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Summary

The retina is an outer part of the brain that represents a neuronal network for perceiving
and processing light signals. Despite decade-long research, many cellular and
molecular events underlying cell-cell communications and signaling pathways remain
elusive. A more recently discovered and described protein is the retinal degeneration
protein 3 (RD3) that has a critical role in photoreceptor cells. For example, one of its
primary functions involves inhibiting photoreceptor specific membrane guanylate
cyclases during trafficking from the inner segment to their final destination in the outer
segment. Continuing research revealed that RD3 has also been identified in other
tissue types, including epithelial cells, suggesting a broader expression. However, the
physiological role of RD3 in non-retinal tissue remains unresolved at present, and
specific protein targets outside of retinal tissue have not yet been identified. In chapter
4.1, we aimed to determine if membrane-bound guanylate cyclase that are not
expressed in photoreceptor cells and are activated by natriuretic peptides, can also be
regulated by RD3. We assessed the transcript levels of the rd3 gene, the genes for
natriuretic peptide receptors Npr1 and Npr2 (encoding GC-A and GC-B, respectively)
throughout development from the embryonic to the postnatal stage at P60. The study
included the mouse retina, cerebellum, hippocampus, neocortex, and olfactory bulb,
and aimed at investigating their co-expression pattern. Enzyme activity measurements
revealed that RD3 inhibits natriuretic peptide receptors GC-A and GC-B, resulting in
inhibitory constants of approximately 25 nM. A similar regulatory feature of RD3 seems

to be present in astrocytes, where it inhibits endogenous GC-A and GC-B activities.

RD3 dysregulation is involved in the apoptosis of photoreceptor cells, indicating a more
direct cellular function in the degeneration of the retina. Recent research has
uncovered a new pathophysiological role for RD3 in neuroblastoma, suggesting a
potential function beyond the retina. Therefore, in chapter 4.2, we investigated if RD3
is associated with neurological diseases like glioma and cellular processes such as

apoptosis to comprehend its pathological role. Data mining on public databases and
Vv



clinical studies revealed that RD3 is significantly downregulated in glioblastoma
relative to non-tumor tissues. Further studies of multi-cohort overall survival and
receiver operating characteristic testing indicated that a low RD3 transcript level is a
potential biomarker for the prognosis and diagnosis of glioblastoma. In functional tests,
we found that RD3 can significantly decrease cell viability, leading to cell cycle arrest
at the G2/M phase and triggering cell apoptosis. Conversely, the impact of RD3 wild
type was diminished by single point mutations at the exposed protein surface involved

in RD3 target interaction.

The results of the thesis indicate a new physiological and pathological role of RD3 in
the brain. Specifically, RD3 inhibits GC-A and GC-B in brain astrocytes and may also
be relevant to retina disease. Additionally, overexpression of RD3 leads to cell cycle
arrest and programmed cell death, indicating that RD3 abnormalities are crucial in both
retina and non-retina tissues. Any dysfunction of RD3 may be associated with chronic
or rapid apoptosis-related cell degeneration. The loss of RD3 has demonstrated
diagnostic and prognostic value in glioblastoma, indicating its critical involvement in
tumor progression. These findings suggest that the pathophysiological properties of
RD3 in both the retina and brain may serve as a good model for elucidating neuro-

ophthalmologic manifestations in neurological diseases.
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Zusammenfassung

Die Netzhaut wird auch als AuRenposten des Gehirns beschrieben und reprasentiert
ein neuronales Netzwerk fiir die Detektion und Verarbeitung von Lichtsignalen. Trotz
Jahrzehnte langer Forschung bleiben viele Prozesse der Zell-Zell-Kommunikation und
der Signalverarbeitung auf zellularer und molekularer Ebene unbekannt. Ein in
jungerer Zeit entdecktes und beschriebenes Protein ist das Retinal Degeneration
Protein 3 (RD3), das kritische Funktionen in den Photorezeptorzellen austibt.

Eine der Hauptfunktionen von RD3 besteht darin, Photorezeptor-spezifische
membrangebundene Guanylatcyclasen wahrend des Transports vom inneren
Segment zu ihrem endglltigen Ziel im &uleren Segment zu hemmen. Weitere
Untersuchungen ergaben, dass RD3 auch in anderen Gewebetypen, einschliellich
Epithelzellen, identifiziert wurde, was auf eine breitere Expression hindeutet. Allerdings
ist die physiologische Rolle von RD3 in nicht-retinalem Gewebe derzeit noch ungeklart,
und spezifische Zielstrukturen aulierhalb des retinalen Gewebes wurden noch nicht
identifiziert. In Kapitel 4.1 wollten wir herausfinden, ob membrangebundene
Guanylatcyclasen, die nicht in Photorezeptorzellen exprimiert sind und durch
natriuretische Peptide aktiviert werden, auch durch RD3 reguliert werden kdénnen. Wir
untersuchten die Transkriptniveaus des rd3-Gens, und der Gene fiir die natriuretischen
Peptidrezeptoren Npr1 und Npr2 (kodierend fir GC-A bzw. GC-B), wahrend der
gesamten Entwicklung vom Embryonal- bis zum postnatalen Stadium bei P60 in
mehreren Hirngeweben, darunter Maus-Retina, Kleinhirn, Hippocampus, Neocortex
und Riechkolben, um ihr Koexpressionsmuster zu ermitteln. Enzymatische
Aktivitatsmessungen zeigten, dass RD3 die natriuretischen Peptidrezeptoren GC-A
und GC-B mit Inhibitorkonstanten von ca. 25 nM hemmt. Ein &hnliches regulatorisches
Profil von RD3 kommt in Astrozyten vor, in denen RD3 endogene GC-A und GC-B
inhibiert.

Eine RD3-Dysregulation ist an der Apoptose von Photorezeptorzellen beteiligt, was
auf eine direktere zelluldre Funktion bei der Degeneration der Netzhaut hinweist.

