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Abstract

Retinoschisin (RS1) is a secreted protein that is essential for maintaining integrity of the retina.
Numerous mutations in RS1 cause X-linked retinoschisis (XLRS), a progressive degeneration

of the retina that leads to vision loss in young males. A key manifestation of XLRS is the
formation of cavities (cysts) in the retina and separation of the layers (schisis), disrupting synaptic
transmission. There are currently no approved treatments for patients with XLRS. Strategies
using adeno-associated viral (AAV) vectors to deliver functional copies of RS1 as a form

of gene augmentation therapy, are under clinical evaluation. To improve therapeutic strategies

for treating XLRS, it is critical to better understand the secretion of RS1 and its molecular
function. Immunofluorescence and immunoelectron microscopy show that RS1 is located on the
surfaces of the photoreceptor inner segments and bipolar cells. Sequence homology indicates

a discoidin domain fold, similar to many other proteins with demonstrated adhesion functions.
Recent structural studies revealed the tertiary structure of RS1 as two back-to-back octameric
rings, each cross-linked by disulfides. The observation of higher order structures in vitro suggests
the formation of an adhesive matrix spanning the distance between cells (~100 nm). Several
studies indicated that RS1 readily binds to other proteins such as the sodium-potassium ATPase
(NaK-ATPase) and extracellular matrix proteins. Alternatively, RS1 may influence fluid regulation
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via interaction with membrane proteins such as the NaK-ATPase, largely inferred from the use of
carbonic anhydrase inhibitors to shrink the typical intra-retinal cysts in XLRS. We discuss these
models in light of RS1 structure and address the difficulty in understanding the function of RS1.

Keywords

cryo-electron microscopy; protein structure; retina; vision; fluorescence; microscopic imaging;
X-linked retinoschisis; cellular adhesion; discoidin domain

1 Introduction

X-linked retinoschisis (XLRS) is characterized by the separation of retinal layers (schisis)
and the formation of fluid-filled, cyst-like cavities that contribute to a gradual loss of vision
(George et al., 1996; Roesch et al., 1998). XLRS is a prevalent form of inherited macular
degeneration (1/25000-1/5000 (Consortium, 1998)), occurring in males beginning in young
age (Sorshy et al., 1951). The cause of the disease is loss-of-function mutations in the
protein retinoschisin (RS1) (Weber et al., 2002). Despite the identification of the RSZ gene
more than 20 years ago (Sauer et al., 1997) and recent studies revealing its molecular
structure (Ramsay et al., 2016; Tolun et al., 2016), how RS1 maintains the integrity of the
retina is still obscure. A better insight into the molecular function of RS1 will facilitate
efforts to design more effective treatments for the disease.

In this review we provide some historical perspective on the clinical manifestations of
XLRS and its progression in patients. Identification and cloning of the 251 gene, followed
by sequence analysis and modeling, provided opportunities for identifying the diversity

of mutations in the /#SZ gene and informing our understanding of how these mutations
guide the progression of the disease. Numerous disease-causing mutations have been found
throughout the sequence in XLRS patients, disrupting expression, assembly and secretion.
The indication that the disease is caused by a lack of a functional RS1 protein presents an
opportunity to consider gene replacement therapy. The recent determination of the molecular
structure of RS1 using cryo-electron microscopy (cryoEM) clarified the consequences of
many disease-causing mutations. However, most of these mutations lead to production and
secretion deficiencies, leaving questions about how functional RS1 maintains the laminar
structure of the retina. Improving the subcellular visualization of RS1 distribution in retina
tissue by methods such as super-resolution and electron microscopy is critical to the goal
of revealing its molecular function. We close on continued thoughts as to the role of

RS1 in maintaining the integrity of the retina, as an adhesion molecule, or a regulator of
extracellular fluid dynamics.

2 History

2.1 The disease and its diaghosis

The first description of XLRS is ascribed to Josef Haas in 1898 (Haas, 1898). It was
eventually recognized as being a trait of young males with very few occurrences in females
(Sorshy et al., 1951). Different terms were used to characterize the disease (George et al.,
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1995) until Jager coined the term “X-linked retinoschisis” to indicate its recessive nature
(Jager, 1953).

The original observations of XLRS described the presence of retinal cysts or cavities
(Figure 1A) (Kleinert, 1953) that can eventually lead to retinal detachment (Mann and
Macrae, 1938; Weve, 1938). While the electrical response of the retina was first reported

in the nineteenth century (Holmgren, 1865), the use of the electroretinogram (ERG) in the
twentieth century (Brown, 1968; Einthoven and Jolly, 1908; Riggs, 1941) presented a tool
to diagnose XLRS and assess retinal function (Figure 1B). Diagnosis of XLRS during the
1950s and 1960s relied on fundoscopy (fundus examination) and ERG recording from the
entire eye which reflects the total electrical activity arising from the retina in response to
light stimulation. The major components of the ERG response are the a-wave ascribed to the
photoreceptor depolarization, and the b-wave ascribed to the bipolar cell hyperpolarization
(Brown, 1968). Optical coherence tomography (OCT) developed in the early 1990’s (Figure
1C) (Huang et al., 1991) provided a non-invasive method to reveal the cellular layers in the
retina and any deviation in their structural organization.

