACHM patients
(Georgiou et al., 2020; Thiadens et al., 2010; Thomas et al.,
2012). Four stages of morphological degenerative changes have
been described in ACHM patients using high-resolution OCT
(Tekavcic Pompe et al., 2021; Zobor et al., 2017): preserved inner
segment ellipsoid, disrupted inner segment ellipsoid, inner segment
ellipsoid loss, and inner segment & retinal pigment epithelium loss
(Figure 4a-c).

Another very important tool for the diagnostics of ACHM is
retinal functional testing. As already mentioned above, the best-
corrected visual acuity is usually in the range of 20/400-20/200 but
can be higher in incomplete achromats. Color vision testing
supporting the subjective loss of color discrimination shows a rod-
dominated mixed color perception disorder (Zobor et al., 2017).
Cone-driven perimetric and microperimetric techniques reveal
reduced light sensitivity especially in the macular region (Zobor
et al,, 2017).

Essential diagnostic tests are also those that can reliably and
objectively distinguish between rod and cone function thereby
detecting normal rod functionality while revealing missing or
markedly reduced cone functionality. Thus, the full-field ERG (ffERG)
is a well-established diagnostic tool for ACHM. In ffERG the scotopic
responses, especially the rod-driven dark-adapted flash-elicited
responses, are in the normal range, but the standard mixed flashes
(3 and 10 cd/m2) can elicit either reduced or close to normal
responses (Maguire et al., 2018; Zobor et al., 2017). The standard
photopic recordings in the ffERG including the 30 Hz flicker are
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FIGURE 4 Examples of typical findings obtained with retinal imaging in achromatopsia patients. (a), (b), and (c) show spectral domain optical
coherence tomography images of the central retina in three different stages: (a) Foveal structures with preserved inner segment ellipsoid, (b)
foveal inner segment ellipsoid loss, (c) Inner segment & retinal pigment epithelium loss. In (d) fundus photography shows a typically normal
retinal image, (e) illustrates a fundus autofluorescence image with typically roughly normal finding, although slight changes of the perifoveal
autofluorescence (i.e., a decent perifoveal hyperfluorescence is shown here) are possible.

reduced below the noise level and therefore clinically not measur-
able. However, in some incomplete achromats reduced photopic
responses can be observed (Maguire et al., 2018; Tekavcic Pompe
et al., 2021; Zobor et al., 2017). A recent study using time-frequency
analysis of the standard ffERG in ACHM patients compared to age-
matched controls showed a strongly reduced but not absent activity
of oscillatory potentials in a frequency range mostly driven by cones
and only in a small part by rods (Righetti et al., 2021). This
manifestation of the lack of cone modulation on the retinal network
gives insights into interactions between both types of photoreceptors
and the inner retinal network (Righetti et al., 2021). Similarly,
pupillometric measures are objective tests of the retinal function
that are able to address cones and rods independently from each
other and can reveal reduced cone functionality and preserved or
increased rod function due to the missing interaction of cones and
rods in the retina of ACHM patients (Kelbsch et al., 2019; Lisowska
et al., 2017). Due to the lack of rod inhibition by cones, as is the case
in normal eyes, the affected individuals experience severe photopho-
bia. Rods are not directly affected by defects in ACHM genes and
accordingly the dark-adapted thresholds are also in a normal range,
not only for white and blue stimuli, but also for red stimuli (Zobor
et al., 2017).

5 | ANIMAL MODELS OF
CNGA3-ASSOCIATED ACHM

Both small and large animal models of CNGA3-associated ACHM
exist enabling the characterization of the pathogenesis of the disease.
The first described small animal model was the Cnga3 knockout (KO)
mouse which was generated by a targeted deletion of exon 7 of the
murine Cnga3 gene (Biel et al., 1999). Furthermore, a naturally
occurring mouse model of ACHM, the so-called cpfl5 mouse, was
discovered harboring a missense variant c.493A>G/p.(Thr165Ala) in
exon 5 of the murine Cnga3 gene (Pang et al., 2012). Both mouse
models exhibited a similar ocular phenotype including the selective
loss of cone-mediated light responses which was accompanied by a
progressive degeneration of cone photoreceptors. Additionally, both
mouse models presented a defect in the cone opsin transport by
failing to target cone opsins to the outer segments. In contrast, the
rod photoreceptors remained both structurally and functionally intact
(Biel et al., 1999; Pang et al., 2012). A recent study exploring the
disease mechanism in Cnga3 KO mice revealed an accumulation of
cGMP in Cnga3 KO cones and a transient upregulation of the cGMP-
dependent protein kinase 2 (Prkg2). Knockout of Prkg2 counteracted

the cone degeneration by normalizing the endoplasmic reticulum
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homeostasis thereby pinpointing Prkg2 as a novel key mediator of
cone degeneration (Koch et al., 2020).

A large animal model of ACHM includes the naturally occurring
Awassi sheep model presenting with congenital day blindness and
severely diminished cone function (Ezra-Elia et al., 2014; Shamir
et al., 2010). The affected lambs are homozygous for a nonsense
variant p.(Arg236Ter) in the ovine CNGA3 gene (Reicher et al., 2010).
Furthermore, the day-blind sheep show no responses to bright red
light in chromatic pupil light reflex measurement underlining the loss
of cone function (Ross et al., 2020). Similar to human ACHM patients,
the scotopic responses are unaffected (Shamir et al, 2010). In
addition, a second Awassi sheep model was described by Gootwine
and colleagues harboring a missense variant in CNGA3 (c.1618G>A/
p.(Gly540Ser)) resulting in day blindness (Gootwine et al., 2017).

Finally, two naturally occurring canine models of CNGA3-
associated channelopathy were described. German Shepherds were
identified to carry the missense variant c¢.1270C>T/p.(Arg424Trp)
homozygously in the canine CNGA3 gene whereas Labrador Retriev-
ers presented with a three-nucleotide deletion in exon 7 of CNGA3
(c.1931_1933del/p.(Val644del)) in a homozygous state (Tanaka et al.,
2015). Both canine models were characterized by a complete loss of
cone function at 8-10 weeks of age, further underlined by the lack of
light-induced cone responses under photopic conditions. In contrast,
the scotopic ERG remained unaffected indicating normal rod function
(Tanaka et al., 2015).

6 | CONCLUSIONS AND FUTURE
DIRECTIONS

In conclusion, the present study provides a comprehensive overview
of the CNGA3 variant spectrum by combining variants identified in
our large cohort of 889 independent families with ACHM, including
variants retrieved from 216 unpublished families, as well as all
previously published CNGA3 variants, both in literature and mutation
databases. We thereby expand the allele spectrum of CNGA3 variants
by 48 novel “likely disease-causing” variants to a total of 316 variants
emphasizing the role of CNGA3 as a major disease-causing gene for
ACHM. We further provide data on the extensive in silico analysis
demonstrating the importance of in silico variant assessment and
provide ACMG/AMP classification for 312 CNGAS3 variants. Further-
more, we summarize clinical and diagnostic aspects of ACHM and
provide an overview of several animal models of CNGA3-associated
ACHM. However, our study demonstrates the need for functional
assays to finalize the pathogenicity assessment of variants still
assigned as “VUS.” This would contribute to the improvement of
genetic diagnostics and facilitate the selection of patients with

CNGA3-associated ACHM eligible for future gene therapeutic trials.
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Supp. Figure S1: Overview of the total ACHM study cohort genetically characterized in Tiibingen, and subdivision into
numbers of genetically solved independent families and affected individuals regarding the causative genes associated with
ACHM. The total Tibingen ACHM cohort comprises 1,060 genetically solved affected individuals of 889 independent families.
Disease-associated variants in the CNGA3 gene were observed in 385 patients descending from 304 distinct families. Genetic
analysis revealed an additional heterozygous mutant CNGA3 allele in 10 affected individuals who were homozygous or
(compound-)heterozygous for the c.1208G>A/p.(Arg403GIn) variant in CNGB3.
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Supp. Figure S2: Conservation of CNGA3 and CNGA1 orthologues across various species and location of the 204 missense
variants identified in the ACHM study cohort genetically characterized in Tiibingen, in mutation databases and in the
literature summarized in our CNGA3 variant database (see Supp. Table S3). Protein sequence alignment of Homo sapiens
CNGA3 and its orthologues from seven other species, the Homo sapiens CNGA1 protein and its orthologues from additional
five species was established using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and BoxShade
(https://embnet.vital-it.ch/software/BOX_form.html). The mutated amino acid residues are indicated by an arrow and the
amino acid substitution is given above the variant amino acid residue. Red arrows indicate residues affected by amino acid
substitutions which were classified as “likely disease-causing”, orange arrows indicate residues affected by amino acid
substitutions which were classified as “variants of uncertain significance”, and green arrows denote residues affected by amino
acid substitutions which were classified as “likely benign”. Functional domains of the human CNGA3 subunit according to
Gofman et al., 2014 and Shuart et al., 2011 are highlighted by black bars below the alignment. Reference sequences were taken
from NCBI or Ensembl and are as follows: CNGA3: H. sapiens NP_001289.1, R. norvegicus NP_445947.1, M. musculus
NP_001268939.1, G. gallus NP_990552.1, X. tropicalis XP_031752880.1, D. rerio (cnga3a) XP_005166141.1, D. rerio (cnga3b)
ENSDART00000027050 (Zebrafish Assembly Jul.2010 (Zv9/danRer7)), D. melanogaster NP_477116.1, C. elegans NP_499033.1.
CNGA1L: H. sapiens NP_001366199.1, R. norvegicus NP_445949.2, M. musculus NP_031749.2, G. gallus NP_990551.1, X.
tropicalis XP_017950934.1, D. rerio (cngala) ENSDART00000134649.4, D. rerio (cngalb) XP_701036.4. CLZ — C-terminal leucine-
zipper, CNBD — cyclic nucleotide-binding domain, TM — transmembrane domain, a — a-sheet, B — B-sheet.



Tables

Supp. Table S1: List of all oligonucleotides used as PCR and sequencing primers
for the genetic analysis of the CNGA3 gene in this study.

CNGA3 PCR primers

Exon Primer forward 5-3° Primer reverse 5‘-3‘
2 gcagcaggaactacaagag agctgtggaaatgaccagag
3&3b  cctgggatgaggatctgtg gctggagtacggatgtca
4 cccttgagacagacagagag ggctgtagagcatgtagtgc
5 cccgaggtaactaatcaca gggagcaggagcactaa
6 catgtgactcccttgagact gctgtccaggtgaagcte
7 attacatgatccagcgtctt aaggtcatacagcttgttgg
8 tcagagtgcatttcctgtagt gctttcaaagggtgagtaga

CNGA3 Sequencing primers

Exon  Orientation Sequencing primer 5‘-3*

2 forward gtagcccttgececttga

forward gtggctttccctgctaag
3&3b

forward ggggtggagttgagttgaagatt

4 forward ggggtttgggggtgtgg

5 forward cccgaggtaactaatcaca

6 forward ggctctctaaaacccteca

7 reverse tgtccaagggttcegtgtag
forward gcatactgtgtagccgtgagg

8 forward atgtttgaattctttgaccgca
forward gtgggcaatgtgggctcc

forward tggcagctacttcggggagat



Supp. Table S2: Allele compositions of CNGA3 gene variants and their observed
absolute frequencies in the ACHM cohort genetically characterized in
Tubingen.

Supp. Table S2 is provided as a separate file (.xlsx file).

Supp. Table S3: CNGA3 variant database. Summary of all classified “likely
disease-causing” variants, “variants of uncertain significance” and “likely
benign” variants in the CNGA3 gene identified in the ACHM study cohort
genetically characterized in Tiibingen, mutation databases and in the
literature, including location of variant in polypeptide and functional or
structural domain, information of previous functional testing, ClinVar and
dbSNP IDs, minor allele frequency in gnomAD, allele count, conservation
scoring and in silico predictions for missense variants (i.e. SIFT,
MutationTaster, AlignGVGD, CADD, PhyloP, Grantham distance) and splice site
variants (i.e. SpliceSiteFinder-like, MaxEntScan, NNSplice, GeneSplicer and

SpliceAl), as well as ACMG/AMP classification.