Jungste Forschungen haben eine neue pathophysiologische Rolle von RD3 beim
vii



Neuroblastom aufgedeckt, was ebenfalls auf eine potenzielle Funktion jenseits der
Netzhaut schliel3en lasst. Daher haben wir in Kapitel 4.2 untersucht, ob RD3 mit
neurologischen Erkrankungen wie Gliomen und zellularen Prozessen wie Apoptose
assoziiert ist. Unsere Recherche in 6ffentlichen Datenbanken und klinischen Studien
ergab, dass RD3 im Glioblastom im Vergleich zu Nicht-Tumor-Geweben deutlich
herunterreguliert ist. Weitere Studien zum Gesamtuberleben mehrerer Kohorten und
zum Testen der Receiver Operating Characteristics deuten darauf hin, dass ein
niedriger RD3-Transkriptwert ein potenzieller Biomarker fir die Prognose und
Diagnose von Glioblastomen ist. In Funktionstests haben wir herausgefunden, dass
RD3 die Lebensfahigkeit der Zellen erheblich verringern kann, was zum Stillstand des
Zellzyklus in der G2/M-Phase fihrt und Apoptose auslést. Umgekehrt wurde der
Einfluss des RD3-Wildtyps durch einzelne Punktmutationen an der exponierten
Proteinoberflache, die an der Wechselwirkung von RD3 mit Zielstrukturen beteiligt sind,
verringert.

Die Ergebnisse der Arbeit weisen auf eine neue physiologische und pathologische
Rolle von RD3 im Gehirn hin. insbesondere hemmt RD3 GC-A und GC-B in Astrozyten
des Gehirns und kénnte auch fir Netzhauterkrankungen relevant sein. Dartiber hinaus
fuhrt eine Uberexpression von RD3 zum Stillstand des Zellzyklus und zum
programmierten Zelltod, was darauf hindeutet, dass RD3-Anomalien sowohl in
Netzhaut- als auch Nicht-Netzhautgewebe von entscheidender Bedeutung sind. Jede
Funktionsstérung von RD3 kann mit einer chronischen oder schnellen Apoptose-
bedingten Zelldegeneration verbunden sein. Der Verlust von RD3 hat einen
diagnostischen und prognostischen Wert flr das Fortschreiten des Glioms gezeigt,
was auf seine entscheidende Beteiligung am Fortschreiten des Tumors hinweist.
Insgesamt legen diese Ergebnisse nahe, dass die pathophysiologischen
Eigenschaften von RD3 sowohl in der Netzhaut als auch im Gehirn ein gutes Modell
zur Aufklarung neuroophthalmologischer Manifestationen bei neurologischen

Erkrankungen sein kdnnten
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1. Introduction

1.1 Brain, Retina, and Neurological Cancer: An Intricate Interplay

The human brain is an organ of immense complexity and significance, posing a
daunting challenge in the fields of medical research and healthcare, especially
regarding neurological cancers. These malignant conditions greatly affect millions on
a global scale, resulting in profound and often catastrophic consequences that
drastically reduce their quality of life. Despite the progress made in treating cancers
that affect the brain and nervous system, a substantial knowledge gap remains. This
gap impedes the development of effective drug therapies that target the disease.
Therefore, a more extensive investigation into the intricacies of neurological cellular
and molecular mechanisms is required. As a distinctive organ with a direct link to the
central nervous system (CNS), retina displays significant parallels with the brain and
spinal cord in several aspects such as structure, operation, reaction to damage, and
immune processes (London et al., 2013). Hence, it presents an innovative approach
to investigating the brain and related pathologies. The purpose of our investigation is
to uncover the new functions of a particular retinal protein within the nervous system
and determine its response or dysfunction when disease-pertinent mutations are

present.

1.1.1  Anatomy and functions: Crosslink of the Brain and Eye.

The brain and eye have an anatomical and functional relationship as integral parts of
the CNS that is responsible for the nuanced processing of visual information. During
embryonic development, the retina and optic nerve grow from the diencephalon and
are intertwined with the developmental pathways of the CNS, which include the
meticulously orchestrated process of neurogenesis and differentiation of the brain
(Liao et al., 2018; London et al., 2013). The retina plays a crucial role in vision and can
signal numerous systemic and neurodegenerative conditions. For instance, chronic
stress may lead to retinal-glia ischemia and inflammation in the retina, as observed in

a study of the chronic stress-related phenotype (Malan et al., 2023). This results in a



complex and interconnected system that can impact a person's visual abilities.
Therefore, exploring the intricate interplay between the brain and retina is crucial to

advance our understanding and management of neurodegenerative conditions.

The retina consists of several functional layers (see Figure 1 A), including the Nerve
Fiber Layer (NFL), Ganglion Cell Layer (GCL), Inner Plexiform Layer (IPL), Outer
Plexiform Layer (OPL), and Outer Nuclear Layer (ONL). Each layer creates specific
microenvironments required for cell survival, morphology, and function (Hoon et al.,
2014). Within these layers, there is a barrier structure in the retina that has a similar
function and structure to the CNS, called the blood-retina barrier (BRB). The BRB
consists of an inner and outer barrier. The outer BRB is formed at the retinal pigment
epithelial (RPE) cell layer, while the inner BRB, like the blood-brain barrier (BBB), is
located in the inner retinal microvasculature (Campbell and Humphries, 2013). The
brain can be classified into three primary divisions based on function: the cerebrum,
the cerebellum, and the brainstem (see Figure 1). The cerebrum, which is the largest
part of the brain, serves as the primary center for processing signals. It includes areas
responsible for language, judgment, thinking, reasoning, problem-solving, emotions,
and learning, as well as playing a role in sensory processing, such as vision, hearing,
touch, and other senses (Wood, 1996). The cerebellum, similar to the cerebral cortex,
comprises two hemispheres located at the posterior part of the brain and is responsible
for coordinating movement and balance (Dale Purves, 2012). Brain stem, consists of
the midbrain, pons, and medulla, serving as a vital connector between the cerebrum
and the spinal cord (Haines and Mihailoff, 2018). To these regions, it is believed that
nearly half of the brain direct or indirect participants the vision signaling process, that

make ocular manifestations of brain pathologies research reasonable.