The typical feature of the disease, present in nearly all cases, is bilateral foveal schisis
(splitting), often seen as a spokewheel pattern of folds radiating out from the fovea and
separation of the inner retinal layers with formation of cystic spaces in between the layers
that may eventually lead to retinal detachment (Mann and Macrae, 1938; Weve, 1938). The
separation of retinal layers disrupts the synaptic signal transmission from photoreceptors to
bipolar cells and leads to slow, progressive loss in vision. When retinal function is assessed
by ERG, many XLRS patients display a markedly reduced b-wave amplitudes compared to
the a-wave, which implicates abnormal synaptic signaling or neuronal processing (Sikkink et
al., 2007; Tantri et al., 2004). While the clinical aspects of XLRS vary considerably between
cases, a common symptom is the reduction of the ERG b-wave (Bowles et al., 2011; Kellner
et al., 1990; Tanino et al., 1985) ascribed to the response of the bipolar cells in the inner
nuclear layer (INL) (Karwoski and Xu, 1999). The a-wave is variably decreased with about a
third of XLRS patients falling below two standard deviations from the normal (Bowles et al.,
2011).

2.2 The molecular basis of XLRS

After several studies closed in on the genetic position of XLRS (Huopaniemi et al., 1997;
Weber et al., 1995), the RS gene was identified on the X chromosome at p22.1 and

cloned (Sauer et al., 1997). The gene consists of 6 exons and 5 introns translated into a
single 224 residue protein named “retinoschisin” for the observation that many mutations

in it cause the splitting of the layers in the retina. The RS1 protein features an N-terminal
signal sequence required for secretion, a small unique part termed the RS1 domain, and

a C-terminal conserved domain with homology to the discoidin fold. XLRS patients are
typically diagnosed based on an examination of the retina and with reference to an X-linked
pedigree. Genetic analysis in such patients nearly always reveals a mutation in the R57
gene, such as substitution, deletion, insertion, or splicing variant. Exceptions may possibly
indicate regulatory elements affecting RS1 expression (Kjellstrom et al., 2010) or an intronic
variation. While RS1 is mostly expressed in the retina, it is also expressed in the pineal
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gland (Takada et al., 2006) and in the lung at low levels (Zhang et al., 2022), but its role in
these tissues is obscure.

2.3 Mouse models and expression of retinoschisin in the retina

The monogenic nature of XLRS means that studies could focus on one protein. As with
other proteins, a mouse model is useful because the murine RSZ gene shares the same
exon-intron organization and the RS1 protein has 96 % identity with the human version.
Various knock-out (Liu et al., 2019; Weber et al., 2002; Zeng et al., 2004), knock-in (Chen et
al., 2017) and missense mutations (Liu et al., 2019) have been introduced in mouse models.
All these mouse models presented intra-retinal schisis cavities, reactive gliosis, disruption of
outer plexiform (synaptic) layer, and a synaptic transmission defect seen in the ERG, all as
found in the human XLRS.

Tracking £SZ mRNA and immunohistochemistry of the developing mouse retina indicated
that the production of RS1 tracks differentiation of the specialized layers (Takada et

al., 2004). The different cell layers of the vertebrate retina form successively during
development, starting with the innermost layer, the ganglion cell layer (GCL), followed

by inner nuclear layer (INL) comprised of the bipolar, horizontal and amacrine cells, and
finishing with the photoreceptors with their cell bodies in the outer nuclear layer (ONL)
(Hoon et al., 2014; Reese, 2011; Stenkamp, 2015). The main glial cells of the retina, the
Muiller cells, differentiate last with their cell bodies located in the INL and with projections
spanning the entire retina (Mecino et al., 2016). The first expression RS1, at postnatal day

1 (P1), is in the ganglion cells, with expression in other cells as they differentiate (Takada

et al., 2004). Bipolar cells in the INL first label with RS1 by P7, while the ERG b-wave
appears between P12 and P14 (Takada et al., 2004). At this time the photoreceptors have
already established their inner and outer segments and fully expressed rhodopsin (Morrow et
al., 1998). In adults, all neuronal cells express RS1, but the secreted protein is most abundant
on the plasma membranes of photoreceptor inner segments and bipolar cells (Liu et al.,
2019; Takada et al., 2004), with somewhat lower occurrence in the outer plexiform layer
(OPL), a layer where photoreceptors form synapses with bipolar cells.

In the RS1 knockout mouse, the main structural disruption (schisis) of the retina is in or
around the INL and a loss of distinction between the photoreceptor inner segment (1S)

and outer segment (OS) layers (Zeng et al., 2016). Cavities form in the retina, reflecting
an impairment of cell-cell adhesion (Vijayasarathy et al., 2007). Immunohistochemistry
indicated the presence of RS1 in the outer plexiform layer (OPL), consistent with a role in
supporting synaptic integrity (Takada et al., 2008). As in human XLRS, the knockout mice
exhibit a decreased ERG b-wave (Weber et al., 2002; Zeng et al., 2004). The complexity
of cyst formation is underscored by the observation that a mutation in a tyrosinase reduces
schisis (Johnson et al., 2010), although a direct link to the adhesive function of RS1 is
unclear.