Supp. Table S3 is provided as a separate file (.xlsx file).
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c.1443dup c.1771T>C 1 1 1 0 0
c.1457G>A c.1585G>A 1 1 1 0 0
c.1495C>T c.139C>T 1 1 0 1 0
c.1495C>T c.450-15T>G 1 1 0 1 0
c.1495C>T c.332_333delinsAA 1 1 0 0 1
c.1495C>T €.625T>C 1 1 1 0 0
c.1495C>T ¢.1201T>C 1 1 0 0 1
¢.1529G>C ¢.1529G>C 1 1 0 0 1
c.1538G>A c.1706G>A 1 1 1 0 0
c.1585G>A c.1585G>A 1 1 1 0 0
c.1641C>A c.784G>C 1 1 0 0 1
c.1641C>A €.955_963delinsACCAATGAAATGGAAAT 1 1 0 0 1
c.1641C>A ¢.340G>T 1 1 1 0 0
c.1641C>A c.580G>A 1 1 1 0 0
c.1641C>A c.591del 1 1 1 0 0
c.1641C>A c.1682G>A 1 1 0 1 0
c.1641C>A c.1706G>A 1 1 1 0 0
c.1641C>A c.778G>A 1 1 1 0 0
c.1641C>A ¢.1565T>C 1 1 0 0 1
c.1641C>A ¢.1391T>G 1 1 0 0 1
c.1641C>A c.544A>T 1 1 0 0 1
c.1641C>A c.1682_1683insACGCG 1 1 0 0 1
c.1641C>A c.67C>T 1 1 1 0 0
c.1641C>A c.830G>A 1 1 1 0 0
c.1641C>A €.1228C>T 1 1 0 0 1
c.1641C>A ¢.1306C>T 1 1 0 1 0
c.1641C>A ¢.1255T>C 1 1 1 0 0
c.1641C>A c.479T>G 1 1 1 0 0
c.1641C>A c.1585G>A 1 1 1 0 0
c.1642G>A c.1642G>A 1 1 1 0 0
¢.1669G>A c.1669G>A 1 1 1 0 0
c.1688G>A c.1688G>A 1 1 1 0 0
c.1694C>T c.1694C>T 1 1 0 0 1
¢.1705C>T ¢.1709G>T 1 1 0 0 1
c.1775C>T c.1775C>T 1 1 0| 0 1
c.1810C>T ¢.1810C>T 1 1 0| 0 1
c.353A>G c.1615G>Aq 1 1 0| 0 1
c.384_387del c.513G>A 1 1 0| 0 1
c.387del c.387del 1 1 0 0 1
€.396-2_398dup €.396-2_398dup 1 1 0 0 1
c.464del c.464del 1 1 0 0 1
C.485A>T c.778G>A 1 1 0| 0 1
c.513G>A c.1557G>A 1 1 1 0 0
c.513G>A c.772C>G 1 1 1 0 0
c.513G>A c.983T>C 1 1 1 0 0
c.544A>G C.668G>A 1 1 0 0 1
c.572G>A c.572G>A 1 1 1 0 0
c.572G>A c.1706G>A 1 1 1 0 0
¢.572G>A c.902_903delinsAA 1 1 1 0 0
c.572G>A c.1585G>A 1 1 0| 0 1
€.609G>T ¢.1106C>G 1 1 0 0 1
€.625T>C €.625T>C 1 1 0 0 1
c.661C>T €.967G>C 1 1 0 0 1
€.664G>C ¢.1669G>A 1 1 0| 0 1
c.667C>T c.1706G>A 1 1 1 0 0
c.667C>T c.1768G>A 1 1 1 0 0
c.667C>T c.830G>A 1 1 0| 0 1
c.667C>T c.848G>A 1 1 0| 0 1
c.667C>T ¢.1021T>C 1 1 1 0 0
c.671C>G ¢.1645G>T 1 1 1 0 0
c.67C>T c.811C>A 1 1 0| 1 0
C.704A>T ¢.1706G>A 1 1 0 1 0
C.742C>T ¢.1115C>T 1 1 0| 0 1
c.778G>A c.778G>A 1 1 0| 1 0
c.778G>A c.1228C>T 1 1 0| 0 1
c.778G>A ¢.1115C>T 1 1 0| 0 1
c.778G>A c.1557G>A 1 1 0| 0 1
c.778G>C c.778G>C 1 1 1 0 0
c.784G>C c.1736T>G 1 1 0| 0 1
c.811C>G c.1076C>T 1 1 0| 0 1
c.822G>T €.822G>T 1 1 1 0 0
¢.829C>G €.1021T>C 1 1 0 0 1
c.829C>T c.778G>A 1 1 0 1 0
c.829C>T ¢.556C>T 1 1 0 1 0
c.829C>T C.566G>A 1 1 0 0 1
c.829C>T c.661C>T 1 1 0 0 1
c.829C>T c.667C>T 1 1 1 0 0
c.829C>T ¢.1609C>T 1 1 0 1 0
c.829C>T c.1718A>G 1 1 0 0 1
c.829C>T c.1669G>A 1 1 1 0 0
c.829C>T c.1306C>T 1 1 1 0 0
c.829C>T c.1687C>T 1 1 0 0 1
c.829C>T c.1585G>A 1 1 0 0 1
c.829C>T c.1466G>T 1 1 0 0 1
c.829C>T €.1228C>T 1 1 0 0 1
c.829C>T c.1537G>A 1 1 0 0 1
€.829C>T €.1343A>G(;)1658T>A 1 1 0 0 1
c.829C>T c.1117G>A 1 1 1 0 0
c.829C>T c.1694C>T 1 1 0 0 1
c.830G>A c.746T>C 1 1 0 1 0
c.830G>A c.1585G>A 1 1 0 1 0
c.830G>A c.1129_1131del 1 1 1 0 0
c.830G>A c.1070A>G 1 1 0 0 1
c.830G>A c.1706G>A 1 1 0 0 1
c.830G>A c.1694C>T 1 1 1 0 0
c.830G>A c.1320del 1 1 0 0 1
c.847C>T c.830G>A 1 1 1 0 0




c.847C>T ¢.1139T>C 1 1 0 0 1
c.847C>T c.1688G>A 1 1 0 0 1
c.847C>T c.1694C>T 1 1 1 0 0
c.847C>T c.1574G>A 1 1 1 0 0
c.847C>T c.1306C>T 1 1 1 0 0
c.847C>T c.1519del 1 1 1 0 0
c.847C>T c.1669G>A 1 1 0 0 1
c.847C>T c.1495C>T 1 1 1 0 0
c.847C>T c.1268A>C 1 1 0 0 1
c.847C>T €.940_942del 1 1 1 0 0
c.847C>T c.1768G>A 1 1 0 0 1
c.847C>T c.332_333delinsAA 1 1 0 0 1
c.848G>A c.450-1G>A 1 1 1 0 0
c.848G>A c.830G>A 1 1 0 0 1
c.848G>A c.1669G>A 1 1 1 0 0
c.848G>A c.1298T>G 1 1 1 0 0
c.848G>A c.1706G>A 1 1 0 1 0
c.848G>A c.1063A>G 1 1 1 0 0
c.848G>A c.1116del 1 1 1 0 0
c.848G>A unknown§ 1 1 0 0 1
€.906G>T ¢.1319G>C 1 1 1 0 0
c.952G>A c.1706G>A 1 1 0 0 1
€.967G>C c.1706G>A 1 1 0 0 1
€.967G>C c.1687C>T 1 1 0 0 1
€.967G>C €.967G>C 1 1 0 0 1
€.992G>A €.992G>A 1 1 0 0 1
c.992G>A ¢.1201T>C 1 1 1 0 0

304 (3068 1),

385 (3875 1)

181]

118 (1168 1)

TVariant designation is based on NM_001298.2 (GRCh38/hg38).

$0ne family showed pseudo-dominant inheritance: the mother is homozygous for c.847C>T whereas the two affected children are compound-heterozygous for c.488C>T and c.847C>T.

§O0ne affected individual carries only a single heterozygous CNGA3 variant; screening of all other ACHM-associated genes did not identify any other likely causative mutations and the case is therefore referred to

as unsolved.

9IGenetic reanalysis of the affected individual harboring the above-mentioned CNGA3 genotype revealed an OPNIMW /OPN1LW -associated genotype indicative for and compatible with a clinical diagnosis of blue

cone monochromatism, X-linked.

¥Complex alleles associated with c.682G>A/p.(Glu228Lys).
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Purpose: CNGA3 encoding the main subunit of the cyclic nucleotide-gated ion channel in cone
photoreceptors is one of the major disease-associated genes for achromatopsia. Most CNGA3
variants are missense variants with the majority being functionally uncharacterized and
therefore hampering genetic diagnosis. In light of potential gene therapy, objective variant
pathogenicity assessment is essential.
Methods: We established a medium-throughput aequorin-based luminescence bioassay allowing
mutant CNGA3 channel function assessment via quantification of CNGA3 channel-mediated
calcium influx in a cell culture system, thereby enabling American College of Medical
Genetics and Genomics/Association for Molecular Pathology—based variant re-classification.
Results: We provide functional read-out obtained for 150 yet uncharacterized CNGA3 missense
substitutions of which 55 were previously categorized as variants of uncertain significance
(VUS) identifying 25 as functionally normal and 125 as functionally abnormal. These data
enabled the American College of Medical Genetics and Genomics/ Association for Molecular
Pathology—based variant re-classification of 52/55 VUS as either benign, likely benign, or
likely pathogenic reaching a VUS re-classification rate of 94.5%.
Conclusion: Our aequorin-based bioassay allows functionally ensured clinical variant
interpretation for 150 CNGA3 missense variants enabling and supporting VUS re-
classification and assuring molecular diagnosis to patients affected by CNGA3-associated
achromatopsia, hereby identifying patients eligible for future gene therapy trials on this disease.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical
Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

The emergence of high-throughput sequencing technolo-
gies has nowadays revolutionized the identification of
disease-associated variants in patients with inherited retinal
disorders (IRDs) — a clinically and genetically heteroge-
neous group of diseases characterized by retinal dysfunc-
tion and degeneration.' However, assessing the pathogenic
impact of such variants remains challenging because a
large proportion of variants (16.4%-42.2%) reported in
previous IRD studies have been classified as variants of
uncertain significance (VUS) following the standards and
guidelines provided by the American College of Medical
Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP), thereby considerably
hampering molecular genetic diagnosis.” This classifica-
tion system assigns 5 variant classes ranging from benign,
likely benign, variant of uncertain significance, likely
pathogenic, to pathogenic.

Sequence variants in 6 genes have been associated with
autosomal recessive achromatopsia (ACHM; rod mono-
chromatism), a rare congenital condition characterized by
cone photoreceptor dysfunction causing color blindness,
reduced vision, nystagmus, and photophobia and affecting 1
in 30,000 to 50,000 people worldwide.””’. The disease-
associated genes — mainly coding for cone photo-
transduction components — include CNGA3 (MIM#
600053),> CNGB3 (MIM# 605080),”'° GNAT2 (MIM#
139340),''? PDE6C (MIM# 600827),'*'* PDE6H (MIM#
601190),"” and ATF6 (MIM# 605537).'%""

The most afflicted gene in Middle Eastern (84%) and
Chinese patients with ACHM (80%) and the second most
common gene (5%—44%) in patients with ACHM of Euro-
pean origin is CNGA3 encoding the A3 subunit of the cyclic
nucleotide-gated (CNG) channel expressed in cone photo-
receptor outer segments.'”*® Cone CNG channels are
ligand-activated, non-selective cation channels organized in
heterotetrameric complexes of 3 CNGA3 and 1 CNGB3
subunit and play an important role in the phototransduction
cascade.”’ " The structurally homologous channel subunits
thereby comprise of 6 transmembrane helices (TM1-TM6),
a pore-forming region containing the pore helix located
between TM5 and TM6, the cyclic nucleotide-binding
domain formed by 3 a-helices (@A to «C) and 8 f-sheets
(B1 to P8), and the C-linker consisting of 6 a-helices (¢A’ to
oF’) connecting the cyclic nucleotide-binding domain to
TM6.?" The subunit assembly is enabled by the C-terminal
leucine zipper (CLZ), which is only present in the CNGA3
subunit.”’

To date, the comprehensive ACHM-associated CNGA3
variant spectrum comprises 316 sequence alterations as re-
ported in a recent study by Solaki et al, compiling in-house
ACHM cohort data with extensive literature and public
database research.”” The most frequently observed variant
type are thereby missense alterations (64.6%; n = 204)
causing single amino acid substitutions at the protein level.