Both the retina and the brain harbor neurons and glial cells, their functionalities and
interactions exhibit distinct characteristics tailored to their specific roles in the visual
and central nervous systems (see Figure 1 C). As the fundamental units of the brain,

retina and nervous system, neurons are specialized for transmitting information
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throughout the body. In terms of function, size, and structure, neurons were classified
into three different types: sensory, interneuron, and motor. Their unique structure -
comprising a cell body, axons, and dendrites - facilitates the rapid transmission of
electrical and chemical signals. Neurons communicate through synapses, where
neurotransmitters are released to propagate signals to adjacent neurons, thereby
forming intricate neural networks that underpin various physiological processes and

cognitive functions.

In retina, there are five major types of the neurons, the photoreceptor cells (rods and
cones), bipolar cells, ganglion cells, horizontal cells, and amacrine cells, each with a
distinctive role in processing visual information before transmitting it to the brain
through the optic nerve (see Figure 1 A). Photoreceptor cells initiate the conversion of
light into electrical signals in the retina, triggering a cascade of neuronal signals that
ultimately reach the retinal ganglion cells (RGCs). The axons of RGCs compose the
optic nerve, which projects to both the lateral geniculate nucleus (LGN) in the thalamus
and the superior colliculus (SC) in the midbrain. Like all fiber tracts in the central
nervous system, the optic nerve is ensheathed by myelin, produced by
oligodendrocytes, and is surrounded by all three meningeal layers. From these
locations, visual information is transmitted to higher centers of visual processing,

enabling us to perceive the world around us (London et al., 2013).
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Figure 1. Schematic overview of the connection between the brain and eye, including the
anatomical structure and functions. A. The structure and function of the retina and its constituent
cells. B. As with the CNS, the eye has a unique immune system involving specialized barriers,

the blood-retinal barrier, the retinal analogue of the CNS blood-brain barrier. C. Neuronal cells.

Glial cells are non-neuronal cells widely distributed in the CNS and the peripheral
nervous system that provide physical and chemical support to neurons and maintain
the microenvironment. Specifically, there are three primary types of glial cells:
astrocytes, oligodendrocytes, and microglia (see Figure 1 C). Astrocytes are the
predominant type of glial cell that assists the formation of the blood-brain barrier (BBB)
and the blood-retina barrier (BRB). It performs several essential functions, including
neurotransmitter and blood flow regulation, axon activity synchronization, energy
metabolism, and homeostasis (Jakel and Dimou, 2017; Park and Friston, 2013).
Oligodendrocytes are derived from neural stem cells that maintain the structural
stability and nutritional support of axons, as well as accelerate the conduction of

signals by producing the enveloping myelin sheath. Microglia are tiny glial cells that



function as immune cells in the CNS system. They play an essential role in preserving
the brain or retina microenvironment by monitoring pathogens and cellular debris, as
well as responding to injury or infection (Kettenmann et al., 2011; Norris and Kipnis,

2019).

Neurodegenerative disorders and neurological cancers were normally caused by the
cellular disorder, that subsequently damage the cells within the retinal layers. For
example, Parkinson's disease substantively affects dopaminergic cells in distinct
retinal layers (Ortuno-Lizaran et al., 2020). Therefore, understanding the intricate
functionalities and interactions of neurons and glial cells, as well as the protective
mechanisms offered by the BBB and BRB, is crucial in exploring pathological
conditions like glioma. It provides a framework for investigating how these barriers may
be compromised or leveraged in disease states, and how cellular dynamics within the
brain and retina may be altered, thereby offering insights into potential therapeutic

targets and strategies.

1.1.2 Neurological Cancers and Retina (with focus on gliomas).

Neurological cancers, including brain and nervous system cancers, arise in the brain,
spinal cord, or other regions of the central or peripheral nervous system. They
encompass a range of types such as gliomas, meningiomas, schwannomas, pituitary
adenomas, central nervous system lymphomas, ependymomas, neuroblastomas, and
medulloblastomas. These tumors can be either benign or malignant, with malignant
neurological tumors often referred to as brain or nervous system tumors, known for
their aggressive and life-threatening nature (Baba Al, 2007). In this thesis, we will focus
on gliomas, the most common primary brain tumors in adults, which are thought to
arise from neuroglial stem or progenitor cells. Gliomas constitute about 80% of primary
malignant tumors in the central nervous system and are linked to low survival rates
(Ostrom et al., 2014). The heterogeneity of gliomas poses multiple diagnostic and
treatment challenges. Various regions in the same tumor may have different genetic

mutations and characteristics. Surgery, radiation therapy, and chemotherapy, which
5



are the primary treatments, are not curative and the tumors frequently relapse (Barthel
et al., 2019; Khasraw et al., 2014; Khasraw and Lassman, 2010). Developing superior
diagnostic tools, novel treatments, and a more thorough comprehension of molecular

and genetic factors driving glioma progression addresses these limitations.
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Figure 2: Flowchart illustrating the diagnostic approach for adult diffuse glioma using the most
pertinent molecular markers outlined in the World Health Organization (WHO) classification of
central nervous system (CNS) tumors (The WHO 2021 5™ edition). The isocitrate
dehydrogenase (IDH) mutation serves as an initial molecular marker for glioma categorization.
The IDH-mutant tumors are subcategorized as alpha thalassemia/mental retardation
syndrome X-linked (ATRX) loss astrocytoma or chromosome 1p/19q co-deleted
oligodendroglioma. Meanwhile, astrocytoma diagnosis is based on histopathologic grading
criterion and cyclin-dependent kinase inhibitor 2A/cyclin-dependent kinase inhibitor 2B
(CDKN2A/B) status, with grades 2, 3, or 4 being possible. To rule out glioblastoma, the tumor
primarily grouped in IDH wildtype and grade 4, were necessary to have molecular testing of
gain of chromosome 7, loss of chromosome 10 (chr +7/-10), epidermal growth factor receptor
(EGFR) amplification, and telomerase reverse transcriptase (TERT) promoter, as well as

consider microvascular and/or necrosis.