In one RSI™"Y model, the largest cavities occur at 4 months, decreasing in size by 16
months (Kjellstrom et al., 2007; Zeng et al., 2016), although the rate of regression varies
with the specific murine RsZ¥ model (Vijayasarathy et al., 2021). There is a gradual loss
of ERG amplitudes in knockout mice between 1 and 12 months, as well as a decrease in
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photoreceptor numbers (Kjellstrom et al., 2007). Both mouse RsZ~Y models (Liu et al.,
2019; Luna et al., 2009; Weber et al., 2002) and a rat £sZ1~Y model (Zeng et al., 2022) show
photoreceptor nuclei beyond the outer limiting membrane. In the latter case, the cysts are

at maximal size at P15, but eventually collapse as the outer layers of the retina degenerate.
The conclusion is that the disruption of the OPL and displacement of synaptic structures
contributes considerably to the ERG changes and vision loss, becoming irreversible due to
photoreceptor loss.

While rodent models are very valuable and show remarkable fidelity in mimicking human
XLRS, it should be cautioned that they are significantly different from humans (Sikkink et
al., 2007; Vijayasarathy et al., 2021). All the mouse models and one rat model deficient

in RS1 show a similar phenotype, with both suppressed ERG a- and b- waves (Liu et al.,
2019; Vijayasarathy et al., 2021; Weber et al., 2002; Zeng et al., 2004). In human XLRS
patients, the responses to deficiencies in RS1 are highly variable, with two-thirds retaining
a-wave amplitudes above the two-standard deviation threshold (Bowles et al., 2011). This
indicates normal photoreceptor function while the main disruption is in the INL indicated by
a severely depressed b-wave and cyst formation. In most of the rodent models there is no
RS1 expression at all, representing a simplified experimental situation. Many of the human
XLRS patients have RS1 with missense mutations that still express some of the protein, and
this may account for the variability in the severity of the diseases. Although little has been
inferred from the relationship between disease severity and specific mutations (Bowles et
al., 2011; Sergeev et al., 2010; Sergeev et al., 2013), this may still be a factor to consider.
Missense mutations have been introduced in only two mouse models, where response to

the C59S mutation was milder than the R141C mutation (Liu et al., 2019). The structural
consequences of the mutations are described further on.

2.4 Gene therapy

XLRS is an attractive candidate for gene augmentation therapy for several reasons: 1) loss of
function is associated with one protein that can be replaced; 2) RS1 is a secreted protein that
exerts its effect in the extracellular space; 3) mutations don’t cause congenital blindness and
the progression is gradual so there is a window of opportunity for therapeutic intervention
before neuronal death and irreversible vision loss have occurred.

Gene therapy relies on a delivery mechanism for a particular gene and an expression system
to be able to produce the protein. In the case of RS1, an adeno-associated virus serotype 8
(AAV8) was chosen as a suitable delivery vector that could be packaged with the RS gene
and an expression promotor (for more detail, see (Vijayasarathy et al., 2021)). The ERG b-
wave and retinal layering were improved in a knockout mouse treated with an AAV8 vector
carrying the normal /51 gene (Kjellstrom et al., 2007; Ou et al., 2015; Park et al., 2009;
Zeng et al., 2004). Deficiency in RS1 affected the cellular organization of synaptic proteins
in the OPL such as TRPM1 and VGIuT1, and these are reorganized to their proper locations
with gene therapy (Ou et al., 2015). To improve specificity, an 251 gene-specific promotor
region was engineered instead of using a non-specific promoter (Ou et al., 2015; Park et al.,
2009). Because Muller cells span the retina, it was thought that they could aid in distributing
RS1. However, targeting RS1 expression to the photoreceptors has a better outcome as
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compared to targeting Mdller cells or with a general promotor (Byrne et al., 2014). Using a
bipolar specific promotor also improved retinal structure and showed distribution of RS1 to
the inner segments (Vijayasarathy et al., 2022). It thus appears that secreted RS1 is properly
distributed to the correct locations in the tissue for its function. Further studies in mice
indicated the proper restoration of much of the synaptic machinery (Ou et al., 2015) and
morphology upon AAV8-RS1 delivery (Zeng et al., 2016). Interestingly, the AAV vector size
is too large to effectively penetrate the wild type retina when delivered into the vitreous
cavity, while in the KO mouse the intra-retinal cavities allow entry of the viral particles
(Park et al., 2009).

Gene therapy is complicated by the presence of pre-existing neutralizing antibodies against
the virus vector as well as ocular inflammation as a response to an invasive procedure.
Two clinical trials in XLRS patients reported a suitable safety and tolerability profile

of intravitreally administered RS1 AAV vectors (Cukras et al., 2018; Pennesi et al.,

2022). Dose-related ocular inflammation occurred, but this resolved with topical and oral
corticosteroids. Systemic antibodies against AAV8 increased in dose-dependent fashion,
but no antibodies were observed against the RS1 protein. However, neither clinical trials
demonstrated a substantial treatment effect. It is thought that failure to achieve therapeutic
benefit in XLRS patients is mostly related to the delivery approach, the ILM barrier to
vector penetration, and the diffusion distance through the dense extracellular matrix to
target photoreceptor/bipolar cells in the outer retina. The challenge is to find the correct
vector-expression system combination with minimal side effects for effective therapy and
effective gene delivery to the central retina (Vijayasarathy et al., 2021).