Other variant types such as small indels (11.4%) and
nonsense variants (10.8%) leading to premature stop codons
only play a minor role.”” Similarly, high frequencies for the
observation of missense variants were also reported in other
systematic reviews of the CNGA3 variant spectrum ranging
from 69.8% to 72.2%, underlining their predominant role in
CNGA3-associated retinopathy.”*”” Of the 204 CNGA3
missense variants compiled by Solaki et al, 54 were clas-
sified as VUS and 144 as (likely) pathogenic, whereas only
a minority of variants was categorized as (likely) benign
(n = 6), according to the ACMG/AMP classification
scheme.”

Missense variants are often classified as VUS applying
the ACMG/AMP classification scheme, which include
criteria on frequency of a variant in the normal population
compared with patient group, deleterious effects of the
variant predicted by in silico tools, the location in func-
tionally important domains, or availability of co-segregation
of the variant with the disease within a given family.*
Although the ACMG/AMP classification provides an
initial standardized assessment of variants with respect to
their disease relevance, functional studies are needed to
confirm the in silico classification and providing evidence
for re-classification of VUS to lower or higher classification
classes (ie, benign or pathogenic).

Variants designated as VUS represent a major obstacle in
molecular genetic diagnosis. In patients carrying a VUS, the
genetic defect underlying disease cannot be confirmed until
the clinical significance of the VUS has been functionally
demonstrated. In the light of first gene therapy trials for
CNGA3-associated achromatopsia already being completed
(NCT02610582*"*%) or in follow-up phase (NCT03758404)
and additional trials ongoing (NCT02935517), the necessity
to unequivocally classify such variants is highlighted
because, otherwise, such patients are not eligible for clinical
studies or — in case the therapeutic approach is approved —
are not permitted for therapy. Therefore, functional studies
are indispensable to evaluate the impact of missense variants
in CNGA3.

Functional characterization of CNGA3 missense vari-
ants in heterologous expression systems confirming their
pathogenic or benign impact has previously only been
available for 54 variants, sometimes with contradictory
results.**

Therefore, we further developed a medium-throughput,
previously established luminescence bioassay based on
the calcium-sensitive photoprotein aequorin to functionally
evaluate yet uncharacterized CNGA3 missense variants,
including variants classified as VUS, (likely) pathogenic,
and likely benign. We here provide functional assessment
for 150 CNGA3 missense variants analyzed as mutant
homomeric CNGA3 channels in comparison with wild-
type (WT) channels aiming for ACMG/AMP-based re-
classification of variants hereby ultimately supporting the
clinical variant interpretation in CNGA3-associated
achromatopsia.
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Material and Methods
Site-directed mutagenesis

The WT human CNGA3 (NM_001298.3, GRCh38 genome
assembly) expression construct in pcDNA3.1/Zeo(+) was
generated as previously described.”® Mutant CNGA3
expression constructs were obtained by site-directed muta-
genesis using the PfuUltra High-Fidelity DNA Polymerase
(Agilent Technologies) and the full-length WT CNGA3
cDNA cloned into pcDNA3.1/Zeo(+) as a template. Correct
sequences of the cytomegalovirus (CMV) promoter, the
CNGA3 cDNA insert, and the bovine growth hormone pol-
yadenylation signal were confirmed by Sanger sequencing
using the BigDye Terminator v.1.1 kit (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol. Sequencing
reactions were resolved on an ABI PRISM 3130x1 Genetic
Analyzer (Applied Biosystems, Thermo Fisher Scientific).
Primers used for site-directed mutagenesis and Sanger
sequencing are provided in Supplemental Tables 1 and 2.
Generation of 13 mutant CNGA3 expression constructs has
previously been reported (Supplemental Table 1).%%40*2

Generation of stable HEK2932¢9“° cells and culture
conditions

HEK?293%9%° cells stably expressing cytosolic apo-aequorin
were generated using the AAVS1 Safe Harbor Targeting 2.0
Gene-of-Interest Knock-in Kit (System Biosciences [SBI],
#GE622A-KIT). The AAVS1 HR donor vector GE622A-
1#1_CMV-Aeq was obtained by first amplifying the
CMV-apo-aequorin fragment from an expression construct
for cytosolic apo-aequorin®® using specific primers carrying
5 tails with BstBI and Miul recognition sequences by
overlap-extension polymerase chain reaction (PCR)
(Supplemental Table 2). BstBI/Mlul-digested PCR frag-
ments were subsequently cloned into the AAVS1 HR donor
vector GE622A-1 (SBI) after removal of the EF1a promoter
by BstBI and MIul (New England Biolabs) digestion.
Transgene integration into the AAVSI locus was per-
formed by co-transfecting the AAVS1 HR donor plasmid
GE622A-1#1_CMV-Aeq and the AAVS1 gRNA/Cas9
expression plasmid (SBI, #CAS601A-1) into HEK293 cells
(DSMZ, German Collection of Microorganisms and Cell
Cultures GmbH). After puromycin selection (2 pg/ml;
Thermo Fisher Scientific), monoclonal cell clones were
isolated by limiting dilution, expanded, and screened for
successful transgene integration by junction PCR (primers
from AAVSI1 Safe Harbor Targeting 2.0 Gene-of-Interest
Knock-in Kit [SBI]). Transgene expression was confirmed
using an aequorin-based bioassay (procedure see below) and
immunocytochemical staining as previously described.*®
HEK293%°9%° cells were cultured in Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific) supplemented
with 10% fetal calf serum (Thermo Fisher Scientific), 1%
penicillin/streptomycin (Thermo Fisher Scientific), 1%

amphotericin B (Pan Biotech), and 2 pg/ml puromycin
(Thermo Fisher Scientific) at 5% CO, at 37 °C.

Aequorin-based bioassay

Stable HEK293*"° cells were seeded at a density of
4.5%10° cells/well in a 24-well plate and grown overnight.
Transfection of cells with 2 pg of WT or mutant CNGA3
expression plasmids was performed using Lipofectamine™
2000 (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. A fraction of these transfected cells was
replated in a Poly-D-lysine (Merck Millipore)-coated white
opaque 96-well plate 6 hours post transfection. After over-
night incubation, treatment with 3 mM sodium butyrate
(Sigma-Aldrich) was performed for 24 hours, enhancing
protein expression. For the reconstitution of apo-aequorin
before the luminescence measurement, cells were washed
with calcium imaging buffer (CI; 2 mM CaCl,, 2 mM
MgCl,, 5 mM KCI, 150 mM NaCl, 10 mM HEPES, 30 mM
glucose [pH 7.4]) and incubated in 8§ pM coelenterazine
(Biomol GmbH) for 4 hours at 37 °C. After incubation, cells
were washed with CI and CI"® (CI buffer containing 10
mM Ca?*) and the washing buffer was replaced with 190 pl
of CI"®, Luminescence measurement was performed at
37 °C using the LUMIstar Omega Microplate Luminometer
(BMG Labtech GmbH), thereby recording the luminescence
signals 6 seconds before and 394 seconds after automatic
application of 10 pl of the membrane-permeable CNG
channel agonist 8-bromoguanosine-3’,5’-cyclic mono-
phosphate (100 mM; 8-Br-cGMP; BIOLOG Life Science
Institute). Each sample was measured in 3 technical repli-
cates performing 3 to 5 independent transfections. All assay
plates included cells transfected with the WT CNGA3
expression plasmid as positive control. Untransfected cells
were incorporated as negative control on 15 assay plates.

Dot blot and western blot analysis

CNGA3 protein expression was verified by dot blot analysis
of whole-cell lysates in 1 biological replicate of all samples
analyzed. Additionally, western blot analysis of whole-cell
lysates was performed for antibody validation and verifica-
tion of CNGA3 protein expression in 1 biological replicate
of samples from the assay validation data set.

For protein extraction, a fraction of the transfected
HEK?293%9% cells described above were replated on a 24-
well plate followed by a 3 mM sodium butyrate treatment
for 30 hours. Cells were washed with Dulbecco’s phosphate
buffered saline (Thermo Fisher Scientific) and lysed in lysis
buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.25% sodium deoxycholate, 1 mM dithiothreitol, 1%
protease inhibitor cocktail (Merck Millipore), pH 7.4)
performing 4 freeze/thaw cycles in liquid nitrogen. Cell
debris was removed by centrifugation at 470xg for 20 mi-
nutes at 4 °C. Protein concentration was determined by
Bradford assay.
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For dot blot analysis, 5 pg of total protein in a total
volume of 2 pl were applied onto a dry nitrocellulose
membrane (Bio-Rad Laboratories) to form a dot.

For western blot analysis, 5 pg or 30 pg of total protein
were separated on a Q-PAGE™ Bis-Tris 4-12% Precast Gel
(SMOBIO Technology) and transferred onto a nitrocellulose
membrane by electroblotting.

All blots were blocked with 5% blotting-grade blocker
(Bio-Rad Laboratories) in TBST (10 mM Tris, 150 mM
NaCl, 0.1% Tween-20, pH 8.0), and immunological protein
detection was performed by incubating the membranes with
the rabbit anti-human CNGA3 antibody (1:750; Elabs-
cience) or the custom-made rabbit anti-human CNGA3
antibody SA3899 (1:1000) followed by an incubation with
the goat anti-rabbit horseradish peroxidase—coupled sec-
ondary antibody (1:4000; Merck Millipore). The mouse
anti-actin antibody (1:4000; Merck Millipore) in combina-
tion with the goat anti-mouse  horseradish
peroxidase—coupled secondary antibody (1:10,000; Merck
Millipore) allowed detection of beta-actin serving as a
loading control in western blot analysis.

CNGA3 variant selection

A total of 24 CNGA3 variants were selected for the vali-
dation of the aequorin-based bioassay. These comprised
benign variants (n = 9) and the classification of being
“benign” was determined as (1) missense variants display-
ing WT-like function of the homomeric channel in previous
heterologous expression experiments and being classified as
benign following the ACMG/AMP criteria,*®*’ (2) variants
detected homozygously in individuals (n > 4) on the gno-
mAD database (https:/gnomad.broadinstitute.org/) and
classified as benign following the ACMG/AMP criteria, and
(3) synonymous variants identified on the gnomAD data-
base. Furthermore, we included pathogenic variants (n = 15)
with the classification as being “pathogenic” determined by
classification of the variant as pathogenic following ACMG/
AMP criteria and variant channels showing aberrant or ab-
sent channel function compared with the WT in previously
conducted studies.’®**** This assay validation data set is
summarized in Supplemental Table 3.

For functional variant assessment and re-classification,
146 functionally uncharacterized CNGA3 missense variants
and | missense variant showing contradictory results in pre-
vious functional approaches®’’ were retrieved from the
comprehensive CNGA3 variant database established by Sol-
aki et al.’”® Additional 2 missense variants currently not
associated with retinal diseases and listed in the Leiden Open
Variation Database (LOVD) for CNGA3 (https://www.lovd.
nl/CNGA3) and 1 missense substitution published by
Brunetti-Pierri et al’” were also included in the functional
evaluation. All analyzed CNGA3 missense variants are listed
in Supplemental Table 4. Variant nomenclature was based on
the NCBI reference sequence for CNGA3 (NM_001298.3,
GRCh38 genome assembly) comprising 7 coding exons.

Data Analysis

In the first step, “non-functional” variant channels were
defined as variant channels that did not show an increase in
the luminescence signal after application of the ligand in the
bioassay. Therefore, the ratio of the average luminescence
before and after ligand addition was calculated. Mutant
channels displaying a ratio of >1.5 were considered to be
functional, whereas mutant channels showing a ratio of <1.5
were manually revised and classified as either “functional”
or “non-functional” based on the luminescence curve
progression.

In the second step, variant evaluation was conducted by
assessing the overall luminescence signal (area under the
curve [AUC]) and the luminescence peak latency in com-
parison with WT channels. Both AUC and peak latency
were therefore calculated by considering a specific time
window after ligand addition ranging from 21 to 400 sec-
onds using the MARS Data Analysis Software (BMG
Labtech). AUC values were thereby determined for both
functional and non-functional mutant channels, whereas the
peak latency was only determined for mutant channels being
classified as functional. Before data normalization, we
applied quality control measures by excluding all technical
replicates of cells transfected with the WT CNGA3 expres-
sion plasmid from subsequent analysis, which deviated
more than 15% from the AUC mean value of the WT
positive control from the respective assay plate. Finally, we
normalized the AUC/peak latency data of the analyzed
mutant channels to the AUC/peak latency mean value of the
WT channels from the respective assay plate (normalized
AUC and normalized peak latency).

Determination of thresholds for both the normalized
AUC and the normalized peak latency to distinguish benign
from pathogenic variants was executed by performing a
receiver operating characteristic (ROC) analysis based on 9
benign and 15 pathogenic CNGA3 variants from the assay
validation data set (Supplemental Table 3) using GraphPad
Prism (GraphPad Software, San Diego).