The incorporation of histopathological and genetic attributes in the 2016 WHO CNS

Malignancy Classification represents a substantial deviation from previous glioma
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classifications (Louis, 2016). Along with the trend, the reports from cIMPACT-NOW (the
consortium to inform molecular and practical approaches to CNS tumor taxonomy),
proposed numerous molecular biomarkers in diagnosing CNS tumors (Brat et al., 2020;
Brat et al., 2018; Ellison et al., 2020; Ellison et al., 2019; Louis et al., 2018a; Louis et
al., 2020; Louis et al., 2018b). Drawing on genetic findings, the 2021 WHO
classification of CNS malignancies has furnished nomenclature and diagnostic criteria
for diffuse gliomas (Louis et al., 2021). In the new disease classification, the IDH status
is regarded as a primary molecular diagnosis tool. The IDH-mutant gliomas usually
start as low-grade tumors that progress with additional genetic changes, resulting in
higher tumor grades. In diffuse astrocytoma, about 90% of cases with IDH mutations
exhibit loss-of-function mutations in tumor protein P53 (TP53) and alpha
thalassemia/mental retardation syndrome X-linked (ATRX). ATRX mutations are
mutually exclusive with 1p/19q codeletion (combined loss of the short arm
chromosome 1 and the long arm of chromosome 19), which is a hallmark feature of
oligodendrogliomas. Oligodendrogliomas are classified into WHO grade 2 or 3 based
on histologic features of anaplasia and are characterized by IDH mutations and 1p/19q
codeletion (see Figure 2). Molecular changes affect tumor grading, where the complete
loss of both copies of CDKN2A at 9p21 correlates with reduced survival rates in these
neoplasms (Bale and Rosenblum, 2022; Gritsch et al., 2022; Jamshidi and Brat, 2022;

Louis et al., 2021).

Glioblastoma multiform (GBM) is a prevalent primary malignant brain tumor in adults.
It exhibits rapid progression, poor prognosis (with a median overall survival of 16-18
months), and various histologic features such as cellular and nuclear atypia, mitosis,
necrosis, and vascular proliferation (Reithmeier et al., 2010). These tumors exhibit
significant molecular heterogeneity, with frequent genetic alterations, such as +7/-10
chromosome alterations, changes in receptor tyrosine kinases (frequently involving
EGFR amplification), p53 pathway alterations, Phosphatase and tensin homolog
(PTEN) mutations or deletions, and abnormal telomere maintenance resulting from

TERT promoter mutations (see Figure 2). Moreover, in some cases, the GBM derived
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from optic nerve, optic chiasm, or optic tract presented neuro-ophthalmologic
manifestations, such as loss of visual acuity or visual field deficits in the ipsilateral eye

and loss of color vision (Lin and Huang, 2017; Lincoff et al., 2012; Tan et al., 2020).

Undoubtedly, the 2021 Classification of Central Nervous System Tumors by the World
Health Organization (WHO) offers valuable information regarding glioma subtypes and
genetic characteristics. This, in turn, has contributed significantly to the development
of diagnostic and therapeutic strategies. Nonetheless, the current classification has
certain limitations, and clinical therapies for gliomas have yet to demonstrate their
efficacy. Therefore, identifying new diagnostic biomarkers and treatment targets for
gliomas is imperative for further investigative work. Our focus will be on a retina specific
protein to exemplify its possibilities in cancer diagnostics and to explore its prognostic

potential.

1.2 Cyclic GMP pathway in brain-retina system.

The second messenger guanosine 3’, 5'-cyclic monophosphate (cGMP) signaling
system includes the transformation of cGMP to guanosine monophosphate (GMP),
which is further transformed to guanosine diphosphate (GDP), guanosine triphosphate
(GTP) and guanosine (see Figure 3). cGMP is involved in a variety of physiological
processes, including vision, neurotransmission, synaptic plasticity, and regulation of
blood flow in the brain (Kuhn, 2016). The synthesis of cGMP is catalyzed by two forms
of guanylate cyclase (GCs): a soluble (sGC) and a membrane (mGC) form. The soluble
guanylate cyclase (sGC) acts as the primary target of the gaseous messenger
molecule nitric oxide (NO). Soluble GCs consist of a and 8 subunits that form the active
protein complex. Several isoforms exist being classified as a1, a2, a2i, 1, and B2
(Derbyshire and Marletta, 2012). The primary sGC isoforms in the brain consist of a1,
B1, and a2 (Ibarra et al., 2001). These isoforms are influenced by neurotransmitters,
leading to increased levels of cGMP that are crucial for glutamate neurotransmission
and synaptic activity (Ghanta et al., 2017). The disruption or dysfunction of the NO-

sGC-cGMP pathway is involved in several pathological states, such as
8



neurodegenerative diseases like, Alzheimer's disease, cognitive impairment, and

stroke (Correia et al., 2021).

Guanylate cGMP PDE
cyclase / \
5‘-Nucleotidase
GTP 5’-GMP -_— Guanosine
Nucleomde Guanylate
diphosphate i
) inase
kinase GDP
1 J
Phototransduction Neurotransmission Vasodilation Calcium homeostasis ......

Figure 3: Simplified overview of nucleotide cycle in humans. Phosphodiesterases (PDEs)
hydrolyze the second messenger cGMP into 5’-guanosine monophosphate (GMP), which is
then degraded by 5’-Nucleotidase or recycled by guanylate kinase (GUK), which catalyzes
guanosine diphosphate (GDP) formation. Nucleoside diphosphate kinase assists in the
conversion of GDP to guanosine triphosphate (GTP), that later are been used by membrane
guanylate cyclase for cGMP synthesis to complete the cycle to regulating various cellular

processes.

