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Retinal degeneration protein 3
controls membrane guanylate
cyclase activities in brain tissue
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Germany, ?Division of Anatomy, Department of Human Medicine, Carl von Ossietzky University,
Oldenburg, Germany, Research Center Neurosensory Science, Carl von Ossietzky University,
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The retinal degeneration protein RD3 is involved in regulatory processes
of photoreceptor cells. Among its main functions is the inhibition of
photoreceptor specific membrane guanylate cyclases during trafficking
from the inner segment to their final destination in the outer segment.
However, any physiological role of RD3 in non-retinal tissue is unsolved at
present and specific protein targets outside of retinal tissue have not been
identified so far. The family of membrane bound guanylate cyclases share a
high homology of their amino acid sequences in their cytoplasmic domains.
Therefore, we reasoned that membrane guanylate cyclases that are activated
by natriuretic peptides are also regulated by RD3. We analyzed transcript levels
of the rd3 gene and natriuretic peptide receptor genes Nprl and Npr2 in the
mouse retina, cerebellum, hippocampus, neocortex, and the olfactory bulb
during development from the embryonic to the postnatal stage at P60. The
rd3 gene showed a lower expression level than Nprl and Npr2 (encoding for
GC-A and GC-B, respectively) in all tested brain tissues, but was at least one
order of magnitude higher in the retina. RD3 and natriuretic peptide receptor
GCs co-express in the retina and brain tissue leading to functional tests.
We expressed GC-A and GC-B in HEK293T cells and measured the inhibition
of GCs by RD3 after activation by natriuretic peptides yielding inhibitory
constants around 25nM. Furthermore, endogenous GCs in astrocytes were
inhibited by RD3 to a similar extent. We here show for the first time that RD3
can inhibit two hormone-stimulated GCs, namely GC-A and GC-B indicating
a new regulatory feature of these hormone receptors.
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Introduction

Membrane bound guanylate cyclases (GC) synthesize the second messenger guanosine
3,5’-cyclic monophosphate (cGMP) that is involved in a variety of physiological functions
including blood pressure, skeletal growth, kidney function, phototransduction, olfaction,
and thermosensation (Sharma, 2010; Koch and Dell'Orco, 2015; Kuhn, 2016; Sharma et al.,
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2016; Pandey, 2021). Extracellular ligands like natriuretic peptides
(ANP, BNP, and CNP) bind to natriuretic peptide receptors at
their extracellular ligand domains. These natriuretic peptide
receptors are GCs switching to the active state, when binding
natriuretic peptides. ANP and BNP activate GC-A expressed in
the cardiovascular system and metabolic organs being involved in
the regulation of blood pressure and metabolism. CNP activates
GC-B and the CNP/GC-B signaling system is expressed in various
organs, but also in cardiovascular cell types (Pandey, 2021). One
of its main suggested physiological roles is to regulate skeletal
growth (Kuhn, 2016). Expression of CNP and GC-B in different
brain regions also indicate a functional role in neuronal tissue. For
example, studies investigated a role in synaptic plasticity in the
hippocampus (Decker et al., 2010; Barmashenko et al., 2014) and
an involvement in the regulation of the circadian clock (Olcese
et al., 2002). Natriuretic peptides and their receptors have also
been identified in the retina (Rollin et al., 2004) and were linked
to dopaminergic and cholinergic signaling in amacrine cells
(Abdelalim et al., 2008), and to the modulation of GABA-receptor
activity in bipolar cells (Yu et al., 2006). In addition to neuronal
signaling, natriuretic peptides ANP and BNP exert protective
effects in retinal neovascularization (Spiranec Spes et al., 2020).

A different activation process is found in membrane GCs
expressed in sensory cells. For example, photoreceptor specific
GC-E and GC-F form complexes with guanylate cyclase-activating
proteins (GCAPs) on their intracellular site (Peshenko et al., 2011;
Sulmann et al., 2017). GCAPs are calcium sensor proteins that
respond to changes in cytoplasmic calcium concentration ([Ca*'])
with a conformational change thereby switching the target GC-E
or GC-F to the active state (Koch and Dell'Orco, 2015; Dizhoor
and Peshenko, 2021).