Alternative strategies have been devised that rely on delivering an expression system using
nanoparticles or cells. A suitable plasmid encased in lipid nanoparticles was shown to
effectively increase RS1 production in a RS1-deficient mouse model (Apaolaza et al., 2016;
Apaolaza et al., 2015). A different approach is the CRISPR/Cas9-mediated knock-in of RS1
with nanoparticle vectors (Chou et al., 2020; Yang et al., 2020). Yet another method is to
infiltrate the retina with mesenchymal stem cells transfected with an RS1 expression system
(Bashar et al., 2016). All of these studies show some recovery of the retinal structure in
mouse models, with possible translation to human therapy still in the future.

3 Structural studies

3.1 Sequence analysis, mutations and homology modeling

The 224-residue predicted sequence of RS1 has a leader peptide (signal sequence), a

small unique domain (the RS1 domain), and a large C-terminal domain homologous to

the discoidin domain fold (Sauer et al., 1997). This homology is seen in many other proteins
(Kiedzierska et al., 2007), fostering the hope that the role of RS1 could be inferred from

the common discoidin fold. However, this family of proteins have diverse functions and
quaternary structures, and the relevant regions are often in the peripheral loops and surfaces.
The discoidin fold therefore provides a scaffold to which the functionality is added. That
means that the adhesive functions of other discoidin proteins and types of ligands binding to
them are not necessarily relevant to the role of RS1.
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RS1 is a highly conserved protein in eukaryotes, suggesting that it is particularly sensitive to
mutation. Numerous mutations leading to XLRS are scattered throughout the RS1 sequence,
with the exception of the RS1 domain. This domain is the unique part of RS1 and could be
involved in a specific function. However, the lack of disease-causing mutations indicates that
is likely just a vestige of evolution and has no significance in RS1.

The 23-residue leader sequence is cleaved off in the mature protein (Wu and Molday,

2003). Vijayasarathy et al. reported that, in addition, an alternative cleavage can occur after
residue 21, apparently without influencing the rest of the structure (Vijayasarathy et al.,
2006). Mutations in the hydrophobic core of the leader peptide (L12H and L13P) block
import into the ER and lead to proteolytic degradation of synthesized RS1 in the cytoplasm
(Vijayasarathy et al., 2010; Wang et al., 2002). It is therefore clear that these mutations
prevent the production of a functional RS1 even before it embarks on the secretory pathway.

Disease-causing mutations are spread throughout the discoidin domain, and there is no
focus on a specific sub-structure (see e.g., (Chen et al., 2020)), indicating that the structural
integrity of the molecule can be compromised in many ways. The majority of mutations in
the discoidin domain are retained in the ER and never exported (Gleghorn et al., 2010; Wang
et al., 2002). This is likely a consequence of improper folding or assembly, which may be a
requirement for secretion.

Before the structure of RS1 was determined, insight into structure-function relationships was
derived from homology modeling and the numerous missense mutations. Fraternali et al.
(Fraternali et al., 2003) constructed the first homology models of the monomer, followed

by others (Sergeev et al., 2010; Sergeev et al., 2013; Wu and Liu, 2012). From these it was
inferred that mutations in the core would prevent proper folding. However, the monomeric
homology models could not address any possibility of oligomerization, leaving many of the
disease-related mutations on the surface of the monomer without an explanation.

3.2 Targeted mutational studies show a disulfide linked octamer

Analysis of expression by reducing and non-reducing gel electrophoresis with Western blot
detection indicated that RS1 is a disulfide-linked homo-oligomer (Grayson et al., 2000;
Molday et al., 2001), subsequently shown to be an octamer of ~180 kDa (Wu and Molday,
2003; Wu et al., 2005). In a set of experiments, Wu et al. (Wu and Molday, 2003; Wu et al.,
2005) mutated the 10 cysteines in RS1 to assess their requirement for the proper production
of RS1. From these studies and using homology modeling of the discoidin domain, they
concluded that C59 and C223 form inter-molecular cross-links of an octameric structure,
while intra-molecular bonds are formed by C63-C219 and C110-C142 pairs. The three
cysteines in the RS1 domain and the remaining C83 in the discoidin domain are not required
for proper constitution of the octamer. The internal cysteine mutants (C63-C219 and C110-
C142) are poorly secreted, while the C59 and C223 mutants are secreted as monomers. This
indicates that at least the stabilization of the subunit by the internal disulfides is required for
secretion. It is possible that the properly folded monomers assemble into octamers and are
secreted, but that it dissociates easily so that we only detect monomers and perhaps dimers.
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3.3 The molecular structure of retinoschisin

Three concurrent studies reported the structure of RS1: two by cryo-electron microscopy
(cryoEM) at high enough resolution to allow modeling (Ramsay et al., 2016; Tolun et al.,
2016), and a low-resolution structure by negative stain electron microscopy (Bush et al.,
2016a). All three revealed a double-ring structure composed of two octameric rings (Figure
2A,B). Native electrophoresis confirmed the 16-mer state of the intact protein (Tolun et

al., 2016). Eliminating the RS1 domain did not affect the formation of the double ring
structure, indicating that it is not required for assembly (Tolun et al., 2016). The availability
of the full double octamer assembly of the discoidin domain RS1 now provides a basis for
understanding the effect of mutations.