Membrane bound guanylate cyclases are a family of transmembrane proteins encoded
by seven genes in the mammalian genome. Structurally, these proteins possess an
extracellular protein domain (ECD), an intracellular kinase-like domain (KHD), a
dimerization domain (DD), and a cyclase catalytic domain (CCD) (see Figure 4). GC-
A and GC-B serve as receptors for natriuretic peptides like the atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP) and c-type natriuretic peptide (CNP). These
hormones, for example, regulate blood pressure and promote skeletal development
(Kuhn, 2016). GC-C is binding the ligands guanylin and uroguanylin, leading to the
water and ion transport in the gut (Kuhn, 2016). The photoreceptor guanylate cyclases,

GC-E and GC-F are expressed in the photoreceptor cell, having a crucial function in
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phototransduction and visual recovery (Koch and Dell'Orco, 2015). GC-D and GC-G
are sensory receptors expressed in mice that respond to CO2, guanylin and cold
temperatures thereby mediating olfaction and thermosensation. However, they are not
present in human (Kuhn, 2016). Although there is no direct evidence implicating mGCs
like GC-A and GC-B in brain diseases as there is for sGC, recent studies suggest
functions in astrocytes and dopaminergic neurons (Chen et al., 2022; Giovannini et al.,
2021). Our focus here is on two categories of mGCs: the natriuretic peptide receptors
GC-A and GC-B, and the photoreceptor specific GC-E and GC-F operating in

phototransduction.

mGC A B c E F D G
Ligand(s)  ANP BNP (Uro)guanylin GCAP1 GCAP2 CO,, (Uro)guanylin Coolness, CO,

Protein domains

Extracellular

Transmembrane |

Kinase-like

Dimerization

Guanylyl cyclase

cGMP cGMP cGMP cGMP cGMP cGMP cGMP
Main functions Blood Skeletal Gut ion/water Phototransduction, Olfaction Thermosensation
pressure growth transport vision

Figure 4: lllustration of the structure and primary functions of membrane-bound guanylate
cyclase. GC-A and GC-B serve as the receptors for natriuretic peptides while GC-C functions
as the receptor for guanylin and uroguanylin. GC-E and GC-F act as the retinal guanylate
cyclase and bind GCAP1 and GCAP2. GC-D and GC-G are operational in rodents and vestigial

in humans. (Adapted from Michaela Kuhn, 2016)

1.2.1 The retinal guanylate cyclase.

There are two types of photoreceptor GCs found in the human retina: GC-E and GC-
F. These essential enzymes are expressed in rod and cone photoreceptor cells, where
they synthesize cGMP, the second messenger in phototransduction (Koch and
Dell'Orco, 2015). Photoreceptor GCs are orphan receptors that lack ligands to bind

their extracellular domains, but in cooperation with neuronal calcium sensor proteins
10



(GCAPs), RD3 or bicarbonate, they form complexes that control cGMP synthesis
(Peshenko et al., 2011b; Sulmann et al., 2017; Wimberg et al., 2018a).

In vertebrates, the photoreceptor-specific guanylyl cyclases are regulated by guanylyl
cyclase activating proteins (GCAPs), which attach to their intracellular sites, allowing
a dynamic interaction and interplay of regulatory control (Peshenko et al., 2011b;
Sulmann et al., 2017). GCAPs are calcium sensor proteins that respond to changes in
cytoplasmic calcium concentration ([Ca2+]) with a conformational change thereby
switching the target photoreceptor GCs to the active state (see Figure 5) (Dizhoor and
Peshenko, 2021; Koch and Dell'Orco, 2015). For instance, the binding of Ca%*-free
/Mg?*-bound GCAP1, which shifts the balance to the active state, facilitates the
activation of GC-E. Ca?*-bound GCAP1, which maintains the inactive state, inhibits the

cyclase.

Point mutations in the GUCY2D and GUCA1A genes coding for GC-E and GCAP1 in
humans can cause various forms of retinal degeneration, including cone-rod
dystrophies (CORDG6) and Leber's congenital amaurosis (LCA). CORDSG6 is an early-
onset progressing degeneration of cone and rod functions due to point mutations in
the GC-E with several mutations cluster in dimerization domain, for example in specific
positions E837, R838, T839 (Sharon et al., 2018). LCA is a particularly severe type of
retinal dysfunction that results in blindness either after birth or during the first year of
life. People with LCA type 1 have point mutations in GUCY2D, which can cause GC-E
dysfunction in living cone photoreceptor cells, which can be dispersed throughout the
entire enzyme (Sharon et al., 2018). The relevant pathological studies of both CORD6
and LCA were caused by the abnormalities of Ca?* sensitivity of the GC-GCAP
complex (Duda and Koch, 2002; Koch et al., 2002; Sharon et al., 2018; Zagel et al.,
2013). In this scenario, the rods were still functional due to their expression of GC-F,
but they deteriorate progressively at later stages of the disease (Sharma et al., 2023).
Although no mutations of GC-F were found that correlate with retinal diseases, the

knowledge about photoreceptor GCs including GC-F and their regulatory interactions
11



with GCAPs can potentially shed light on the pathology of LCA opening routes for gene

therapy (Jacobson et al., 2022).
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Figure 5: lllustration of photoreceptor GCs regulated by Guanylate Cyclase Activating Proteins
(GCAPs). The small Ca?* sensor proteins named GCAPs depend on the concentration of Ca®*
when modulating cyclase activity of RetGC. GCAPs undergo a conformational change and lose
their bound calcium ions which probably leads to rearrangements in the guanylate cyclase

structure and enhances GTP utilization.

1.2.2 The natriuretic peptide coupled guanylate cyclases.

The genes of Natriuretic peptide receptor 1 (Npr1) and Natriuretic peptide receptor 2
(Npr2) encode the natriuretic peptide-coupled guanylate cyclases GC-A and GC-B,
respectively. In contrast to photoreceptor GCs, the extracellular ligand domains of
these receptors can bind to natriuretic peptides (ANP, BNP, and CNP), enabling the
GCs that switch to an active state (Kuhn, 2016). Both GC-A and GC-B exist as
homodimers or homotetramer in their native state (without ligand activation) and can
also oligomerize (lwata et al., 1991; Langenickel et al., 2004; Potter et al., 2009;

Shuhaibar et al., 2016). The binding of ligands does not lead to additional
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oligomerization of GC-A (Chinkers and Wilson, 1992; Iwata et al., 1991). In terms of
receptor binding preferences, GC-A favors ANP>BNP>CNP, whereas GC-B displays a
preference for CNP>ANP>BNP (Bennett et al., 1991; Koller et al., 1991; Suga et al.,
1992).