Point mutations in the genes GUCY2D and GUCA 1A coding
for GC-E and GCAP1 cause forms of retinal degeneration like
cone-rod dystrophies. Leber’s congenital amaurosis (LCA) is a
particularly severe form of retinal dysfunction leading to blindness
after birth or in the first year of life. Patients suffering from LCA
type 1 have point mutations in GUCY2D (Sharon et al., 2018)
causing dysfunction of GC-E in alive photoreceptor cells opening
routes for gene therapy (Jacobson et al., 2022). Mutations in the
retinal degeneration protein 3 (RD3) of human patients correlate
with the phenotypical characteristics of LCA12 (Friedman et al.,
2006; Cideciyan 2010; Preising et al., 2012). In the physiologically
normal state of a photoreceptor cell, RD3 binds to photoreceptor
specific GCs and inhibits their GCAP-mediated activation at low
cytoplasmic [Ca®*] (Peshenko et al,, 2011, 2021). RD3 is further
involved in GC-E trafficking from the endoplasmic reticulum to
endosomal vesicles (Azadi et al., 2010; Molday et al., 2013; Zulliger
et al., 2015). Correct trafficking and incorporation of GC-E in
photoreceptor outer segments is essential for cell survival and
interaction of RD3 with GC-E is a crucial requirement for these
processes (Peshenko et al., 2016; Peshenko and Dizhoor, 2020;
Plana-Bonamais6 et al., 2020). Wimberg et al. (2018a) observed
in an in vitro study that purified RD3 evoked an increase in
guanylate kinase (GUK) activity, an enzyme that is involved in the
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nucleotide cycle in photoreceptors catalyzing the 5-GMP to GDP
conversion. Both proteins directly interact and co-localize in
photoreceptor inner segments and to a lesser extent in the outer
plexiform layer in sections of the mouse retina. However, recent
studies involving transgenic mice did not detect a regulatory
impact of RD3 on GUK activity (Dizhoor et al., 2021).

Recent studies revealed that RD3 is also found in other tissue
types such as epithelial cells and seems to be more ubiquitously
expressed (Aravindan et al., 2017). Constitutive expression of RD3
was found in different mouse and human tissues including brain,
kidney, liver, and spleen (Khan et al., 2015). The same authors
further showed that RD3 loss in a mouse model correlates with
aggressive neuroblastoma cancer. More recently, Somasundaram
et al. (2019) found significant loss of RD3 expression on the
transcript and protein level in patient derived tumor cells that
survived intensive multi-modal clinical therapy. The authors
conclude that transcriptional dysregulation might account for
RD3 expression loss associated with advanced disease stage and
low survival rate. However, these findings are in disagreement
with a previous study showing that inactivation of both rd3 alleles
in LCA12 patients does not correlate with extraocular symptoms
(Perrault et al., 2013).

The physiological role of RD3 in non-retinal tissue is unclear
at present and basic issues related to its expression profile in brain
tissue and the identity of its non-retinal targets are unsolved. A
reasonable question in this context is, whether GCs activated by
natriuretic peptide can be regulated by RD3. A necessary
condition for such a regulation would be the expression of RD3
and GCs in the same tissue. We compared the expression levels of
RD3, GC-A and GC-B in mouse retina and further determined
their expression profiles in different brain regions during mouse
brain development. We further compared gene expression in the
retina with those in hippocampal neurons, astrocytes, and
microglia. For functional studies, we expressed GC-A and GC-B
in HEK293T cells and investigated the activity profiles in the
presence and absence of added purified RD3.

Materials and methods

Heterologous expression of membrane
GCs in HEK293T cell

HEK293T cells were grown in Dulbeccos Modified Eagle
Medium (DMEM; Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS; PAN-Biotech, Aidenbach,
Germany), 2mM L-glutamine (Merck Millipore, Darmstadt,
Germany), 100 units/ml Penicillin-Streptomycin (PAN-Biotech)
in the incubator set at 5% (v/v) CO, and 37°C.