The two structures of RS1 solved by cryoEM are available in the EMDB/PDB (Electron
Microscopy Databank and Protein Data Bank). The first is of the wild type RS1 expressed in
a baculovirus system (Tolun et al., 2016) (EMDB: 6425; PDB: 3JD6), while the second is a
R141H mutant expressed in HEK cells (Ramsay et al., 2016) (EMDB: 3595; PDB: 5N6W).
Because the R141H mutation is in a peripheral loop, the overall structure is very similar to
the wild type (Ramsay et al., 2016). R141H is one of the rare disease-causing mutants that is
fully assembled and secreted (Wang et al., 2006) but still causes XLRS (Park et al., 2000).

The resolution of these cryoEM at ~4 A maps are relatively low, indicating a level of
uncertainty in the atomic models of the RS1 discoidin domain. This is confirmed by a
comparison of the two cryoEM maps by local resolution analysis that show the maps are
highly similar to the limit at 4 A (Figure 3). The discoidin fold core in each subunit is

very stable as manifested by the many discoidin domain structures solved to high resolution.
This means that the limitation of the resolution to 4 A is likely due to flexibility in the
octameric rings. Some of this deviation from strict symmetry was observed in higher-order
assemblies (Heymann et al., 2019b). The implication is that to solve the structure to a higher
resolution for better definition of the molecular details, the conformational flexibility must
be addressed.

3.4 Missense mutations in the core and between subunits

The molecular structure of RS1 clarified the influence of many missense mutations that
cause XLRS. In particular the roles of the disulfide cross-links are crucially important to
ensure proper folding and to lock each octamer into a stable ring (Figure 2). The C59S
mutant is unable to form octamers, although it is secreted as a monomer or dimer (Gleghorn
et al., 2010; Wu and Molday, 2003). In contrast, the C110Y mutant forms octamers, but they
are not secreted, indicating a likely folding problem leading to retention in the ER (Gleghorn
et al., 2010; Wang et al., 2006).

The interactions between the octameric rings are weaker, but sufficient to preserve the
double-ring structure during purification. The most prominent residues in the interface
between the rings are W147 and H207 that suggests a hydrophibic interaction. A H207Q
mutation that changes the polarity of the residue shows lower stability and more readily
dissociates into single-ring octamers (Ramsay et al., 2016). In an organoid model of
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the retina, an R209C mutant fails to produce a secreted protein while exhibiting typical
retinoschisis features (Huang et al., 2019).

Many missense mutations within the core of the RS1 subunit prevent proper folding, which
was originally inferred from homology modeling of the monomer (Sergeev et al., 2010;
Sergeev et al., 2013; Wu and Liu, 2012). With the double-ring structure of RS1 resolved
(Tolun et al., 2016), it became clear how mutations affect the interacting surfaces between
subunits (Figure 2C). A prominent feature is the salt bridge between K167 on the one side,
and E72 or E215 on the other side that contributes to the binding energy between subunits.
Compromising any of these residues destabilizes the octamer and lead to XLRS (Chen et al.,
2014; Gehrig et al., 1999; Vijayasarathy et al., 2010; Wu and Molday, 2003).

3.5 Higher order structures of RS1

Some missense mutations causing XLRS occur in the peripheral parts of the RS1 structure,
indicating important interactions with other proteins. Further studies on purified RS1
showed that it can assemble into a network of filaments (Figure 4A) (Heymann et al.,
2019b). Reconstruction of the main dimeric interaction in the filaments (Figure 4B) revealed
the importance of the peripheral loops. One of these loops is prominent in both sides of

the interface between RS1 molecules, including the aromatic residues Y89, W92, and Y93
(Figures 2C and 4C). Mutations in these residues cause disease, suggesting that higher order
assembly may have a role in RS1 function. Such a network may provide an important
scaffold for other proteins in the intercellular matrix. This is supported by the implication

of some peripheral mutations in interactions with other proteins, such as the abundant
NaK-ATPase (Plossl et al., 2018).

3.6 Assembly and secretion

With 3D structures of RS1 and a long list of influential mutations, we can now formulate

a better picture of RS1 production. It was recognized early on that many of the mutants

are retained in the ER (Wang et al., 2002; Wu and Molday, 2003);Gleghorn, 2010 #4672;
(Sudha et al., 2018). A pulse-chase study indicated that the wild-type RS1 octamer is
already formed in the ER (Gleghorn et al., 2010). Most of the mutants therefore result in a
null-phenotype, with no secretion of even a partially functional protein. Even in the cases
where an RS1 mutant is secreted, it does not appear to affect the severity of the disease
(Sudha et al., 2018). This means that RS1 must be produced and secreted as the double ring
16-mer as a minimum requirement.