Phosphorylation of serine and threonine sites in GC-A and GC-B is essential for
hormonal activation, while dephosphorylation leads to inactivation. The ANP and BNP
molecules bind to GC-A, inducing the monomer closer together in the juxtamembrane
regions in a stoichiometric ratio of 1:2 (Bennett et al., 1991; Koller et al., 1991;
Labrecque et al., 2001). Nonetheless, activation of GC-A is regulated via peptides
inducing conformational changes in KHD, which relieves the inhibition of GCD.
Additionally, in the basal state, the N-terminal portion of KHD is highly phosphorylated
containing five serine and two threonine residues (Kuhn, 2016; Potter and Hunter, 1998;
Schroter et al., 2010; Yoder et al., 2010). Similar to GC-A, KHD phosphorylation or
dephosphorylation is also critical for controlling the state of GC-B, with the difference
being that the serine and threonine sites in the juxtamembrane domain are also
necessary for CNP-dependent GC-B activation (Shuhaibar et al., 2016; Yoder et al.,
2012; Yoder et al., 2010).

The natriuretic peptides (NPs) and their receptors are widely distributed in tissues and
cells of vertebrates. Specific gene-knockout in mice produced phenotypes in
agreement with important physiological functions (see Table 1). These include vascular
hemodynamics, metabolic regulation, immune response, and energy metabolism,
renal, cardiac, endocrine, and neural function (Kuhn, 2016; Levin et al., 1998). For
instance, ANP and BNP activate GC-A expressed in the cardiovascular system and
metabolic organs, thereby regulating blood pressure and metabolism. CNP activates
GC-B and the CNP/GC-B signaling system, which is expressed in various organs, but
also in cardiovascular cell types (Pandey, 2021). Its proposed primary physiological

function is to regulate skeletal growth (Kuhn, 2016).
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All three NPs, particularly CNP, are synthesized in the brain and associated with
neuronal functions such as neurotransmitter release, synaptic transmission, axonal
branching, neuroprotection, and neuroendocrine regulation (Cao and Yang, 2008;
Giovannini et al., 2021; Potter et al., 2009). Conversely, plasma ANP and BNP do not
pass the blood-brain barrier and can only target the central nervous system outside
this boundary (Levin et al., 1998). Both GC-A and GC-B are present in the brain and
co-act with neuropeptides to regulate brain development and function. Research
studies have explored their involvement in synaptic plasticity in the hippocampus
(Barmashenko et al., 2014; Decker et al., 2010), as well as their role in regulating the
circadian clock (Olcese et al., 2002). NPs and their receptors have also been detected
in the retina (Rollin et al., 2004). They were linked to dopaminergic and cholinergic
signaling in amacrine cells (Abdelalim et al., 2008), and modulate GABA-receptor
activity in bipolar cells (Yu et al., 2006). Additionally, the natriuretic peptides ANP and
BNP provide protective effects against retinal neovascularization, besides their role in
neuronal signaling (Spiranec Spes et al., 2020). Although natriuretic peptides (NPs)
and their associated guanylate cyclases GC-A and GC-B exhibit multi-potential
functions not only in the brain but also in the retina, the underlying mechanisms require

further investigation.

Table 1: The cell and tissue distributions and gene-knockout phenotypes of natriuretic peptides

and their receptors. (Adapted from Kailash N. Pandey et al., 2011)

Ligand/ Cell distribution Tissue distribution Gene-kno_ckot_Jt
Receptor phenotype in mice
Nppa (ANP) Myocytes, Leydig cells, Atrium, ventricle, brain, kidney, High blood pressure,
PP granulosa-lutean cells testis, ovary hypertension, cardiac hypertrophy
Ventricular fibrosis, skeletal
Nppb (BNP) Myocytes, ventricular cells Atrium, ventricle, brain abnormalities, vascular
complications
Vascular endothelium. aorta Inhibition of long bone growth,
Nppc (CNP) Endothelial Cells brain. heart. testis ’ ’ dwarfism, abnormal chondrocyte
’ ’ differentiation
Renal epithelial and mesangial Kidney, adrenal glands, brain, _
cells, vascular smooth muscle heart, liver, lung, olfactory High blood pressure,
NPRA/GC-A cells, endothelial cells, Leydig ovary, pituitary gland, placenta, hyper_‘ten5|_on,_ cardiac r_myper‘trophy
cells, granulosa cells, testis, thymus, vascular beds and fibrosis, inflammation, volume
fibroblasts, Neuroblastoma, X : i . g overload, reduced testosterone
LLCPk-1. MDCK cells liver, ileum, and other tissues
Adrenal glands, brain, cartilage,
fibroblast, heart, lung, ovary, Dwarfism, decreased adiposity,
NPRB/GC-B Vascular smooth muscle cells, pituitary gland, placenta, testis, female sterility, seizures, vascular

fibroblasts, chondrocytes

thymus, vascular beds, and
other tissues

complication
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1.3 The RD3 protein

The human retinal degeneration protein 3 (RD3) gene is primarily expressed in the
retina, with the genomic localization of chromosome 1, open reading frame 36 (C10rf36)
and has a 585bp transcript encoding a 195 amino acids protein of estimated molecular
mass of 22.7 kDa (Azadi et al., 2010; Lavorgna et al., 2003). It has been demonstrated
that RD3 is a highly conserved protein evolutionarily, most vertebrates share more than
80% identity in their amino acids sequence in comparison to human (see Figure 6).
Thus the mouse was used as model organism for human RD3 relevant diseases

(Molday et al., 2014).

In humans, RD3 is highly abundant in the retina, but also significantly expressed in the
lungs and gastrointestinal tissues, whereas the expression rates in other tissues is
much lower (Aravindan et al., 2017). The analysis of subcellular localization suggests
that RD3 has a significant and strong cell-specific nuclear and cytoplasmic localization
in photoreceptor cells (Friedman et al., 2006) and epithelial cells (Aravindan et al.,
2017). Further studies on transfected COS-1 cells have demonstrated a simultaneous
subnuclear localization of RD3-fusion constructs (Azadi et al., 2010; Friedman et al.,
2006), leading to the hypothesis that RD3 is implicated in the formation of subnuclear
protein complexes that regulate transcription and splicing. For example, through in
vitro and in vivo immunocytochemistry and immunoprecipitation assays, RD3 was
found to co-localizes, and directly interacts with GC-E and GC-F in the retina, Friedman
et al., (2006) observed a close proximity to leukemia-gene product (PML) bodies in the
cell nucleus, but this specific co-localization might have been caused by the large
Green-fluorescent protein fusion part that was use in the Friedman et al. study (Azadi

et al., 2010).