For cell transfection, the cDNA sequence of wildtype human
GC-A and human GC-B was inserted into a pcDNA3.1 vector. The
cDNA was amplified using the primers listed in the supplementary
part (Supplementary Table S1). Cells were seeded for transfection
in 100 mm petri dishes with 1.5 x 10° cells per dish. After 24h, cells
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were transfected with the pcDNA3.1 plasmids using the
polyethylenimine (PEI) as transfection reagent. Stable cell lines
expressing human GC-A or GC-B were created as described
previously for GC-E (Wimberg et al., 2018a). The expression of
GCs was confirmed via western blotting (see below) using
commercial antibodies: polyclonal anti-GC-A (cat. Ab14357,
Abcam) and polyclonal anti-GC-B (cat. Ab14356, Abcam). For the
detection of photoreceptor GC-E we used a polyclonal antibody
that was originally made against bovine GC-E, but showed
crossreactivity to the human orthologue (Zigel et al., 2013).
HA-tagged GC-A and GC-B were used in control experiments
applying the pcDNA3.1 vector with HA-tag insertion.

Expression and purification of RD3

The RD3 protein was expressed in E.coli and purified
following the method as described before Wimberg et al., 2018a.
Briefly, E.coli BL21+ cells containing the pET-M11-RD3-His6-tag
construct was grown overnight in LB-Medium at 37°C after
induction by 1 mM isopropyl-thiogalactoside (IPTG). The cell
pellets were harvested by centrifugation and suspended in 50 mM
Tris/HCI pH 8.0. Cells were lysed by adding 100 mg/ml lysozyme
and 5U/ml DNase and incubation at 30°C for 30 min. The lysate
was centrifuged for 1.5h at 50,000 x g at 4°C after adding 1 mM
DTT and 0.1 mM phenylmethyl-sulfonylfluoride (PMSF). The
RD3 containing pellet was homogenized in buffer 1 (20mM
phosphate buffer pH 7.4, 8 M urea, 10 mM imidazole, 500 mM
NaCl, 5mM p-mercaptoethanol (-ME), 1 mM PMSF), and kept
overnight at 4°C. The suspension was centrifuged for 1h at
50,000 % g and 4°C, the supernatant was collected for Ni-NTA
column-based purification. After sample loading onto the column,
buffer 1 was applied for washing and was then gradually replaced
by buffer 2 (20 mM phosphate buffer pH 7.4, 10 mM imidazole,
500mM NaCl, 5mM B-ME, 1 mM PMSE, 1 mM histidine, 10%
glycerol) to facilitate protein refolding. Buffer 3 (20 mM phosphate
buffer pH 7.4, 500 mM imidazole, 20 mM histidine, 500 mM NaCl,
5mM p-ME, 1 mM PMSF) eluted RD3 containing fractions that
were collected in volumes of 1ml and analyzed via sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Purified RD3 was tested for biological activity, namely inhibiting
GCAP activated human GC-E present in HEK-293T cells that
stably expressed GC-E (Wimberg et al., 2018a).

Gel electrophoresis and immunoblotting

HEK-293T cells were harvested and the membrane protein
fractions were collected as previously described Wimberg et al.,
2018a. The protein fractions were incubated with 5x Laemmli
buffer containing 1% (v/v) p-ME at 95°C for 5min and analyzed
by SDS-PAGE having either 12% or 7.5% acrylamide.
Immunoblotting was performed using a 0.45pm nitrocellulose
(NC) membrane, and a tank or semi-dry blotting system. RD3 was
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analyzed by SDS-PAGE on a 12% acrylamide gel and a semi-dry
blotting procedure of 200mA for 30 min. For GC-A and GC-B
we used a 7.5% acrylamide gel and the tank blotting procedure
(100V for 70 min at 4°C). Afterwards, the blotted membrane was
incubated with blocking solution [either 5% (w/v)] bovine serum
albumin (BSA; Carl Roth, Karlsruhe, Germany, or 2.5-5% milk
powder (Carl Roth)) in TBST at room temperature (RT) for 1h.
Primary anti-GC antibodies were incubated overnight at 4°C in
blocking solution at a dilution of 1:5,000. The blot membranes
were washed three-times with TBST at RT. Afterwards, the blot
membranes were incubated for 1h at RT with horseradish
peroxidase-conjugated secondary antibodies (GE Healthcare,
Boston, MA, United States) at a dilution of 1:10,000 in blocking
solution. Membranes were again washed three times at RT with
TBST, and immunoreaction was detected with Clarity or Clarity
Max ECL substrate (Bio-Rad Laboratories, Hercules, CA,
United States) according to the manufacturer’s protocol.