Nevertheless, there are some studies reporting the secretion of monomers or dimers, such
as the E72K mutant (Vijayasarathy et al., 2010) and the C59S mutant (Dyka and Molday,
2007; Gleghorn et al., 2010; Liu et al., 2019; Skorczyk and Krawczynski, 2012; Wang et
al., 2006; Wu and Molday, 2003). The dimer in the C59S-C223S double mutant is ascribed
to cross-linking the C40 of the RS1 domain (Wu et al., 2005). This may be related to the
diffuse appearance of the RS1 domain in the cryoEM maps (Figure 2A). The occurrence of
three cysteines in the RS1 domain provides an opportunity for variation in the cross-linking
between subunits and a somewhat disorganized structure. A mouse with the C59S mutation
exhibited a less severe phenotype, suggesting that the mutation is not as disruptive as for
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typical XLRS. (Liu et al., 2019). While this may indicate the dimer can provide some
functionality, it is more likely that the mutant RS1 still assembles to some extent as the full
16-mer.

Some missense mutants are fully assembled and secreted. These include two mutants
associated with the connections between the rings, H207Q and R209H (Plossl et al., 2018).
Mutations at R141 have various consequences, with conversion to A/G/H/S fully assembled
and secreted, and others not secreted at all (C/E/K/Q/V) (Dyka and Molday, 2007; Heymann
et al., 2019b; Plossl et al., 2018; Sudha et al., 2018; Wang et al., 2002; Wang et al.,

2006; Wu and Molday, 2003). Presumably some conformational changes preclude the fully
assembled and secreted RS1 from interacting with partners necessary to avoid causing the
disease.

Once secreted, RS1 appears to remain bound to the cell membrane (Vijayasarathy et al.,
2007; Wang et al., 2006). It is strongly localized on the photoreceptor inner segment and
bipolar cells (Figures 5,6), while completely absent from the outer segment (Vijayasarathy
et al., 2007). The simplest explanation is that it retains its interaction with the membrane
and/or proteins while being secreted. However, in gene therapy experiments where the
expression may not be confined to the photoreceptors and bipolar cells, RS1 still localized to
the photoreceptors (Zeng et al., 2016).

4 RS1 location within the retinal morphology

RS1 is mainly expressed in photoreceptor and bipolar cells (Molday et al., 2001). Along
with other photoreceptor proteins, RS1 is also expressed in the pineal gland (Takada et

al., 2006), although this may reflect a pattern of expression by a population of vestigial
neurons with photoreceptor-like qualities. Labeling RS1 in the mouse retina with fluorescent
antibodies shows expression on the outer surface of the membranes of the photoreceptor
inner segments (Figure 5 & Figure 6A) and the bipolar cells (Figure 5 & Figure 6B). The
main rupture of the retina to produce the characteristic cysts occurs in the INL, but the
photoreceptors can also separate in the mouse model (Vijayasarathy et al., 2007). In children
with an early onset of the diseases, the largest cysts occur in the INL of most eyes, with
smaller cysts in the ONL and OPL (the nuclear and synaptic parts of the photoreceptors)
(Ling et al., 2020).

XLRS was originally theorized as a defect of Miller cells (Kirsch et al., 1996; Sauer et al.,
1997). Mller cells are the principal glial cells that span the retina and are important in fluid
homeostasis and for structural support (Bringmann and Wiedemann, 2012). When retinal
integrity is compromised, Muller cells demonstrate a profound capacity for hypertrophy. A
RSI7'Y knockout mouse exhibits severe retinal trauma associated with upregulation of the
glial fibrillary acidic protein (GFAP) in the Miiller cells and extrusion of photoreceptors
into the subretinal space (Luna et al., 2009). Gene therapy experiments in a knockout
mouse showed that expression from Midiller cells can be engineered, but that it is not as
restorative as expression from photoreceptors (Byrne et al., 2014). These findings suggest
that the Mdller cells are not primarily involved in the function of RS1 but contribute to the
degeneration of retinal integrity.
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A likely role for Muller cells is in regulating fluid movement and intraretinal pressure, in
particular the highly expressed water channel, AQP4, potassium channel, Kir4.1 (Nagelhus
et al., 2004) and carbonic anhydrase X1V (Nagelhus et al., 2005; Ochrietor et al., 2005).
The latter is coupled to XLRS by the observation that carbonic anhydrase inhibitors such as
dorzolamide (Khandhadia et al., 2011; Walia et al., 2009) and acetazolamide (Collison and
Fishman, 2016; Verbakel et al., 2016) are able to reduce the volume of the cysts and relieve
some of the symptoms of the disease. The response to these inhibitors is highly variable,
with some patients experiencing a recurrence of cysts (Ambrosio et al., 2021; Andreuzzi et
al., 2017). When the normal adhesion mechanisms are absent, as in XLRS, the hypertrophy
of Muiller cells may contribute to a positive feedback scenario driven by their disfunction
and gliosis.