Current studies supported that the mutations in the RD3 of human patients correlate
with the phenotypical characteristics of LCA12 (Cideciyan, 2010; Friedman et al., 2006;

Preising et al., 2012). However, the mechanisms underlying the relationship between
15



RD3 and clinical phenotypes such as thinner ganglion cell and nerve fiber layers in

LCA12 patients remain unclear (Preising et al., 2012).
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Figure 6: Alignment of amino acid sequences RD3 from different species (human, mouse,
chicken, xenopus). The alignment shows four predicted a-helices highlighted in blue. The
asterisks (*) indicate identical positions when compared to human RD3, while (:) indicates
similar sequence positions. (Adapted from Molday et al., 2014).

1.3.1 The physiological role of RD3

Physiologically, RD3 plays a dominant role in photoreceptor cells and regulates two
well characterized processes both involving photoreceptor GC-E and GC-F. RD3
facilitate the trafficking of photoreceptor GCs from inner to outer segments (Azadi et
al., 2010; Molday et al., 2013; Zulliger et al., 2015), and inhibits their GCAP-mediated
activation at low cytoplasmic [Ca?*] (Peshenko et al., 2011a; Peshenko et al.,

2016).These processes are both crucial for the maintenance and function of

photoreceptor cells.

16



In RD3-deficient mice, both GC-E and GC-F were trapped in the endoplasmic reticulum
(ER), which led to photoreceptor degradation and rendered photoreceptor GCs
undetectable (Azadi et al., 2010; Molday et al., 2013). Subsequent research found out
implied that RD3 is involved in the transport of photoreceptor GCs, specifically GC-E,
from the ER to the outer segments of photoreceptor cells (see Figure 7) (Azadi et al.,
2010; Molday et al., 2013; Zulliger et al., 2015). In these contexts, RD3, GCAP1, and
photoreceptor GCs, form a trafficking complex in a vesicle-trafficking pathway
associated with Rab5 and Rab11 (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

and Dizhoor, 2020; Peshenko et al., 2016; Plana-Bonamaiso et al., 2020).

L
outer —
GC

segment

inner i
segment /GC OO

Figure 7: The putative role of RD3 in RetGC trafficking. In the inner segment, the RD3 binds to
the photoreceptor GCs produced in the endoplasmic reticulum (ER) and forming up small
vesicles containing RD3-GCs complex to inhibit the cyclase activities. These complexes
transport with other adaptor proteins and translocate through the Golgi to the base of the
connecting cilium to the outer segment. While the RD3 dissociates from GCs, possibly by
protein folding or modification, as well as protein-protein interaction like GCAPs. The

disassociated RD3 may be covered by vesicles again and sent back to the ER to start another
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round of RD3-mediated photoreceptor GCs cellular trafficking.

Studies have shown a correlation between RD3 and two types of prompt photoreceptor
degeneration (Peshenko et al., 2011a; Peshenko et al., 2016; Plana-Bonamaiso et al.,
2020). In normal state of photoreceptors, RD3 can inhibits the photoreceptor GCs
basal activity and prevents photoreceptor GCs activation by GCAPs, to protect the
normally proceed of trafficking described (see Figure 7 and 8 A) (Peshenko et al.,
2011a; Peshenko et al., 2016). The absence of RD3 in the retina of a RD3 deficient
mouse (rd37/rd3") directly links to accelerated photoreceptor degeneration and might
be due to the uncontrollable synthesis of cGMP of the GCAPs-GCs complex in the
inner segment. their might also lead to cell programmed death involving ER stress (see
Figure 8 B) (Dizhoor et al., 2019; 2021; Plana-Bonamaiso et al., 2020). In cases of
retinal diseases, most of mutations in photoreceptor GCs especially GC-E, exhibit a
greater affinity for binding with GCAPSs, thereby increasing cGMP production in the
photoreceptor, which helps antagonize inhibition from RD3 and plays a dominant role
in rapid degeneration (see Figure 8 C). A reasonable pathway to rescue this process
is to enhance the content of RD3 in the photoreceptor cell, since the re-gain of RD3
and deletion of GCAP1 suggested to slow down the degeneration in RD3 mouse retina
(see Figure 8 D) (Dizhoor et al., 2019; Peshenko et al., 2021). Interestingly, the
absence of RD3 in the mouse retina was found to activate cell death, which could be
another mechanism causing vision loss (Dizhoor et al., 2019; Plana-Bonamaiso et al.,

2020).
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Figure 8: Proposed role of RD3 in mitigating two forms of rapid photoreceptor degeneration. A.
In normal photoreceptors, RD3 can deliver GCs from the inner to the outer segment and control
guanylate cyclase activation. Once the enzyme reaches the outer segment, GCAPs regulate
RetGC by Ca?* feedback. B. In RD3-deficient photoreceptors, GC and cGMP production in the
outer segment was reduced, resulting in decreased light responses and potentially slow
degeneration. In addition, unprotected GC activation in photoreceptors can cause rapid
degeneration. C. In photoreceptors with GUCY2D mutations (RetGC1*) have increased
enzyme affinity for GCAP, making RD3 regulation more difficult. This may activate a secondary
degeneration pathway similar to that observed in RD3-deficient model. D. The enhanced levels
of RD3 via overexpression allow for more efficient competition with GCAPs for RetGC1*, thus

counteracting the RD3-based apoptotic pathway. (Adapted from Igor V. Peshenko et al., 2021)

Although studies have highlighted the significance of RD3 in retina diseases, the

specific underlying mechanisms are yet to be determined (Ames, 2022; Dizhoor et al.,
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2021; Dizhoor and Peshenko, 2021; Pandey, 2021; Peshenko et al., 2021; Sharma et
al., 2023). Another in vitro study discovered that purified RD3 stimulated an increase
in guanylate kinase (GUK) activity, an enzyme involved in the nucleotide cycle,
catalyzing the conversion of 5-GMP to GDP (Wimberg et al., 2018a). 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).