Guanylate cyclase activity assay

The guanylate cyclase stimulator human atrial natriuretic
factor (1-28; ANP, cat. H-2095) and the human c-type natriuretic
peptide (1-53; CNP, cat. H-8420) were purchased from Bachem
AG (Switzerland). Ten microliter of HEK-293T membranes
expressing GC-A or GC-B were incubated with 2uM ANP or
CNP, or various concentrations RD3 in a final volume of 30 pl for
5min at RT. The guanylate cyclase reaction was started by adding
20 ul GC buffer (75 mM Mops/KOH pH 7.2, 150 mM KCl, 10 mM
NaCl, 2.5mM DTT, 8.75mM MgCl,, 4mM GTP, 0.75mM ATP,
0.4mM Zaprinast). After incubation for 5min at 30°C, the
reaction was stopped by adding 50pl 0.1M EDTA and short
incubation (5min) at 95°C. After centrifugation at 13,000 x g for
10 min, the supernatant was harvested and analyzed for cGMP
content as previously described (Wimberg et al., 2018a). Assays
were pursued in three independent groups, each with 3 replicates
(N=9). Test series were performed to find the optimal assay
conditions including a concentration dependence of GTP and a
time series.

RNA extraction, cDNA synthesis and
gRT-PCR

The mRNA from mouse cerebellum, neocortex, hippocampus,
and olfactory bulbs of the developmental stages of embryonic days
(E) E14, E16, E19, and of postnatal days (P) PO, P5, P10, P15, P20,
P30, P42, P60 was collected as described in Gross et al. (2022) and
stored at-80°C until use. Briefly, the tissues were dissociated from
sacrificed mice, at embryonic stages, one litter of all embryos
(7-10 embryos; N=21-30, sex not specified) were pooled. At
postnatal stages, tissues from six mice of both sexes were pooled,
for all stages with three independent replicates (n=3). The retinas
were obtained from the mice at P10, P20, P30 of both sexes with
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FIGURE 1
Gene expression profiles in mouse retina analyzed by quantitative
RT-PCR. Relative transcript levels of rd3, Nprl and Npr2 were
determined in retina tissue at P10, P20 and P30 and normalized
to p—actin expression. Analysis of statistics were based on one-
way ANOVA followed by Bonferroni’'s multiple comparisons test.
Data are shown as mean+SD. Specific numbers of p-values are

shown in Supplementary Table S2 (Supplementary material).

3 replicates. Primary hippocampal neurons, astrocytes and
microglia cells were obtained as described (Gross et al., 2022). The
TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MA,
United States) was applied for RNA extraction from homogenized
cells and tissues following the protocol from the manufacturer.
RNA concentrations were determined by UV/Vis spectroscopy
using the BioSpectrometer basic (Eppendorf, Hamburg,
Germany). The cDNA was obtained according to the protocol of
the high-capacity cDNA reverse transcription kit from Thermo
Fisher Scientific.

Quantitative-RT-PCR was performed using the TagMan™
Fast Universal PCR Master Mix, No AmpErase™ UNG (Thermo
Fisher Scientific) on hard-shell 96-Well PCR plates from Bio-Rad
Laboratories (Hercules, CA, United States), and TagMan probes.
Reactions were prepared according to the manufacturer’s
protocols and detected by the CFX96 real-time PCR detection
system (Bio-Rad Laboratories) using the following cycling
parameters: 95°C for 20s, 95°C for 1s and 60°C for 20s, for
45 cycles. Expression data of three independent preparations with
duplicates of each reaction were calculated using the ACt method,
with normalization to Gapdh and Actb as housekeeping genes.

Culturing of astrocytes and GC activities
in astrocytes
The astrocytes were cultured and collected according to Gross

et al. (2022). Membranes containing membrane proteins were
harvested after 10-12days in vitro for endogenous guanylate
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cyclase activity tests. Guanylate cyclase activities in astrocyte
membranes were stimulated by adding ANP or CNP. Inhibitory
effects of RD3 were measured adding increasing amounts of
purified RD3. The enzyme reaction started by adding 4mM
GTP. After 30 min incubation at 30°C, the reaction stopped by
adding 0.1 M EDTA and incubation at 95°C for 5min. The GC
activities were measured using a cGMP ELISA Kit™ from Enzo
Life Sciences according to the protocol of the manufacturer, three
independent groups with two replicates each (N=6). A cGMP
standard curve was created between 0.01 and 500 pmol x mL™"
being maximally sensitive between 1 and 100 pmolx mL™".