5 What is the molecular function of RS1?

Studying the function of RS1 is problematic because its effect is binary: it is either properly
produced and secreted in a functional form or not. Thus, the numerous mutations causing
XLRS make it difficult to target specific parts of the structure. The mouse gene therapy
worked whether the RS1 was expressed widely or with a specific promotor limiting it to the
photoreceptors (Bush et al., 2016b; Ou et al., 2015; Park et al., 2009) or the bipolar cells
(Vijayasarathy et al., 2022). In all these cases the ERG b-wave amplitude recovered, and
cavity size decreased, whereas the inner segments and bipolar cells were extensively coated
with RS1. Therefore, the conclusion is that the secreted RS1 is somehow targeted to the
correct locations in the retina. This may be attributed to a binding partner, either already on
the cell surface, or co-expressed and co-secreted with RS1.

The consequence of the inability to produce and secrete a functional RS1 leads to the
defining structural character of XLRS, separation of the retinal layers and the formation of
cysts. Possible mechanisms by which this can occur are inadequate adhesion or excessive
intercellular pressure, or both. XLRS usually develops gradually in young males in most
cases, suggesting that RS1 is not critically involved in the formation of the retina but

rather supports its integrity throughout life. However, in retinal organoids, Huang et al.
(Huang et al., 2019) provides evidence that the formation of the retina depends on proper
RS1 expression. Perhaps both mechanisms contribute to XLRS, with the lack of adhesion
manifesting when the extracellular pressure increases. This would explain relief of structural
pathology reported with the use of carbonic anhydrase inhibitors.

The hope was that with resolving the structure of RS1, we would understand how it
functions as an adhesive molecule. However, most recognized cell-cell adhesion molecules
have a transmembrane domain (Chothia and Jones, 1997; Honig and Shapiro, 2020), but
RS1 does not have an obvious membrane insertion domain such as a hydrophobic or
amphipathic helix. However, RS1 has very hydrophic residues in the protruding loops on
the periphery of the double ring structure, proposed to interact with membranes (Fraternali
et al., 2003). It also copurifies with membrane fractions (Vijayasarathy et al., 2007). The
adherence of purified RS1 filaments to the hydrophobic air-water interface as observed by
cryoEM (Heymann et al., 2019b) further supports the peripheral loops as the interacting
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surfaces. Visualizing RS1 in the retina may resolve this issue, although with daunting
challenges.

The interaction of RS1 with other proteins may have both structural and functional
attributes. One potential partner for RS1 interaction that has been suggested is the NaK-
ATPase, which is abundant on plasma membranes in several classes of retinal neurons. It
was reported to bind to RS1, an interaction that may indicate a regulatory function (Plossl
et al., 2017a; Plossl et al., 2017b). The most abundant retinal NaK-ATPase consists of
ATP1-A3 and ATP1-B2. RS1 was shown to bind to residue T240 in ATP1-B2 (Plossl et al.,
2019). A recent study found that cardiac glycosides, potent inhibitors of the pump function
of NaK-ATPase, can displace RS1 (Schmid et al., 2020). However, the cardiac glycosides
do not compete for the same binding site, suggesting an allosteric mechanism. This further
complicates the function of RS1, as it is likely an integral part of the intercellular matrix of
the retina, potentially interacting with numerous other proteins.

Over the course of XLRS in the mouse knockout model, the early retina appears intact

as assessed by OCT, with the cyst sizes increasing up to the third or fourth month, but
then decreasing to the point where the retina resembles its wild type counterpart (Zeng

et al., 2016; Zhour et al., 2012). This indicates that the factors that underly fluid buildup
dissipates, although the decrease in the schisis does not correlate with restoration of
electrophysiological function. Perhaps the strongest evidence for pressure control comes
from the use of carbonic anhydrase inhibitors (Collison and Fishman, 2016; Khandhadia et
al., 2011; Verbakel et al., 2016; Walia et al., 2009) to shrink the cysts and possibly recover
some function. However, the disruption of the retinal organization is extensive (Luna et
al., 2009) and the recoveries are rather moderate. Therefore, the use of carbonic anhydrase
inhibitors is a treatment for the symptoms of XLRS but it does not resolve any underlying
pathology. A normal-looking retina may still have deficiencies that are only evident at a
molecular level.

The unique structural features of RS1 may mean that it functions as an adhesion protein

to maintain the integrity of the retinal layers, but it allows the retina to be flexible enough
to tolerate fluid fluctuations without disintegrating. OCT shows that the subretinal space
expands and contracts several microns due to fluid flux driven by light conditions (Li et al.,
2016). Similarly, two-photon imaging revealed that light stimulation rapidly decreases the
extracellular space in the mouse IPL (Kuo et al., 2020). Such dynamism requires an elastic
adhesion between cells and not the rigid structure of other junctions.