Applying the established thresholds to the 150 studied
CNGA3 variants enabled classification of variants as
“functionally normal” or “functionally abnormal” following
the suggested terminology from Brnich et al (2019).”!

For evaluating overall assay quality, we calculated the Z’
factor based on 15 individual assay plates containing both
positive and negative controls using the MARS Data
Analysis Software.

ACMG/AMP-based classification of CNGA3 missense
variants

The pathogenic effect of all 150 studied CNGA3 missense
substitutions was semi-automatically classified following
ACMG/AMP guidelines® applying the web-based variant
interpretation tool Franklin (Genoox Ltd, https:/franklin.
genoox.com/) and manually revising the applied criteria as
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previously described before functional evaluation.’” Evi-
dence for pathogenicity/non-pathogenicity criteria that were
manually selected included the following: (1) co-
segregation of the variant(s) with disease in multiple
affected family members (PP1), (2) deleterious (PP3) or
benign (BP4) in silico predictions retrieved by CADD
(https://cadd.gs.washington.edu/) and  MutationTaster
(http://www.mutationtaster.org/), (3) minor allele frequency
of <0.039% (PM2), >0.1% (BS1), or >5% (BA1) on the
gnomAD database (v.2.1.1 https://gnomad.broadinstitute.
org/gene/ENSG00000144191?dataset=gnomad_r2_1), (4)
CNGAS3 variant(s) observed in cis with another pathogenic
variant in the CNGA3 gene (BP2), and (5) variant(s) found
in affected individuals with an obvious alternate cause of
disease (BP5). The threshold used for PM2 was established
by review of allele frequencies of CNGA3 variants in gno-
mAD, and c¢.1279C>T p.(Argd27Cys) being the most
common CNGA3 pathogenic allele with an allele frequency
of 0.039%. Finally, the criterion PP2 was manually applied
only for missense variants, which are located in the struc-
tural and functional domains of the CNGA3 protein (ie,
transmembrane domains, pore, C-linker, cGMP binding
site) downstream of the N terminus (Metl to Argl70;
CNGA3: total 694 amino acids) because it was previously
observed that benign variants were enriched in the N-ter-
minal region.*?

After functional variant assessment using the aequorin-
based bioassay, we added the following functional
evidence criteria to enable ACMG/AMP-based variant
re-classification. The criterion PS3 was thereby applied to
CNGA3 missense variants proven to be “functionally
abnormal” in the luminescence bioassay displaying a
damaging effect on protein function whereas missense
substitutions proven to be “functionally normal” encoding
channels with WT-like function were assigned the criterion
BS3.

Results

In a previous study, we had developed an aequorin-based
bioassay to search for chemical and pharmacological chap-
erones improving targeting of mutant trafficking-deficient
CNG channels as a variant-independent concept for thera-
peutic intervention in CNGA3-associated ACHM.™> We
further developed this assay to generate a medium-
throughput platform for the functional evaluation of
disease-associated variants related to IRD, specifically
CNGA3-ACHM.

Validation of the aequorin-based bioassay

To evaluate the capability of the aequorin-based bioassay to
assess mutant CNG channel function, we validated our
assay by functionally testing a set of 24 CNGA3 variants,
including 9 benign and 15 pathogenic sequence alterations

(Figure 1A and B, Supplemental Table 3). Our lumines-
cence bioassay uses the calcium-sensitive photoprotein
aequorin to detect the CNGA3 channel-meditated calcium
influx after activation of CNG channels by the membrane-
permeable ligand 8-Br-cGMP. The luminescence signal is
proportional to the amount of calcium and therefore corre-
lates with CNG channel functionality. The generated func-
tional data were subsequently used to establish thresholds
regarding both the normalized AUC and the normalized
peak latency for separating functionally normal and
abnormal variants (Figure 1D and E).

The 9 benign variants showed luminescence responses
similar to CNGA3 WT channels (Figure 1A). For 7 variant
channels from the “pathogenic” assay validation data set, we
did not detect luminescence responses in our assay, which is
in line with observations from previous studies on heterol-
ogous expressed mutant versus WT channels using elec-
trophysiological ~ recordings or calcium  imaging
measurements in HEK293 cells (Figure 1B).**** Further-
more, the remaining 8 pathogenic variants showed altered
luminescence signals in comparison with the WT. All these
pathogenic variants that have been shown to mediate some
residual activity in previous studies also displayed lumi-
nescence signals in our bioassay indicating a sufficient
sensitivity of the assay.’®*’2"*" ROC analysis of the
normalized AUC identified a threshold of 0.65 to discrimi-
nate benign and pathogenic variants. With this threshold,
our assay and analysis was not able to identify the variant
p-(Thr369Ser) as pathogenic because it lies above this
threshold (Figure 1D). Therefore, the sensitivity of our
analysis is determined as 93.3%. The specificity was 100%
as all 9 benign variants were correctly classified as func-
tionally normal regarding the AUC (Figure 1C,
Supplemental Figure 1A). In the next step, the 8 functional
pathogenic and the 9 benign variants were used to establish
thresholds for the luminescence peak latency. Using the
ROC analysis, 2 separate thresholds were established for the
normalized peak latency as 5 pathogenic CNGA3 missense
variants displayed an increased peak latency and 3 CNGA3
missense variants showed a decreased peak latency
compared with WT channels (Figure 1E). The pathogenicity
threshold for increased peak latency was determined to be
1.10 and the threshold for decreased peak latency to be 0.74,
both reaching a sensitivity and specificity of 100%
(Figure 1C, Supplemental Figure 1B and C).

Combining the thresholds established with the ROC an-
alyses, variants classified as functionally normal had a
normalized AUC > 0.65 and normalized peak latency of
0.74<x<1.10, whereas variants not meeting these criteria
were classified as functionally abnormal.

Following these criteria, a clear separation of the WT, the
9 benign and the 15 pathogenic assay validation variants
was achieved because all pathogenic substitutions resided
outside of the functionally normal range, therefore being
correctly classified as functionally abnormal in concordance
with  previously conducted  functional studies
(Figure 1F).36:37:39-43.49
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Figure 1  Validation of the aequorin-based bioassay using an assay validation data set containing 9 benign and 15 pathogenic
variants in the CNGA3 gene. A. Luminescence traces of wild-type channels (A3 WT, black line) and 9 benign variants (blue lines)
normalized to A3 WT. The benign variants of the assay validation data set are listed in Supplemental Table 3, and individual normalized
luminescence traces are depicted in Supplemental Figure 4. All data are represented as mean. n = 3-55 independent transfections/mea-
surements. B. Luminescence traces of A3 WT (black line) and 15 pathogenic variants (red lines) normalized to A3 WT. The pathogenic
variants of the assay validation data set are listed in Supplemental Table 3, and individual normalized luminescence traces are depicted in
Supplemental Figure 4. n = 3-55 independent transfections/measurements. C. Receiver operating characteristic (ROC) analysis based on 9
benign and 15 pathogenic variants from the assay validation data set to identify thresholds for the area under the curve (AUC), increased peak
latency, and reduced peak latency analysis to differentiate benign and pathogenic variants. D. Normalized overall luminescence signals
(AUC) of 9 benign (blue circles) and 15 pathogenic variants (red diamonds). Threshold for discriminating between benign and pathogenic
variants is displayed by a dotted line. All data are represented as mean + standard deviation (SD). n = 3-5 independent transfections/
measurements. E. Normalized peak latency of 9 benign (blue circles) and 5 still functional pathogenic variants (red diamonds). Upper and
lower thresholds for discerning benign and pathogenic variants are displayed by dotted lines. All data are represented as mean + SD. n = 3-5
independent transfections/measurements. F. Scatter plot for the normalized AUC and normalized peak latency of 9 benign (blue circles) and
15 pathogenic variants (red diamonds) in comparison with A3 WT (black square). Upper and lower thresholds for assigning
functionally normal and abnormal variants are displayed by dotted lines. Thresholds for variant classification; functionally normal:
normalized AUC > 0.65 and normalized peak latency 0.74 < x < 1.10; all variants not meeting the mentioned criteria are classified as
functionally abnormal. All data are represented as mean + SD. n = 3-55 independent transfections/measurements; WT, wild-type.

Seven CNGA3 missense substitutions used as patho-
genic controls failed to show luminescence responses in
the bioassay underlining the need to verify CNGA3
protein expression in the tested samples. Therefore, we
conducted a western blot analysis of all 24 assay vali-
dation variants using whole-cell lysates, thereby vali-
dating both commercial and custom-made CNGA3
antibodies used for the analysis and finally verifying
CNGA3 protein expression in all tested samples

bioassay suitable for the evaluation of mutant CNG chan-
nel function (Supplemental Figure 3).

Functional evaluation of 150 CNGA3 missense
variants

For the characterization of mutant CNG channel function
using our established medium-throughput aequorin-based

(Supplemental Figure 2).

Finally, we evaluated the overall assay quality by
calculating the Z’ factor based on 15 individual assay plates
containing both WT and untransfected controls. The mean
Z’ factor was thereby 0.87 + 0.08 (median: 0.9), indicating
excellent assay quality, rendering the aequorin-based

bioassay, we retrieved a total of 149 functionally unchar-
acterized CNGA3 missense variants and 1 CNGA3
missense substitution displaying contradictory results in
previously conducted functional studies’’”” from the
CNGA3 variant database published by Solaki et al,”> LOVD

and the literature. After luminescence measurement, we
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Figure 2

CLZ

Normalized overall luminescence signals (AUC) of 150 analyzed CNGA3 missense variants sorted by localization on

protein level. Normalized AUC value of wild-type channels (A3 WT; white circle, top panel) is exhibited as a dotted line. The threshold for
assigning a damaging effect regarding the normalized AUC (0.65) is displayed by a dashed line. All missense variants that are above the
threshold are depicted as black circles. 114 of 150 variants exhibited a normalized AUC below the threshold of which 80 variants did not give
rise to luminescence signals after ligand application in the bioassay (depicted as light gray circles), whereas 34 variants showed reduced
normalized AUC (shown as dark gray circles). Normalized AUC of untransfected control cells is shown as a white circle (bottom panel).
Localization of structural and functional domains of CNGA3 are indicated by horizontal lines under the respective variants and are annotated

131

according to Gofman et al’' and Shuart et al.>®

All data are represented as mean + SD. n = 3-15 independent transfections/measurements.

CLZ, C-terminal leucine zipper; CNBD, cyclic-nucleotide binding domain; TM1 to TM6, transmembrane domains; untransf., untransfected

control cells; WT, wild-type.

evaluated the normalized AUC and peak latency values for
all analyzed CNGA3 missense variants. Individual lumi-
nescence traces of all evaluated missense substitutions are
displayed in Supplemental Figure 4.

Among these 150 analyzed missense alterations, 80
gave rise to channels for which no increase in the lumi-
nescence was recorded after activation of the channels by
8-Br-cGMP. These variants were designated as non-
functional with a high number of variants (n = 63) being

located in structural/functional important protein domains
(Figure 2).

Of the 70 CNGA3 variant channels showing lumines-
cence responses, 36 surpass the pathogenicity threshold of
0.65 for the normalized AUC indicating WT-like overall
luminescence signals (AUC), whereas 34 variants displayed
an altered/reduced AUC compared with the WT channel
(Supplemental Figure 5). Interestingly, more than half of the
36 still-functional missense substitutions displaying WT-
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Figure 3 Normalized peak latency of 70 still functional CNGA3 missense variants sorted by localization on protein level. 32 of 70

still functional variants exhibited an increased peak latency, whereas 9 of 70 showed a reduced peak latency compared with wild-type
channels (A3 WT; white circle, top panel). Upper (1.10) and lower thresholds (0.74) for assigning a damaging effect regarding the
normalized peak latency are displayed by dashed lines. All missense variants that are within or outside the thresholds are shown as black or
dark gray circles, respectively. Localization of structural and functional domains of CNGA3 are indicated by horizontal lines under the
respective variants and are annotated according to Gofman et al’' and Shuart et al.”® All data are represented as mean + SD. n = 3-5 in-
dependent transfections/measurements. CLZ, C-terminal leucine zipper; CNBD, cyclic-nucleotide binding domain; TM1 to TM6, trans-

membrane domains, WT, wild-type.

like normalized AUC values localize in the N-terminal and
the C-terminal parts, the latter specifically in the CLZ part of
the protein (n = 7 and n = 12, respectively) (Figure 2).