Statistical analysis

The qRT-PCR data of developmental stages in retina
(Figure 1), in different brain areas (Figure 2) and primary cell
cultures (Figure 3A) was processed using a one-way analysis of
variance (ANOVA) followed by a Bonferronis multiple
comparisons test. Developmental stages of E14, P0, P20, and P60
were included into gene expression difference analysis of
embryonic, birth, adult and elder. Evaluation of cyclase activities
regulated by ANP (Figure 4B), CNP, or RD3 (Figures 5A,B) was
performed by using the dose response simulation or the inhibition
algorithm under nonlinear regression provided by GraphPad
Prism 7 (GraphPad Software, San Diego, CA, United States). For
the analysis of the functional test of purified RD3 (Figures 3B, 5C)
we employed One-Way ANOVA Calculator and Tukey HSD'.

Results

Expression of natriuretic peptide
receptor GCs and RD3 in mouse
neuronal tissue

First, we analyzed rd3, Nprl and Npr2 transcript levels in the
mouse retina at developmental stages P10, P20 and P30 and found
high expression levels for rd3, but 10-100-fold lower levels for
Npr2 and Nprl, respectively (Figure 1). Next, we compared the
expression in the retina with those in certain brain regions and
observed that rd3 transcript levels were several orders of
magnitude higher in the retina than in brain tissue (compare
Figures 1, 2A). For example, the expression of rd3 in the retina was
between 107" and 10° relative to the B-actin expression, but only
107" to 107* in the cerebellum, hippocampus, neocortex and the
olfactory bulb. These findings confirm the retina being the
prominent neuronal tissue of rd3 localization, but they also
showed significant levels of d3 transcripts in several brain regions.
We tested gene expression pattern of rd3, Nprl and Npr2 during
development in different mouse brain parts starting from E14 up

1 https://www.statskingdom.com/180Anovalway.html
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FIGURE 2
Quantitative RT-PCR. Gene expression pattern of rd3 (A), Nprl encoding GC-A (B) and Npr2 encoding GC-B (C) was analyzed in different neuronal
tissues as indicated. The relative expression was normalized to f—actin expression. Analysis of statistics were based on one-way ANOVA followed
by Bonferroni’'s multiple comparisons test. Data are shown as mean+SD and were considered significant for p<0.05 (p<0.05=*; p<0.01=**;
p<0.001=***; ns=not significant). Specific numbers of p-values are shown in Supplementary Table S3 (Supplementary material).

to P60 (Figure 2). The analysis performed by qRT-PCR included
tissue from cerebellum, hippocampus, neocortex, and olfactory
bulb. In general, rd3 showed a lower expression level than NprI
and Npr2 (Figure 2A compared to Figures 2B,C) and reached the
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highest steady-state expression level in the olfactory bulb between
P20 and P60. However, the level was at least one order of
magnitude lower than that for Npr2 in all tested brain tissues
(Figure 2C), which reached the highest values between P20 and
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FIGURE 3
Expression and activity profiles of rd3, Nprl and Npr2 in astrocytes. (A) Relative transcript levels of rd3, Nprl and Npr2 in neurons, astrocytes, and
microglia. Analysis of statistics were based on one-way ANOVA followed by Bonferroni's multiple comparisons test. Data are shown as mean+SD
and were considered significant for p<0.05 (p<0.05=*; p<0.01=**; p<0.001=***; ns=not significant). Specific numbers of p-values are shown in
Supplementary Table S4 (Supplementary material). (B) Inhibition of GC-A and GC-B in astrocytes by RD3.

P60. Npr1 showed the highest expression at P60 in cerebellum and
from P10 onwards in the olfactory bulb. Gene expression of Nprl
was more dynamic exhibiting a steeper progressive increase in
expression levels than Npr2 and rd3. This was particularly visible
for patterns observed in cerebellum and olfactory bulb
(Figure 2B). Both Npr genes types showed lower expression levels
in the retina than rd3. However, Npr2 reached normalized
expression levels in the retina that were close to those observed in
cerebellum and olfactory bulb at P60 (compare Figures 1, 2C).