6 Conclusion

While we hoped that the structure of RS1 would shed light on its function, it has settled
some questions about mutants but left us with much more to ponder. Part of the frustration
is that it is a very unique protein mainly of the retina with little to no expression in other
tissues. What would it take to clarify its function? The first task is to examine its locations
on and interactions with the cellular surface within the context of retinal tissue at a sufficient
resolution to see individual molecules (Heymann et al., 2019a). Another task is to better
define its interaction partners through mutational analysis coupled with co-localization and
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visualization. Furthermore, the point at which the molecule is properly folded and assembled
should be established, potentially also identifying early interactions with other proteins.

Abbreviations:

XLRS X-linked retinoschisis

RS1 retinoschisin

CryoEM Cryo-electron microscopy

OCT optical coherence tomography

ERG electroretinogram

GCL Ganglion cell layer

INL Inner nuclear layer

ONL Outer nuclear layer

IPL Inner plexiform layer

OPL Outer plexiform layer

IS Inner segment of the photoreceptor

oS Outer segment of the photoreceptor
NaK-ATPase Sodium potassium adenosine triphosphatase
AAV Adeno-associated virus

RS17Y Referring to a mouse model with a deficient RS1 gene on

the X-chromosome
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Highlights

. X-linked retinoschisis (XLRS) is characterized by separation of retinal layers
(schisis)

. Many mutations in retinoschisin (RS1) cause XLRS and vision loss

. The mutations prevent folding, assembly or secretion, and loss of adhesion
between retinal layers

. The cryoEM structures of RS1 provide reasons for deficiencies in mutant
expression and function

. How RS1 maintains the integrity of the retina through adhesion remains an

open question
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Figure 1:
Diagnostic features of XLRS. (A) Fundus photographs of a normal retina left and the two

eyes of a 13 year old patient with XLRS with classical foveal schisis or cysts (arrows).

The corresponding spectral domain optical coherence tomograms (SD-OCTSs) at the bottom
indicate the layered structure of the retinas that is disrupted in XLRS, resulting in separation
and the formation of cysts (Vijayasarathy et al., 2010). (B) Electroretinogram (ERG) of a
control eye showing the characteristic a- and b-waves. (C) ERG of a diseased eye with a
reduced a-wave and suppressed b-wave potential (Bowles et al., 2011).
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Figure 2:
(A,B) Top and side views of the 16-mer structure of RS1 (Tolun et al., 2016) with disulfide

bonds (yellow spheres) crosslinking the subunits internally and between each other in each
octameric ring. The RS1 domains occupy the center of each ring but have no ordered
structure. (C) Two subunits of RS1 showing important residues where disease-causing
mutations occur. Some mutations disrupt proper folding and oligomerization, including
disulfide bonds (C59-C223, C63-C219 and C110-C142) and ionic interactions in the subunit
interfaces (E72, K167 and E215). Also shown are peripheral residues in the spikes involved
in higher order assemblies (Y89, W92 and Y93) and the buried R141, where mutations do
not prevent the formation and secretion of the double octamer, but they still cause XLRS.
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Figure 3:
Comparison of the two cryoEM maps of RS1 using local resolution analysis. (A) The

discoidin domain core shows the highest resolution just above 4 A (blue) while the periphery
and the RS1 domain shows the lowest resolution. (B) Cut through the map showing a
consistent resolution of 4 A for the discoidin domain, indicating little difference between the
core structures of the two maps.
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Figure 4:
Higher order assembly of RS1. (A) Under appropriate conditions, RS1 forms filamentous

networks. Scale bar: 500 A. (B) A reconstruction of the major dimer in the filament,
indicating that the major interaction is a lateral association of the protruding loops. (C) One
loop is particularly prominent in these interactions, containing residues Y89, W92, and Y93
(arrow).
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Figure 5:
Confocal immunolocalization of retinoschisin in normal mouse retina. Retinoschisin (green),

a secreted protein, localizes most abundantly to the plasma membrane of photoreceptor inner
segments (IS) and bipolar cells in the inner nuclear layer (INL). There is some staining in
the plexiform layers (OPL and IPL) where most of the synapses are located. Nuclei are
labeled with DAPI (blue). The vibratome sections and Airyscan images of aldehyde-fixed
mouse retina were prepared as described in Veleri et al. (Veleri et al., 2017). The retina was
immunolabeled with an antibody to RS1 + goat anti-rabbit Alexa 488 (green).
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RS1 (rabbit)

Figure 6:
Airyscan images of RS1 localization (green). (A) Three orthogonal views through the

photoreceptors showing RS1 labeling (top panel: end-on view; bottom panels: side views).
The membranes of the inner segments (IS) label brightly, while the outer segments (OS)
have no discernible label. (B) Longitudinal section of the retina with the photoreceptor
nuclei (blue) in the ONL, synapses in the OPL and mostly bipolar cells in the INL. The
RS1 labeling is visible on the surfaces of bipolar cell bodies as well as on dendrites
projecting into the OPL. The vibratome sections and Airyscan images of aldehyde-fixed
mouse retina were prepared as described in Veleri et al. (Veleri et al., 2017). The retina was
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immunolabeled with an antibody to RS1 + goat anti-rabbit Alexa 488 (green). Other labeling
in (B) included DAPI staining of the cell nuclei (blue) and an antibody to the NaK-ATPase
(red) (Vijayasarathy et al., 2022). Scale bars: 2 pm.
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