For all 70 still-functional variant channels, we additionally
assessed the normalized peak latency to further evaluate
mutant CNG channel function. After the evaluation of the
normalized peak latency, we identified 32 of 70 still-
functional variants exhibiting an increased peak latency
(threshold: 1.10), whereas 9 of 70 showed a reduced peak
latency (threshold: 0.74), 5 of which affect the CLZ domain of
the CNGA3 subunit (Figure 3, Supplemental Figure 6). In
contrast, 29 of 70 still-functional missense substitutions dis-
played a peak latency comparable to the WT channel, 11 of
which are located in the N terminus of the CNGA3 protein
(Figure 3, Supplemental Figure 6). Of the 36 variant channels
displaying WT-like AUC characteristics, 11 showed altered
normalized peak latencies. Therefore, by combining the
normalized AUC and peak latency as criteria, we finally
classified 25 variants as functionally normal and 125 variants
as functionally abnormal (Supplemental Table 4).

Because no luminescence responses were detected after
activation of the channels with the ligand 8-Br-cGMP for
53.3% of the functionally evaluated CNGA3 missense
variants, we performed dot blot analysis of whole-cell

lysates of all variants studied to verify expression of the
variant channels in the transiently transfected HEK293*°1"°
cells. Using a commercial rabbit anti-human CNGA3
antibody, we confirmed successful expression for all vari-
ants — except the p.(Pro592Leu). Thus, reduced/absent
luminescence signals in the aequorin assay are due to a
functional impairment of the variant channel and are not
a result of failure in, eg, cell transfection. The variant
p-(Pro592Leu) was only detected using the custom-
made antibody SA3899 — similarly to the variant
p.(Glu590Lys) from the assay validation data set. Both
variants have very likely abolished the antigen of the
commercial anti-CNGA3-antibody in the CNGA3 protein
and therefore were only detected with the SA3899 antibody
(Supplemental Figures 2 and 7).

Re-classification of CNGA3 missense variants based
on ACMG/AMP criteria and functional data

The functional data obtained by our cellular luminescence
bioassay were used for ACMG/AMP-based re-classification
of the 150 analyzed missense CNGA3 variants. Initially, all
variants selected for functional characterization were
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Figure 4 Comparison of variant ACMG/AMP classification class and responses of mutant channels in the aequorin-based bioassay.
All 150 missense variants that were functionally characterized using our bioassay were initially classified following ACMG/AMP criteria
(pre-assay). Thereby, 2 variants were classified as likely benign (A, blue triangles), 55 as VUS (B, orange circles), and 93 as (likely)
pathogenic (C, red diamonds). Responses of wild-type channels (A3 WT) are shown as black squares. Thresholds for assay classification are
displayed by dotted lines; functionally normal: normalized AUC > 0.65 and normalized peak latency 0.74<x<1.10; all variants not meeting
the mentioned criteria are classified as functionally abnormal. All data are represented as mean + SD. n = 3-5 independent transfections/
measurements. LB, likely benign; (L)P, (likely) pathogenic; VUS, variant of uncertain significance; WT, wild-type.

classified according to ACMG/AMP guidelines without
applying functional evidence (criteria BS3 or PS3). Four of
150 missense substitutions were thereby classified as path-
ogenic, 89 as likely pathogenic, 55 as VUS, and 2 were
categorized as likely benign in the absence of protein
functional data (Supplemental Table 4). To enable variant
re-classification based on the ACMG/AMP guidelines, we
assigned the criterion PS3_strong to all missense sub-
stitutions (125/150) deemed to be functionally abnormal
after evaluation using our aequorin-based bioassay. In
contrast, all variants giving rise to mutant channels cate-
gorized as functionally normal based on the determined
thresholds (25/150) were assigned the criterion BS3_strong
(Supplemental Table 4).

Functional variant analysis and application of all 3
pathogenicity thresholds regarding the normalized AUC and
the normalized peak latency onto the obtained functional
data revealed that both variants (p.(Glnl18Arg) and
p-(Thr247Met)) initially classified as likely benign encoded
for mutant channels displaying WT-like behavior
(Figure 4A). Applying the BS3_strong criterion onto the
ACMG/AMP classification allowed re-classification of both
variants as benign (Figure 5).

Twenty-two of 55 missense substitutions primarily
categorized as VUS were identified to be functionally
normal. The ACMG/AMP-based re-classification enabled
18 of the VUS to be categorized as likely benign and 1 VUS
was downgraded to benign — 3 variants remained as VUS.
Thirty-three  VUS encoding mutant CNGA3 channels
exhibiting an abnormal channel function compared with WT
channels were re-classified as likely pathogenic (Figure 4B
and Figure 5).

Four variants originally classified as pathogenic gave rise
to channels with abnormal function in our bioassay, con-
firming the previous ACMG/AMP classification. Our
functional screening included 89 variants that were initially
categorized as likely pathogenic. One of these variants —
p-(Arg436GIn) — was pinpointed as functionally normal.

The application of the BS3_strong criteria had a slight effect
so that the variant could be re-classified as VUS. The
remaining 88 variants showed to be functionally abnormal
and could be re-classified as pathogenic (Figures 4C and 5,
Supplemental Table 4).

Discussion

Detection of variants in patients with inherited disease is
effective using modern sequencing technologies. The main
hurdle in genetic diagnosis nowadays is the interpretation
and classification of the identified variants — especially
missense variants — because current classification guide-
lines categorize this variant type typically as VUS and thus
leave the clinician and patient without definite information
on whether a variant or genotype is disease-relevant or not.
Most variants in CNGA3 are rare missense variants and the
majority of patients with CNGA3-ACHM are (presumably)
compound heterozygous carrying at least 1 missense
variant.”®*? Thus, functional studies assessing the effect of
such CNGA3 variants onto protein function are indispens-
able to enhance missense variant classification and thereby
molecular diagnosis.

Our current study is comprehensive and provides func-
tional testing and ACMG/AMP-based re-classification of
150 CNGA3 missense variants that previously lacked
functional data or showed contradictory outcomes in pre-
viously conducted functional studies. The approach based
on our further developed medium-throughput, aequorin-
based bioassay allows clear differentiation of CNGA3
channels exhibiting WT-like function designated as “func-
tionally normal” and altered functionality in comparison
with the WT categorized as “functionally abnormal.” The
latter group included variant channels showing residual
activity but altered responses compared with the WT, eg,
reduced/enhanced latency or reduced overall luminescence
signals, as well as variant channels that did not exhibit any
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Figure 5 Influence of the functional data on the ACMG/AMP-based variant classification of 150 analyzed CNGA3 missense

variants. Pre-assay ACMG/AMP classification of the 150 CNGA3 variants resulted in 2 likely benign, 55 VUS, 89 likely pathogenic, and 4
pathogenic variants (left graph). By applying the functional data obtained by our luminescence-based bioassay ACMG/AMP classification
could be confirmed or revised (right graph). Two likely benign variants were re-classified as benign. Of the 55 VUS, 1 variant was re-
categorized as benign, 18 variants as likely benign and 33 as likely pathogenic — only 3 variants remained as VUS. The preceding
ACMG/AMP classification for all 4 pathogenic variants could be confirmed and 88 of 89 likely pathogenic variants were re-classified as
pathogenic — 1 variant was re-categorized as VUS. VUS, variant of uncertain significance.

luminescence signals in our experimental setup upon ligand
application. We did not intend to study how specifically a
variant affects CNGA3 channel activity because this
information is not necessary to classify a variant as disease-
relevant or not. Therefore, we also did not further subdivide
the “functionally abnormal” variant channels into loss of
function, gain of function, or non-functional.

Previous studies have shown that variants in CNGA3
channels can affect ligand sensitivity, gating, ion selectivity
and protein folding and/or trafficking.”**"***"*> We have
selected the variants for our validation data set based on
these characteristics to verify that our luminescence assay is
capable of detecting impaired CNGA3 channel function
independent of the defect present in the mutant channel. As
examples, the variant p.(Glu228Lys) is known to have
impaired surface targeting, the variants p.(Glu590Lys) and
p-(Ala469Thr) have been shown to result in increased,
whereas the variant p.(Gly557Arg) results in reduced
apparent ligand sensitivity.*' Overall, our assay was vali-
dated based on 9 benign and 15 pathogenic control variants
in the CNGA3 gene of which 1 benign and 15 pathogenic
control variants were previously extensively studied.”®"""
4349 The data obtained by the aequorin-based bioassay
greatly overlapped with the data acquired by preceding
calcium imaging or patch clamp recordings. Combining
both the overall luminescence, as well as the peak latency as
readouts, the bioassay successfully enabled reliable classi-
fication of variants from the validation data set as func-
tionally normal or abnormal.

Furthermore, our aequorin-based bioassay displayed a
sufficient dynamic range between functionally normal and
functionally abnormal variants to enable the establishment
of precise pathogenicity thresholds.

Finally, the functional data obtained by our medium-
through-put aequorin-based calcium influx assay are high-
ly reproducible and CNGA3 protein expression was verified

using dot blot analysis of the tested samples. We did not
attempt to quantify protein expression of variant CNGA3
channels in the HEK293%°1"° cells because reduced protein
amounts, eg, due to reduced protein stability would be
represented as altered luminescence signals in our bioassay.
In conclusion, our aequorin-based bioassay qualifies for the
application as a strong line of evidence in the ACMG/AMP
classification system for the re-classification of missense
variants in the CNGA3 gene related to ACHM.

The functional evaluation of 150 missense variants
revealed a high number of variants coding for
non-functional channels corresponding to 53.3% (n = 80
variants). This observation is in line with previously
conducted functional studies in which 50% of all 54
missense variants analyzed so far dramatically impaired
channel functionality, indicating that the CNGA3
polypeptide is rather sensitive toward amino acid sub-
stitutions. The majority of these variants is located in
functional or structural domains of the CNGA3 protein,
which are highly conserved across CNGA3 orthologs and its
rod equivalent CNGA 323640424345

Initial ACMG/AMP-based classification of all 150
analyzed missense variants revealed that a high number of
55 variants were classified as VUS. By applying the func-
tional evidence obtained by using our approach, we could
re-classify lof 55 as benign, 18 of 55 as likely benign, and
33 of 55 as likely pathogenic, considerably aiding clinical
variant interpretation, thereby underlining the importance of
functional assays for the ACMG/AMP-based re-classifica-
tion of variants still assigned as VUS. One VUS re-classified
as likely pathogenic is the p.(Asn471Ser) variant, which
affects a completely conserved amino acid residue in the
C-linker region. So far, the variant was only observed in
heterozygous state in the absence of a second likely disease-
associated allele in a patient diagnosed with cone dystro-
phy."? Previously conducted electrophysiological recordings
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of homomeric mutant p.(Asn471Ser) channels, which were
heterologously expressed in Xenopus oocytes or HEK293
cells delivered contradictory functional results reporting
either an increased apparent cGMP sensitivity in the
homomeric channels or no change compared with homo-
meric WT channels, respectively.”’*" In our aequorin-based
bioassay, the mutant homomeric channels carrying the
p-(Asnd71Ser) variant presented with an unaltered overall
Iuminescence signal (AUC) but a reduced peak latency
compared with WT channels. The latter may be because of
an increase in the apparent cGMP sensitivity supporting the
observation made by Liu and Varnum.”’ Therefore, we
categorized the variant channels as functionally abnormal,
re-classifying the missense variant p.(Asn471Ser) as likely
pathogenic.

Furthermore, we identified 2 of 2 likely benign variants
as functionally normal and 92 of 93 (likely) pathogenic
variants as functionally abnormal, thereby upgrading or
confirming their ACMG/AMP classification to benign and
pathogenic, respectively. However, 1 missense substitution
initially classified as likely pathogenic according to ACMG/
AMP criteria — the p.(Arg436Gln) variant — could only be
re-classified as VUS, although the variant displayed unal-
tered AUC and peak latency values in the aequorin-based
bioassay and was therefore categorized as functionally
normal. Initial ACMG/AMP classification as likely patho-
genic was based on the localization of the variant in the C-
linker region affecting a completely conserved amino acid
residue, its low minor allele frequency of <0.039% in the
reference population database gnomAD and the in silico
prediction as having a deleterious effect on protein function.
Furthermore, a known pathogenic variant p.(Arg436Trp) at
the same amino acid residue position displays loss of
channel functionality in previously conducted studies.'”*****
However, the p.(Arg436GIn) missense substitution was
identified as part of a complex allele with the pathogenic
p.(Phe322Ser) variant and the nonsense substitution
p.(Trp440Ter) in trans in a patient with ACHM.” Because
the variant was only observed as part of a complex allele, its
contribution to the ACHM phenotype remains unclear.
Additionally, no deleterious effect on channel function was
detected using our aequorin-based bioassay approach unlike
the known pathogenic p.(Arg436Trp) variant, which was
previously shown to impair responsiveness of the channel to
ligands and to cause cytosolic aggregation.”” This observed
differential impact of missense substitutions on the same
amino acid residue emphasizes the fact that the PMS5 rule of
the ACMG/AMP guidelines, describing the occurrence of a
missense variant at the same amino acid residue as another
pathogenic variant, is only indicative for pathogenicity,
further underlining the need for functional assays to assess
the pathogenic impact of novel missense variants because
the in silico evidence might be contradictory.