RD3 can inhibit hormone activated GC-A
and GC-B

Coexpression of rd3 and natriuretic peptide receptor GC
genes in brain tissue led to the next question whether RD3 can
regulate the enzymatic activities of membrane bound GC-A and
GC-B. The high sequence homology of photoreceptor GCs and
natriuretic peptide receptor GCs in the cytoplasmic domains
(Goraczniak et al., 1994; Lange et al., 1999) could indicate that
membrane bound GCs share similar regulatory features. RD3 is
supposed to interact with regions in the cytoplasmic part of
photoreceptor GC-E (Peshenko et al., 2011), although the exact
binding site has not been determined. To test for any influence of
RD3 on GC-A or GC-B activity we tested the impact of purified
RD3 on GC activities in a cell culture system. Transient expression
of GC-A and GC-B in HEK 293T cells was confirmed by
immunoblotting using GC specific antibodies that recognized a
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single band around 120kDa (Figure 4A), in agreement with the
expectation and the documented molecular masses of membrane
bound GCs (Kuhn, 2016). Non-transfected cells (HEK 293T
control) or cells transfected with the empty pcDNA3.1 vector
showed no GC bands (Figure 4A). HA-tagged variants of GC-A
and GC-B were used in positive control transfections. Polyclonal
antibodies directed against GC-A or GC-B recognized specifically
the HA-tagged GC bands. To our surprise, the tagged variant of
GC-A gave a stronger response to the antibody than the
non-tagged variant. We have no explanation for this result.

Functional expression of both GCs was tested by monitoring
a ligand dependent increase in GC activities. We incubated
HEK293T cell membranes containing GC-A or GC-B with
increasing concentrations of natriuretic peptides. Both peptides
stimulated cGMP production about 10-fold reaching saturation
above 4 uM of ANP (activating GC-A) or CNP (activating GC-B;
Figures 4B,C). Further controls and test incubations to optimize
our assay system included measurements upon GTP dependent
c¢GMP synthesis (Supplementary Figure S1) and a time series
resulting in a robust assay system (Materials and Methods)
suitable for further studies. Activity tests in the presence and
absence of DTT showed no or very negligible differences
(Supplementary Figure S1C).

For testing the regulatory impact of RD3 on GC-A or GC-B,
we purified RD3 to homogeneity (Supplementary Figure S2) and
verified its identity by immunoblotting using two different
anti-RD3 antibodies (Supplementary Figure S3). We activated
GC-A and GC-B with 2pM ANP and CNP, respectively, and
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FIGURE 4
Heterologous expression GC-A and GC-B in HEK 293T cells. (A) Immunoblotting of HEK 293 T cell membrane suspension. Primary antibodies
were directed against GC-A (left panel) or GC-B (right panel) at a dilution of 1:1000 in both cases. The antibodies detected also the HA-tagged
variants. In case of GC-A, the HA-tagged variant was even stronger detected by the polyclonal anti-GC-A antibody. Transfection with the empty
vector (pcDNA3.1) or non-transfected HEK293T cells did not react with the antibodies. Ligand dependent increase in GC-activities. (B) Regulation
of GC-A by ANP and of GC-B (C) by CNP.

reconstituted the GC containing HEK 293T cell membranes with
increasing concentrations of purified RD3. Inhibition of GC-A
was significant, and several replicates (N=9) showed reproducible
results yielding a mean ICs, value (+SD) of 24+13nM RD3. A
summarizing graph of the experiments is shown in Figure 5A. RD3
had a similar effect upon GC-B activity. The ICs, value for half-
maximal inhibition was 29+21nM RD3 (N=9) and a
summarizing graph is shown in Figure 5B. However, inhibition
was not complete for both GCs (Figures 5A,B) as higher
concentrations between 0.5 and 1pM RD3 did not reach a
complete inhibition. Instead, the activity of GC-A and GC-B
remained at a constant level (Figures 5A,B). We can exclude by
immunoblotting any presence of photoreceptor GC-E in
HEK293T cell membranes expressing either GC-A or GC-B
(Supplementary Figure S4). This inhibitory feature differed
significantly from the effect of RD3 upon photoreceptor specific
GC-E (Figure 5C; Peshenko et al., 2011; Wimberg et al., 2018b).
Since RD3 is a notoriously unstable protein, we controlled the
functional activity of purified RD3 in a well-established assay
system. HEK293T cell membranes that stably expressed
photoreceptor GC-E were activated in the presence of 5pM
GCAPI. Addition of RD3 inhibited GCAP1 stimulated GC-E
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activity to a similar extent as reported in the literature (Peshenko
etal,, 2011; Wimberg et al., 2018b; Figure 5C). This confirmed that
RD3 was active and controlled the activity of GC-A and GC-B in
a similar, but not identical manner to GC-E.