Despite utilizing functional data as strong evidence, there
were still 3 VUS that could not be re-classified according to
ACMG/AMP guidelines, although all 3 missense alterations
were found to result in channels with normal function:

p-(Lys595Arg), p.(Arg646His), and p.(Val669Leu). Initial
ACMG/AMP classification as VUS was based on the minor
allele frequency of the respective variants, the localization in
a mutational hotspot, and the deleterious in silico prediction.
However, the p.(Arg646His) variant was only observed in a
heterozygous state without a second disease-associated
allele. Moreover, for the p.(Lys595Arg) and the
p.(Val669Leu) variants, no genotype could be established
based on the ClinVar database entries.*””*** Because of the
provided functional evidence using our aequorin-based
bioassay and the available genotype data, we suggest that
these variants do not have a deleterious effect on CNGA3
protein function, even if they are still deemed to be of un-
certain significance in the ACMG/AMP classification sys-
tem based on inconclusive data.

In summary, our medium-throughput aequorin-based
calcium influx assay represents an essential tool to charac-
terize the impact of CNGA3 missense variants on the
function of homomeric CNGA3 channels supporting the re-
classification of missense alterations assigned as VUS.

A limitation of our study might be considered the fact
that we assessed the functionality of mutant homomeric
CNGA3 channels that were heterologously expressed in
HEK293%°9%° cells in the absence of the modulatory CNGB3
subunit. In 5 of 54 previously extensively studied missense
variants, an amelioration of the mutant channel function was
observed by co-expressing the CNGB3 subunit. These
mutant heteromeric channels still presented altered bio-
physical characteristics compared with WT chan-
nels.’”3%4142 1 addition, besides the co-expression of the
CNGB3 subunit, the cell cultivation temperature had to be
lowered from the standard 37 °C to 27 °C — a commonly
known method to support protein folding and trafficking —
to achieve the rescue effect.*” Thus, we do not expect that
functionally abnormal CNGA3 variants from our assay
would give rise to heteromeric channels with WT-like
function. Therefore, assessing CNGA3 variant effects in
homomeric channels appears to be sufficient and effective to
assess their pathogenicity.

Using our medium-throughput aequorin-based bioassay,
we functionally characterized mutant homomeric CNGA3
channels carrying a single missense substitution in the
CNGAZ3 subunit reflecting a homozygous genotype in pa-
tients with ACHM. However, the vast majority of patients
with ACHM with possibly disease-associated CNGA3 var-
iants are likely to harbor 2 distinct variants in the CNGA3
gene in a compound heterozygous state as demonstrated by
the studies of Sun et al and Solaki et al in which 61.8% to
79.4% of the patients with CNGA3-associated ACHM har-
bor 2 (likely compound) heterozygous variants.”>** Co-
expressing 2 mutant CNGA3 subunits carrying 2 distinct
missense variants in the heterologous HEK293%9"°
expression system would be possible. However, the final
subunit composition of these channels could not be recon-
structed in the current assay setup.

Another limiting factor arising in our luminescence
bioassay is the usage of a CNGA3 cDNA expression
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construct because we might miss variants acting on splicing.
Three of the tested missense variants (p.(Argl89Lys),
p.(Thr224Ala), and p.(Thr2241le)) are located at the exon-
intron borders possibly interfering with splicing as pre-
dicted by in silico algorithms.”” This predicted minor effect
on transcript splicing could only be confirmed for the
p-(Argl89Lys) variant in a previously conducted study us-
ing a minigene assay approach, whereas both the
p.(Thr224Ala) and the p.(Thr224Ile) variant exhibited no
interference with transcript splicing.”> However, all 3
missense substitutions led to the complete abolishment of
channel function as shown in our aequorin-based bioassay
and therefore are considered to act as missense variants
because the splicing effect is negligible in all 3 cases.

To sum it up, our study highlights the medium-
throughput aequorin-based bioassay as a powerful and
essential tool to assess the impact of CNGA3 variants on the
functionality of mutant homomeric CNGA3 channels.
Adaptation of the bioassay may also allow characterization
of missense variants in the other IRD-related CNG channel
genes, ie, CNGB3 in ACHM and CNGAI and CNGBI in
autosomal recessive retinitis pigmentosa. We hereby present
functional data obtained by our bioassay for a total of 150
missense substitutions in the CNGA3 gene, of which 55
were previously categorized as VUS, identifying 25 as
functionally normal and 125 as functionally abnormal.
These functional data were subsequently used to finalize
ACMG/AMP-based variant re-classification enabling the re-
classification of 52 of 55 VUS as either benign (1/52),
likely benign (18/52), or likely pathogenic (33/52), reaching
a high re-classification rate of 94.5%. Our study has
important implications on the clinical variant interpretation
of CNGA3 missense variants thereby improving genetic
diagnosis for patients with CNGA3-associated ACHM and
supporting their selection for future gene therapeutic
interventions.
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Supplemental Figure 1: Receiver operating characteristic (ROC) curve analysis for the determination of optimal
thresholds for the overall luminescence signal (AUC) (A), increased peak latency (B), and reduced peak latency (C). The
area under the curve (AUC) reflecting the performance of the classifier and the respective 95% confidence interval (Cl) are
indicated for each ROC curve.
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Supplemental Figure 2: Western Blot analysis of whole cell lysates performed for antibody validation and verification of
CNGAS3 protein expression in one biological replicate of samples from the assay validation data set. A, B, and C. CNGA3
protein expression was detected using a commercial rabbit anti-human CNGA3 antibody in whole cell lysates of HEK293aequo
cells transfected with wild-type or mutant CNGA3 expression constructs carrying either benign (A; n=9 variants) or
pathogenic variants (B, C; n=15 variants) from the assay validation data set. 5 g of total protein were loaded. D. Western
Blot analysis of the p.(Glu590Lys) mutant whole cell lysate was repeated using the custom-made rabbit anti-human CNGA3
antibody SA3899 since no protein band could be visualized when using the commercial rabbit anti-human CNGA3 antibody.
The p.(Pro592Leu) mutant whole cell lysate was re-analyzed by Western Blotting since no CNGA3 protein expression was
detected in the Dot Blot analysis (see Supplemental Figure 7). 30 ug of total protein were loaded. Endogenous levels of
beta-actin were detected as loading control in Western Blotting. Whole cell lysates from cells transfected with the wild-type
CNGA3 expression construct (A3 WT) and untransfected cells were used as positive and negative controls, respectively. The
protein bands of interest are indicated by an arrow. Molecular sizes of the standard protein marker were indicated on the
left of each blot. M, standard protein marker; ut, whole cell lysates of untransfected cells; WT, wild-type.
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Supplemental Figure 3: Evaluation of the overall assay quality by calculating the Z’ factor based on 15 individual assay
plates containing both positive (HEK2932eavo cells transfected with the wild-type CNGA3 expression construct) and
negative controls (untransfected HEK2932edu° cells). The mean Z’ factor was thereby 0.87+0.08 (median: 0.9) indicating
excellent assay quality. Individual Z’ factors of each individual assay plate used for Z’ factor calculation are indicated by grey
circles. Threshold of Z’ factor for distinguishing between excellent and marginal assay quality is indicated by a dotted line (Z’
factor between 0.5 and 1.0: excellent assay; Z’ factor between 0 and 0.5: marginal assay (Zhang et al., 1999)).
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Supplemental Figure 4: Individual luminescence traces of all evaluated 150 CNGA3 missense substitutions, nine benign
variants, 15 pathogenic variants from the assay validation data set and luminescence traces of untransfected HEK2932eqauo
cells. The luminescence signals of HEK2932eaue cells either expressing wild-type CNGA3 channels (A3 WT, black-blue line) or
mutant CNGA3 channels (red line) and the luminescence signal of untransfected control HEK2932¢aw cells (red line) were
recorded for 6 sec before and 394 sec after the application of the CNGA3 channel ligand 8-bromoguanosine-3’,5’-cyclic
monophosphate (8-Br-cGMP). All data are represented as mean + SD and normalized to A3 WT. n=3-55 independent
transfections/measurements. untransf., untransfected control cells.; WT, wild-type.
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Supplemental Figure 5: Normalized overall luminescence signals (AUC) of 150 analysed CNGA3 missense variants, nine
benign and 15 pathogenic variants from the assay validation data set sorted by the normalized AUC values. Threshold for
assigning a damaging effect regarding the normalized AUC (0.65) is displayed by a dashed line. Normalized AUC value of
wild-type channels (A3 WT, white circle) is exhibited as a dotted line. All missense variants that are above or below the
threshold are depicted as black or dark/light grey circles, respectively. All missense variants designated as non-functional
are displayed as light grey circles. Benign variants (n=9 variants) and pathogenic variants (n=15 variants) from the assay
validation data set are indicated by blue and red circles, respectively. Normalized AUC of untransfected control cells is
shown as a white circle. 36/150 analysed CNGA3 missense variants, 9/9 benign control variants and 1/15 pathogenic
control variants surpass the pathogenicity threshold of 0.65 for the normalized AUC indicating wild-type-like overall
luminescence signals (AUC). All data are represented as mean * SD. n=3-15 independent transfections/measurements. AUC,
area under the curve; untransf., untransfected control cells; WT, wild-type.
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Supplemental Figure 6: Normalized peak latency of 70 still functional CNGA3 missense variants, nine benign and eight
still functional pathogenic variants from the assay validation data set sorted by the normalized peak latency values.
Upper (1.10) and lower thresholds (0.74) for assigning a damaging effect regarding the normalized peak latency are
displayed by dashed lines. All missense variants that are within or outside the thresholds are shown as black or grey circles,
respectively. Wild-type is indicated by a white dot. Benign variants (n=9 variants) and pathogenic variants (n=8 variants)
from the assay validation data set are indicated by blue and red circles, respectively. 32/70 still functional CNGA3 missense
variants and 5/8 still functional pathogenic control variants exhibited an increased peak latency (threshold: 1.10) whereas
9/70 still functional CNGA3 missense variants and 3/8 still functional pathogenic control variants showed a reduced peak
latency (threshold: 0.74). All data are represented as mean * SD. n=3-5 independent transfections/measurements. WT,
wild-type.
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Supplemental Figure 7: Dot Blot analysis of whole cell lysates for the verification of CNGA3 protein expression in one
biological replicate of all 150 samples analysed in the aequorin-based bioassay and samples from the assay validation
data set. A. CNGA3 protein expression was detected using a commercial rabbit anti-human CNGA3 antibody in whole cell
lysates of HEK2932eauo cells transfected with mutant CNGA3 expression constructs carrying either one out of 150 analysed
CNGA3 missense variants or benign (n=9 variants)/pathogenic variants (n=15 variants) from the assay validation data set.
Whole cell lysates from cells transfected with the wild-type CNGA3 expression construct (A3 WT) and untransfected cells
were used as positive and negative controls, respectively. B. Pipetting scheme of all samples applied onto the nitrocellulose
membranes for Dot Blot analysis. Benign (n=9 variants) or pathogenic variants (n=15 variants) from the assay validation
data set are indicated by a blue or red font, respectively. Grouping of images from different parts of the same blot is
indicated by a dashed line. Gr. 1 to Gr.16, group of samples applied onto the nitrocellulose membranes; ut, whole cell
lysates from untransfected cells; WT, wild-type.



Tables

Supplemental Table 1: List of all oligonucleotides used as primers for site-
directed mutagenesis of the CNGA3 cDNA expression construct in this study
and in previously conducted studies.

Supplemental Table 1 is provided as a separate file (.xIsx file).

Supplemental Table 2: List of all oligonucleotides used as primers for
sequencing of the CNGA3 cDNA expression construct and AAVS1 HR donor
vector GE622A-1#1_CMV-Aeq cloning.

Primers for sequencing of the CNGA3 cDNA expression construct

Primer Orientation  Sequencing primer 5‘-3°
CMV-for2 forward CCAGTATCTGCTCCCTGCTT
CMV-for3 forward GGGACTTTCCTACTTGGCAGT
FEO 149 reverse GTCAGCCAGTCCTCTGGTC
Exon 3 rev reverse CTCCCTCTGTCTGCTGGCTCCTGG
FEO 61 reverse ATGTACAAGACCAAGTTCCC
FEO 196 forward CAAATGCAACACTAACAC
FEO 119 forward CATCATCCACTGGAATG

FEO 242 forward TGGGCCAACAAGAAGACG
FEO 249 forward GGAGAAAGGACGGCAGA
FEO 999 reverse GCCATAGCACTCCCAAAAG
BGH rev new reverse TAGAAGGCACAGTCGAGG
FEO 3’UTR forward GTGACCTATTCTAACTCAAGG

Primers for AAVS1 HR donor vector GE622A-1#1_CMV-Aeq cloning

Primer Orientation  Sequencing primer 5‘-3°
CMV-Aeq-BstBI-for forward TATATATATTCGAAAAACCCAGATATACGCGTTGA
Aeq-Kozak-IVM-rev reverse CCTCGGAGATGAGCTTCTGCTCCATGGTGGCAAAGC
TTGGAGTGATC
Aeq-Mlul-rev reverse TATATATATAACGCGTTCAGGGCACGGCTCCGCCAT
forward GATCACTCCAAGCTTTGCCACCATGGAGCAGAAGCT

Aeq-Kozak-IVM-for CATCTCCGAGG



Supplemental Table 3: Overview of the assay validation data set composed of
nine benign and 15 pathogenic variants in the CNGA3 gene including location
of variant in polypeptide and functional or structural domain, references for
previous functional analysis and selection criteria for inclusion in the assay
validation data set.

Supplemental Table 3 is provided as a separate file (.xIsx file).

Supplemental Table 4: Summary of the 150 functionally evaluated CNGA3
missense variants using the aequorin-based bioassay including location of
variant in polypeptide and functional or structural domain, normalized
overall luminescence signals (AUC) and normalized peak latency values,
variant classification as functionally normal or abnormal based on the
aequorin-based bioassay as well as pre-assay and post-assay ACMG/AMP
classification after applying functional evidence.

Supplemental Table 4 is provided as a separate file (.xIsx file).
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Abstract: Achromatopsia (ACHM) is a rare autosomal recessively inherited retinal disease character-
ized by congenital photophobia, nystagmus, low visual acuity, and absence of color vision. ACHM is
genetically heterogeneous and can be caused by biallelic mutations in the genes CNGA3, CNGB3,
GNAT2, PDE6C, PDE6H, or ATF6. We undertook molecular genetic analysis in a single female patient
with a clinical diagnosis of ACHM and identified the homozygous variant ¢.778G>C;p.(D260H) in
the CNGA3 gene. While segregation analysis in the father, as expected, identified the CNGA3 variant
in a heterozygous state, it could not be displayed in the mother. Microsatellite marker analysis
provided evidence that the homozygosity of the CNGA3 variant is due to partial or complete paternal
uniparental isodisomy (UPD) of chromosome 2 in the patient. Apart from the ACHM phenotype,
the patient was clinically unsuspicious and healthy. This is one of few examples proving UPD as
the underlying mechanism for the clinical manifestation of a recessive mutation in a patient with
inherited retinal disease. It also highlights the importance of segregation analysis in both parents
of a given patient or especially in cases of homozygous recessive mutations, as UPD has significant
implications for genetic counseling with a very low recurrence risk assessment in such families.

Keywords: achromatopsia; ACHM; uniparental isodisomy; chromosome 2; CNGA3

1. Introduction

Achromatopsia (ACHM; synonymous with rod monochromatism; ACHM2, MIM
216900; ACHM3, MIM 262300; ACHM4, MIM 613856, ACHM5/COD4, MIM 613093;
ACHM6/RCD3A, MIM 610024; and ACHMY7, IM616517) is a rare, autosomal recessive
disorder with an estimated prevalence of 1 in 30,000 to 1:50,000. It is a congenital retinal
disease affecting only the cone photoreceptor, and photophobia and nystagmus are the
first symptoms manifesting within the first weeks or months of life. Due to lack of cone
photoreceptor function, ACHM is characterized by color blindness and low visual acuity
(20/400-20/200 Snellen equivalent). ACHM was believed to be a stationary disease, but
recent studies by optical coherence tomography have shown that there is progressive
degeneration of the central retina and cone photoreceptors [1-5].

ACHM is genetically heterogeneous and known to be caused by mutations in six
genes: CNGA3, CNGB3, GNAT2, PDE6C, PDE6H, and ATF6 [6-13]. The first five genes
encode important functional components of the cone phototransduction cascade (G-protein
transducin GNAT?2 (guanine nucleotide-binding protein G(t) subunit alpha 2; MIM 139340);
cone-photoreceptor phosphodiesterase catalytic subunit PDE6C (cone cyclic GMP-specific
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3’5" cyclic phosphodiesterase alpha-prime; MIM 600827) and inhibitory subunit PDE6H
(cone cyclic GMP-specific phosphodiesterase gamma; MIM 601190); cone photoreceptor
cyclic nucleotide gated cation (CNG) channel CNGA3 (cyclic nucleotide-gated cation
channel alpha 3; MIM 600053) and CNGB3 (cyclic nucleotide-gated cation channel beta
3; MIM 605080)), while the ubiquitously expressed transcription factor ATF6 (activating
transcription factor 6; MIM 605537) is known for its function in the unfolded protein
response and endoplasmic reticulum stress response [14,15].

In Europe and the United States, biallelic mutations in CNGB3 are the major cause of
ACHM, accounting for 50-60% of cases, especially due to a common founder mutation
c.1148delC, followed by biallelic mutations in CNGA3, which are found in 30% of ACHM
patients in these populations [16,17]. In contrast, biallelic mutations in CNGA3 account for
the majority of ACHM patients of Chinese (80%) and Israeli/Palestinian (84%) origin [18,19].
The other ACHM-associated genes play a minor role, being responsible for only 0.5-3% of
cases [16].

CNGA3- and CNGB3-associated ACHM are in the focus, as several AAV-based gene
supplementation therapy trials are ongoing (NCT02610582, NCT03758404, NCT02935517,
NCT02599922), and one trial has already been successfully finished and published [20].

2. Results

An Italian female patient with a clinical diagnosis of ACHM without family history
of this condition was referred to the Centre for Ophthalmology Tiibingen for genetic
testing in a research setting. The patient suffered from photophobia since birth and was
diagnosed to have ACHM at the age of 10 years. Her visual acuity at the age of 18 was
20/200 Snellen equivalent with a correction of +3.00 diopters in both eyes. The patient
exhibited a fine pendular nystagmus that was more pronounced when looking at distant
targets. Intraocular pressure was within normal limits in both eyes (14 mmHg). Anterior
and posterior segment examination was unremarkable except for the margins of the optic
discs that were not absolutely sharp. Full-field electroretinogram showed symmetrical
severely reduced cone responses and abnormalities in the rod responses. Dark adaptation
curves were typical for ACHM. Color vision testing using a Panel D-15 test and a Nagel
anomaloscope exhibited findings typical for ACHM. Kinetic visual field testing showed
normal outer visual field boundaries.

Genetic research testing revealed an apparent homozygous missense variant ¢.778G>C;
p-(D260H) in exon 7 of CNGA3. The variant has not been reported in the literature, various
mutation databases (i.e., HGMD®—Human Gene Mutation Database, ClinVar https://
www.ncbinlm.nih.gov/clinvar (accessed on 16 June 2021), LOVD3—Leiden Open Variation
Database https://www.LOVD.nl/CNGAS3 (accessed on 16 June 2021)), nor has it been
observed in population databases (i.e., gnomAD browser; https://gnomad.broadinstitute.
org/gene/ENSG00000144191 (accessed on 16 June 2021)). The variant affects an amino
acid residue in transmembrane domain S3 of the CNGA3 polypeptide. This amino acid
residue is conserved not only in all CNGAS3 orthologs but also in rod-photoreceptor-specific
CNGAL1 paralogs (Figure 1C).

Segregation analysis by PCR and Sanger sequencing proved the father to be a het-
erozygous carrier, while the variant could not be detected in the mother (Figure 1A). A
heterozygous deletion in the mother explaining the apparent homozygosity of the mutation
in the patient was ruled out by long-distance PCR and a SYBR Green-based quantitative
real-time PCR copy number assay. Segregation analysis and haplotype reconstruction
for ten microsatellite markers covering the entire chromosome 2 in the patient and both
parents revealed homozygosity in the patient for all tested markers for the paternal allele,
providing evidence for complete (or partial) paternal uniparental isodisomy (UPD) of
chromosome 2 in the patient (Figure 1B).
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Figure 1. Segregation analysis, haplotype reconstruction, and conservation of CNGA3 ¢.778G>C;p.(D260H). (A) Segregation
analysis via Sanger sequencing for CNGA3 exon 7 in family CHRO978, as shown by the electropherograms obtained from
both parents and the index patient. The father is heterozygous for the variant ¢.778G>C (top), while the mother does not
carry this variant (middle). The affected daughter is homozygous for this variant in CNGA3 (bottom). (B) Haplotype
reconstruction of chromosome 2. Microsatellite marker analysis in the patient and both parents demonstrated paternal
uniparental isodisomy of chromosome 2, either fully or partially. The patient inherited two copies (or partial chromosomal
segments) of the paternal chromosome (red haplotype) carrying and flanking the CNGA3 variant c.778G>G;p.(D260H),
while the maternal chromosome was not or only partially transmitted. Informative markers are marked by an arrow.
Of note, the two haplotypes of the mother could not be reconstructed. (C) Conservation of the mutated amino acid
residue CNGA3 p.D260H among CNGA3 and CNGA1 polypeptides across various species. Protein sequence alignment
was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 16 June 2021)) and
BoxShade (https:/ /embnet.vital-it.ch/software/BOX_form.html (accessed on 16 June 2021)). Reference sequences from
NCBI (https://www.ncbi.nlm.nih.gov/ (accessed on 16 June 2021)): CNGAS3: H. sapiens NP_001289.1, R. norvegicus
NP_445947.1, M. musculus NP_001268939.1, G. gallus NP_990552.1, X. tropicalis XP_031752880.1, D. rerio XP_005166141.1,
D. melanogaster NP_477116.1, C. elegans NP_499033.1, CNGAL1: H. sapiens NP_001366199.1, R. norvegicus NP_445949.2, M.
musculus NP_031749.2, G. gallus NP_990551.1, X. tropicalis XP_017950934.1, D. rerio XP_701036.4.
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The variant is predicted to be disease-causing by various tools (i.e., SIFT, PolyPhen,
Provean) and classified as likely pathogenic according to the ACMG (American College of
Medical Genetics) guidelines. In vitro heterologous expression and analysis via a biolu-
minescent calcium reporter assay of the CNGA3ppg0 mutant versus wild-type CNGA3
in HEK293 (human embryonic kidney) cells provided evidence that this variant results in
complete loss of channel function (Figure 2A). Similarly, another amino acid substitution
at the very same amino acid residue—c.778G>A;p.(D260N)—had previously been shown
to result in complete channel function loss in in vitro studies [21,22]. Loss of CNGA3 or
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CNGAS3 function cannot be compensated, as CNGA3 encodes for the channel forming A
subunit of the cone photoreceptor CNG channel. Using immunocytochemistry, we were
able to confirm the expression of the channel mutant CNGA3py¢o in transfected HEK293
cells despite the fact that a calcium influx was not detectable in the aequorin-based bioassay
(Figure 2B).

A CNGA3,, CNGA3,,, no CNGA3

8-Br-cGMP 8-Br-cGMP 8-Br-cGMP

4E+04 RLU

L

100 sec

B CNGA3,, CNGA3, .., no CNGA3
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" '?Q.‘y
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.\50_@3

Figure 2. Aequorin-mediated luminescence signals and immunocytochemical staining of wild-
type (WT) and mutant (D260H) CNGAS3 channels. (A) The luminescence signal of HEK293 cells
either expressing aequorin and CNGA3w (left) or aequorin and CNGA3py40y (middle) or aequorin
only (right) was recorded for a duration of 400 s. Application of the CNGA3 channel ligand 8-
bromoguanosine-3',5"-cyclic monophosphate (8-Br-cGMP) 6 s after starting the recording resulted in
an increase of the luminescence signal only in cells expressing CNGA3wt. HEK293 cells expressing
mutant CNGA3pyg0p displayed no luminescence signal classifying the variant as non-functional.
Cells expressing aequorin-only served as a negative control. RLU: relative light units. (B) Detection
of CNGAS3 protein expression was conducted by immunocytochemical diaminobenzidine staining.
HEK293 cells expressing the CNGA3 channel protein are marked with an arrow head. Expression
of the channel mutant CNGA3peoy in HEK293 cells could be confirmed (middle). CNGA3wyt-
expressing cells (left) and cells expressing no CNGAS3 channel (right) served as a positive and
negative controls, respectively.