Regulation of GC-A and GC-B by RD3 in
astrocytes

Extending our analysis to cultured neurons, astrocytes, and
microglia, revealed highest expression of Npr2 in neurons and
astrocytes, but also quite high expression of rd3 in astrocytes
(Figure 3A). The relative high transcript levels of Npr2 and rd3 in
astrocytes led us investigate and compare regulatory features of
GC-A and GC-B in primary cultures of astrocytes. Endogenous

! xmg™! resulted

levels of GC activities around 400 pmol x min
mainly from both GC-A and GC-B as seen in Figure 3 under
conditions where no exogenous natriuretic peptides were added
(ddH,0). Adding natriuretic peptides (ANP and CNP) increased
the activities at least twofold. The presence of 30 or 60nM
exogenously added RD3 inhibited the ANP or CNP stimulated GC

activity leaving only a basal GC activity level as in the non-stimulated
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The graph summarizes nine sets of incubations. (C) Control incubations with photoreceptor GC-E expressed in HEK293T cells that was activated
by 5uM GCAP1 in the absence of Ca?*. Adding RD3 at three different concentrations (20nM, 100nM, and 200nM) resulted in decrease in activity
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case (Figure 3B). These results showed that endogenously expressed
GC-A and GC-B in primary astrocyte cell culture are sensitive to
RD?3 confirming our results with recombinant GC constructs and
pointing to a potential physiologically relevant regulation of
natriuretic peptide activated GCs by RD3.

Discussion

The presence of RD3 in non-retinal tissue seems enigmatic
because we lack essential information about its cellular target(s) for
defining possible physiological roles. On the other hand, the
primary expression site of rd3 in the mammalian retina (Azadi
et al, 2010; Wimberg et al, 2018a; Dizhoor et al, 2019;
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Plana-Bonamaiso et al., 2020; Figure 1 in this study) well supports
several functional roles of RD3 in the retina. For example, RD3
inhibits the activated form of photoreceptor GC-E and GC-F, it is
involved in trafficking processes from photoreceptor inner to outer
segments and might regulate the nucleotide cycle in photoreceptor
cells. In the present work, we investigated the expression pattern of
rd3 in brain tissue and analyzed the enzymatic features of possible
target enzymes. The central finding of our study is that RD3 can
inhibit two hormone-stimulated GCs, namely GC-A and GC-B
indicating a new regulatory feature of these hormone receptors.
Earlier work identified natriuretic peptides and their receptors
GC-A and GC-B (or natriuretic peptide receptors) in mammalian
retinae using expression and cloning studies (Fernandez-Durango
et al,, 1989; Kutty et al., 1992; Duda et al., 1993). Subsequent
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studies performed in various vertebrate species showed the
expression of natriuretic peptides and/or their receptors in retinal
bipolar, retinal Miiller cells, amacrine and ganglion cells (Spreca
etal., 1999; Blute et al., 2000; Yu et al., 2006; Cao and Yang, 2007;
Abdelalim et al., 2008; Xu et al., 2010). Thus, there is evidence for
Nprl and Npr2 expression in retina tissue, but it was unclear so far
how the expression level relates to protein levels with a critical
function in retinal physiology. In the present study, we compared
the transcript levels of rd3 with those of Npr1 and Npr2 and found
a relatively high expression level of Npr2 in the retina. The level is
about one order of magnitude higher than that of NprI, but about
one order of magnitude lower than that of rd3.