Upon this finding, we initiated a general clinical investigation and family history of
the patient when she was 49 years old. Her paternal grandmother had dextrocardia and
supernumerary kidneys with end-stage kidney failure on dialytic therapy. The mother
underwent nephrectomy for kidney cancer. There was no parental consanguinity, nor were
any visual disturbances reported among family members. The patient had a regular growth
for weight and height, as well as age of menarche and menstrual cycles. She reported allergy
to house dust and a history of migraines that was treated with triptans as needed. She
suffered from photophobia and nystagmus since the first weeks of life. At the age of 10, the
patient was diagnosed with ACHM. The visual disturbances remained stable over the years
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and the patient was still independent in daily living activities. On physical examination, the
anthropometric parameters were within normal limits (weight 45.4 kg; height 153 cm; BMI
19.2). No significant dysmorphisms of the head or arms were observed. She had a normal
blood pressure (120/70 mmHg) and heart rate (76 m”). The clinical examination of the neck,
chest, heart, abdomen, and neurological system were unremarkable. A general laboratory
investigation including white blood cell count, platelet count test, hemoglobin, glycaemia
and lipid profile, thyroid-stimulating hormone, electrolytes, and kidney and liver function
tests was unremarkable. Instrumental investigations by chest X-ray, electrocardiography,
echocardiography, and thyroid and abdominal ultrasound showed multiple bilateral kidney
cysts with a maximum diameter of 14 mm.

3. Discussion

Uniparental isodisomy can be disease-causing due to disrupted imprinting or un-
masking of recessive mutations. The patient in this study presented with typical symptoms
of autosomal recessive ACHM, and a homozygous novel missense variant c.778G>G;
p-(D260H) in CNGA3 was identified. Functional analysis showed that this variant results in
complete function loss of heterologously expressed mutant CNG channels indicating that
this missense variant is a true pathogenic mutation. Segregation analysis and haplotype
reconstruction provided evidence for complete or partial paternal UPD of chromosome 2,
thereby unmasking the CNGA3 mutation as the cause of the cone photoreceptor disease
due to inheritance of two identical chromosomes (or partial chromosomal segments) from
the father, while the maternal chromosome (or partial chromosomal segments) was lost.

Uniparental isodisomy was thought to be a rare phenomenon, but recent data suggest
that it may be twice as common as previously expected, with a prevalence of approximately
1 in 2000 births [23].

While it is disease-relevant in imprinting disease, there is often no disease association—
except for manifesting recessive mutations. A comprehensive literature search showed
that several cases of UPD of chromosome 2 have been reported, some reflecting a similar
situation as in our patient, where a recessive mutation manifests in the patient due to
the UPD by inheriting two copies of a recessive mutation by one parent [24-26], but
also generally healthy individuals have been identified by a genome-wide SNP scan or
parentage testing [27-29]. Several genes have been predicted (http:/ /www.geneimprint.
com/site/genes-by-species (accessed on 16 June 2021); i.e., OTX1, VAX2, CYP1B1) or
experimentally shown to be imprinted on chromosome 2 (i.e., LRRTM1, GPR1, ZDBF?2),
but none of these have been shown to be associated with a disease caused by imprinting
(https:/ /www.omim.org/ (accessed on 16 June 2021)). They rather result in disease due to
classical point mutations (e.g., mutations in CYP1B1 result in glaucoma [26], mutations in
ABCGS are associated with sitosterolemia [30]), or knockout animals have been shown to
develop a phenotype (i.e., Otx1 knockout mice show epileptic behavior [31], Vax2 knockout
results in abnormal retinal and optic nerve development [32], and Zfp36/2 knockout is
embryonically lethal [33]). These findings are in line with the fact that our patient is of
general good health apart from the isolated retinal phenotype of ACHM.

It has been suggested that UPD is associated with an older maternal age at conception
or an advanced parental age in general [34,35]. This does not hold true for our patient, as
the parents were in their early and mid-twenties when the patient was born.

The herein presented case is one of very few examples for this mechanism observed
and described in inherited retinal dystrophy [36—40], including UPD of chromosome 2 in a
patient with a homozygous mutation in MERTK [41], and the first for ACHM.

4. Materials and Methods

The study was conducted in accordance with the Declaration of Helsinki, with ap-
proval from the ethics committee of the University of Tiibingen (project nos. 349/2003V
and 116/2015BO2). Venous blood samples of the index patient and both parents were
collected upon written informed consent.
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Ophthalmological examinations included visual acuity testing, intraocular pressure
measurement, anterior and posterior segment examination, full-field electroretinography;,
dark adaptation curves, color vision testing using a Panel D-15 test and a Nagel anomalo-
scope, and kinetic visual field testing.

Patient’s medications; allergies; and past medical, surgical, social, and family history
were reviewed. Anthropometric measurements were taken with the patient wearing
only light clothes without shoes. Height was measured to the nearest 0.01 m using a
stadiometer. Body weight was determined to the nearest 0.1 kg using a calibrated balance
beam scale. Body mass index was calculated as kg/m?, where kg is the patient’s weight
in kilograms and m? is the height in meters squared. Blood pressure and heart rate were
recorded after 10 min rest at the brachial artery of the dominant arm using a validated
semi-automated oscillometric device in the seated position. A thorough and systematic
clinical examination was done. Complete blood count, protein electrophoresis, serum lipids,
renal and liver function, blood glucose and HbAlc levels, electrolytes, thyroid function,
and urine analysis were measured by standard laboratory procedures. Instrumental
investigations included chest X-ray, electrocardiography, echocardiography, and thyroid
and abdominal ultrasound.

Sanger sequencing of all coding exons of CNGA3 on an ABI3130 capillary sequencer
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) was performed on
PCR-amplified genomic DNA obtained from venous blood as previously described [7,21].
Segregation analysis was also performed by PCR and Sanger sequencing (Figure 1A). In
addition, the common ACHMB-associated variant CNGB3 c.1148del was excluded.

The CNGA3 variant was classified according to the standards and guidelines provided
by the American College of Medical Genetics and Genomics (ACMG) and the Associ-
ation for Molecular Pathology (AMP) [42]. The potential impact and pathogenicity of
the missense change was further assessed by applying various prediction tools embed-
ded in Alamut Visual software (Interactive Biosoftware, Rouen, France), literature search,
and conservation between various CNGA3 and CNGAL1 orthologs and paralogs. The
variant was annotated according to NCBI reference sequence for CNGA3 (NM_001298.3,
ENST00000272602.7, GRCh38 genome assembly) comprising seven coding exons.

To test for a putative heterozygous deletion of CNGA3 exon 7 in the mother and
the patient, we performed a custom-designed amplicon-based assay for CNGA3 exon
7 applying the QuantiTect SYBR Green PCR Kit (QIAGEN, Hilden, Germany), primers
5'-CTCAAGAGCCTCCCAGACAA-3’ and 5-AGCTTCAGCACCAGCTCCA-3’ and SDC4
as reference gene, as previously described for CNGB3 [16].

For human chromosome 2 segregation analysis, ten microsatellite markers (D252211,
D2S165, D252368, D25160, D25112, D252330, D2S364, D2S126, D2S396, D2S338) cover-
ing the entire chromosome 2 were selected from the ABI PRISM® Linkage Mapping Set
(Applied Biosystems, Thermo Fisher Scientific) and genotyped by PCR amplification and
fragment sizing on an ABI3130 capillary sequencer (Applied Biosystems, Thermo Fisher
Scientific) in Gene Scan mode. Microsatellite marker typing is presented in Supplementary
Figures S1 and S2, Table S1.

Wild-type and p.D260H mutant CNGA3 channel functionality and surface expres-
sion were evaluated in transiently transfected human embryonic kidney (HEK293) cells
using an aequorin-based luminescence bioassay. The generation of the wild-type human
CNGAS3 expression construct was described previously [43]. In vitro mutagenesis PCR
was performed to generate the mutant CNGA3 expression construct CNGA3ps01. The
establishment of an expression construct for cytosolic apo-aequorin was described previ-
ously [44]. HEK293 cells (DSMZ-German Collection of Microorganisms and Cell Cultures
GmbH, Braunschweig, Germany) were cultured in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific) supplemented with 10% fetal calf serum (Thermo Fisher Sci-
entific), 1% penicillin/streptomycin (Thermo Fisher Scientific), and 1% amphotericin B
(Pan Biotech, Aidenbach, Germany) at 5% CO, at 37 °C. HEK293 cells were seeded at a
density of 3.5 x 10° cells per 24 well and transfected on the next day with 1 pg wild-type
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or mutant CNGAS3 and 1.5 ug of apo-aequorin expression plasmid using Lipofectamine™
2000 (Thermo Fisher Scientific) following the manufacturer’s instructions [44]. Control
cells were transfected only with 2 g apo-aequorin expression plasmid. Six hours after
transfection start, cells were re-plated in a white opaque 96 well plate. After overnight
incubation, transfected cells were treated with 3 mM sodium butyrate (Sigma-Aldrich,
St Louis, MO, USA) for 24 h to enhance protein expression. Prior to the luminescence
assay, cells were washed with calcium imaging buffer (CI; 150 mM NaCl, 5 mM KCl, 2 mM
CaClp, 2 mM, MgCl,, 10 mM HEPES (pH 7.4), 30 mM glucose) and incubated with 8 uM
coelenterazine (Biomol GmbH, Hamburg, Germany) in CI for 4 h at 37 °C to reconstitute
the apo-aequorin. Following washing with CI and CI-high Ca?* (CI buffer with 10 mM
Ca?"), 190 uL of Cl-high Ca?* per 96 well was added for the subsequent luminescence
bioassay. Measurements were performed with the LUMIstar® Omega luminescence plate
reader (BMG Labtech GmbH, Ortenberg, Germany) at 37 °C. Luminescence was detected
6 s before and 394 s after automatic application of 10 uL 100 mM 8-bromoguanosine-3',5'-
cyclic monophosphate (8-Br-cGMP; BIOLOG Life Science Institute, Bremen, Germany)—a
membrane-permeable CNG channel agonist. Samples were measured in triplicate, and
three independent transfections were performed.

CNGAS3 protein expression was verified by immunocytochemistry. HEK293 cells were
seeded at a density of 3.5 x 10 cells per 24 well and transfected on the next day, as described
above using 2 pg wild-type or mutant CNGAS3 expression construct. Following treatment
with 3 mM sodium butyrate for 24 h, immunocytochemical staining was performed as
previously described [45]. CNGA3 was detected using the custom primary antibody
SA3899 and the horseradish peroxide-coupled goat anti-rabbit antibody (Merck KGaA,
Darmstadt, Germany). For visualization, we performed a diaminobenzidine (DAB; Sigma
Aldrich GmbH, Munich, Germany) staining, applying 0.005% DAB and 0.12% hydrogen
peroxide in phosphate-buffered saline.

5. Conclusions

We herein report a unique case of ACHM due to UPD of chromosome 2. UPD is a
rare phenomenon due to inheritance of both chromatids of a single chromosome from
one parent—here, the paternal chromosome 2, while the maternal chromosome was not
transmitted or lost from the zygote. UPD thus uncovered a recessive mutation present in
just one parent—here, the missense variant ¢.778G > C; p.(D260H) in CNGAS3 in the father,
causing ACHM in the index patient. It is one of very few examples for this mechanism ob-
served and described in inherited retinal dystrophy and the first for ACHM. The detection
of UPD highlights the importance of segregation analysis and has significant implications
for genetic counseling with a very low recurrency risk assessment in such families.
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Supplementary Figure S1: Microsatellite marker fragment sizing for human chromosome 2.




Supplementary Table S1: Microsatellite marker typing for human chromosome 2.
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Supplementary Figure S2: Microsatellite markers and physical distances of the ABI PRISM® Linkage Mapping Set (Thermo
Fisher Scientific; https://genome.med.harvard.edu/documents/genotyping/Human_Linkage.pdf).