Natriuretic peptides and their receptors are involved in
various physiological processes in the retina. For example,
natriuretic peptides are involved in dopaminergic and
cholinergic signaling in amacrine cells (Abdelalim et al., 2008),
and Yu et al. (2006) reported that they modulate GABA-receptor
activity in bipolar cells and strong immunolabeling of GC-A
and GC-B in the outer plexiform layer (OPL). RD3 mainly
localizes in inner segments of photoreceptor cells, but in
addition expresses in the OPL (Azadi et al., 2010; Wimberg
etal., 2018a; Dizhoor et al., 2019). Natriuretic peptide signaling
via GC-A or GC-B leads to an increase in cGMP targeting, for
example cyclic nucleotide-gated ion channels or cGMP
dependent protein kinase (PKG). The latter had been discussed
as part of a signaling pathway mediating the suppression of
GABA-receptor current by BNP (Yu et al., 2006). Thus, RD3
could be involved in balancing the cGMP concentration by
inhibiting GC-A or GC-B in the OPL, but high resolution
immunohistochemistry of GC-A, GC-B and RD3 to support
such a physiological role is missing so far.

Recent studies reported expression of RD3 on the transcript
and protein level in several organs and tissues including brain
(Khan et al., 2015; Aravindan et al., 2017), but the expression
levels appear significantly lower than in the retina. We found
that expression of rd3 is more than 100-fold higher in the
retina than in different brain parts (compare Figures 1, 2),
which was in broad agreement with the report by Aravindan
et al. (2017), who reported significant, but modest or low
expression in human cerebellum and olfactory bulb in
comparison to retinal expression. When we determined the
relative expression levels of rd3, Nprl and Npr2 during mice
development, it became apparent that the expression of Npr2 is
stronger in all analyzed brain parts than those of rd3 and NprI.
Our findings are consistent with reports showing Npr2 mRNA
expressing cell populations in neocortex, hippocampus, and
olfactory bulb (Herman et al., 1996). GC-B has a critical role
in the bifurcation of axons during development (Schmidt et al.,
2018) extending previous observations that the natriuretic
peptide systems play roles in regulating neural development
(DiCicco-Bloom et al., 2004; Miiller et al., 2009). Collectively,
these findings support the notion that CNP is a prominent
regulatory factor in the nervous system (Kuhn, 2016; Regan
et al., 2021).
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Therefore, inhibition of GC-A or GC-B by RD3 in brain
tissue might be a critical regulatory feature. We observed
stimulation of GC activities by ANP and CNP in astrocytes
(Figure 3B) that was broadly consistent with a previous
investigation that correlates ligand binding to cGMP
accumulation by ANP and CNP (Deschepper and Picard, 1994).
We here show that RD3 inhibited both GCs in astrocytes
demonstrating that RD3 can exert its effects in a primary cell
culture. Although this combination of in situ and in vitro studies
provides only circumstantial evidence for RD3 regulating GC-A
and GC-B activities, it might already indicate an impact on the
development of retinopathies. In astrocytes, the ANP/GC-A/
c¢GMP signaling counteracts neovascularization in proliferative
retinopathies (Burtenshaw and Cahill, 2020; Spiranec Spesetal.,
2020). Any inhibitory effect of RD3 would therefore reinforce
the development of angiogenic dependent retinopathies
indicating how critical the expression level of RD3 is.

Trigger events that up-or downregulate RD3 levels
apparently facilitate protein or cell dysfunction. For example,
previous work showed that RD3 is downregulated or lost in
neuroblastoma cells that remained resistant to multi-modal
clinical therapy (Somasundaram et al., 2019). Furthermore, a
previous study on the gene expression pattern in the rd3
mouse, an animal model of congenital blindness with low or
no rd3 expression, reported that more than 1,000 genes are
differentially regulated (Cheng and Molday, 2013). An
annotation of these genes indicated the involvement of
different biochemical pathways including phototransduction,
metabolism and a variety of signaling processes. These studies
collectively showed that a loss of RD3 is a critical factor in
different pathophysiological contexts. It could have an effect
on the expression pattern of other proteins in signaling
pathways and thereby facilitate tumor development.

In summary, RD3 seems to control the activities of GC-A and
GC-B in retinal and non-retinal tissue. These features could
be critical for transport processes from the ER to the plasma
membrane, but might be involved in different cellular scenarios,
where a tight control of intracellular cGMP levels is essential for
cell function and survival.
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