Aside from its role in photoreceptor cells, RD3 has been discovered to have a
physiological function in neuroblastoma cells. The endogenous expression of RD3 in
parental SHSY5Y neuroblastoma cell line is high but low in its aggressive subline
metastatic site-derived aggressive cells (MSDACs). Notably, a knockout of RD3 in
SHSY5Y results in increased cell migration, invasion, and metastatic potential. Upon
RD3 re-expression in MSDACs, aggressive neuroblastoma clones derived from
parental SH-SY5Y cells exhibited diminished potential for neuroblastoma progression

(Khan et al., 2015).

The physiological role of RD3 in retinal have widely been reviewed (Azadi et al., 2010;
Dizhoor et al., 2021; Peshenko and Dizhoor, 2020; Peshenko et al., 2011a; Peshenko
et al., 2021; Plana-Bonamaiso et al., 2020; Wimberg et al., 2018a), but the question
whether degeneration of photoreceptors caused by the dominant mutations in
photoreceptor GCs and GCAP1 can be partially rescued by overexpression of RD3
still needs to be addressed. For the presence of RD3 in non-retinal tissue several
questions remain unsolved, for example its expression profile in brain tissue and the
identity of its non-retinal targets. A reasonable question in this context is whether GCs
activated by natriuretic peptide can also be regulated by RD3. A necessary condition

for such a regulation would be the expression of RD3 and GCs in the same tissue.

1.3.2 The pathological role of RD3
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Genetic alterations and structural mutations of RD3 may have a significant impact on
disease progression. As first mentioned above, RD3 genetic deficiencies and
mutations can lead to early-onset photoreceptor degeneration in patients diagnosed
with Leber congenital amaurosis type 12 (LCA 12) (Azadi et al., 2010; Friedman et al.,
2006; Molday et al., 2013; Perrault et al., 2013; Wimberg et al., 2018a). Furthermore,
the loss of RD3 transcript expression correlates with progressive pathogenesis of

neuroblastoma patients (Somasundaram et al., 2019).

RD3 is a distinctive protein exhibiting minimal homology to other proteins (Peshenko
et al., 2019). It folds into a four-helix bundle structure, characterized by helix a1: P21-
V51; a2: P75-K87; a3: P90-Q107; a4: V111-T139, as demonstrated by nuclear
magnetic resonance spectroscopy analysis (see Figure 9 A) (Ames, 2022; Peshenko
and Dizhoor, 2020; Peshenko et al., 2019). These structural variations can produce
either pathogenic or benign effects on the LCA12 vision impairment. The nonsense
mutations of RD3 are considered to be pathogenic variants, including R38X, E46X,
and Y60X (Perrault et al., 2013; Preising et al., 2012). These mutations trigger the RD3
protein to undergo premature termination, thereby decreasing the gene product and
removing the mRNA preceding translation. The R38X and E46X are both located in
the helix a1, causing truncation of the RD3 protein that excludes amino acids 38-99
and 46-99 (see Figure 9 B). Notably, the E46 site demonstrates two distinct mutations
that affect the codon (Perrault et al., 2013). The Y60X mutation, which settles on the
loop connecting helix a1 and a2, was predicted to result in the truncation of about two-
thirds of the gene product. This mutation was only shown to be affected in the
homozygous state. (Preising et al., 2012). Additional studies were conducted to
comprehend RD3 mutations in LCA12, which reveal that the majority of variations in
patients are benign (Friedman et al., 2006; Perrault et al., 2013; Peshenko and Dizhoor,
2020). However, these mutations may weaken the RD3 affinity to photoreceptor GCs.
Accordingly, Igor V. Peshenko and Alexander M. Dizhoor (2020) concluded from an
extensive site-directed mutagenesis study that two clusters of surface-exposed

residues are capable of suppressing RD3's ability to inhibit RetGC1. The first cluster
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comprises helices a1 and a2, and loop 1/2, with functional residues of Y60, W62, and
L63. The second cluster on the helix a3, has been identified as a crucial component of
RD3's three-dimensional structure, that provides the interface for binding to the cyclase.
Its exposure residues R99, R101, and Q102 (see Figure 9 B, C) (Peshenko and
Dizhoor, 2020; Peshenko et al., 2016; Peshenko et al., 2019).

Although several studies have described mutations in RD3 causing LCA12, a severe
form of retinal degeneration and cell dysfunction, the sequence changes in the RD3
gene are a very rare cause of LCA (Perrault et al., 2013; Peshenko et al., 2016;
Preising et al., 2012). Combining this information with evidence from mouse transgenic
phenotypes, it suggests that the lack of RD3 transcript level is the primary cause of
LCA12 disease. Furthermore, one of the previous studies reported that loss of RD3
correlates with the development of an aggressive neuroblastoma cancer (Khan et al.,
2015). Although these findings seem to contradict an earlier study concluding that
inactivation of both RD3 alleles in LCA12 patients does not correlate with extraocular
symptoms (Perrault et al., 2013), a more recent study supports the direct involvement
of RD3 loss in tumor development and progression (Somasundaram et al., 2019).
Additionally, the study discovered that intensive multimodal therapy contributes to the
loss of RD3 in surviving cells, resulting in disease progression (Somasundaram et al.,
2019). This strongly emphasizes the significance of RD3 transcript alternation in its
pathological function. At present however, any causal relationship between the

abnormal regulation of RD3 expression and tumor development is unclear.
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Figure 9: lllustration of RD3 protein structure with LCA12 pathological mutations. (A) RD3 four
a-helices (cylinders a1 to a4) from the N terminal to the C terminal protein structure and its
bridge unstructured regions (straight line) with the nonsense mutants R38*, E46*, Y60*, and
F100* thatis correlated to LCA12, as well as a two-base deletion causing a frameshift at residue
46 leading to premature termination downstream (E46Afs83*) (Friedman et al., 2006; Perrault
et al., 2013; Preising et al., 2012). (B) Three-dimensional structure of RD3 protein with the
marked residues substituted by LCA12 nonsense mutations (Peshenko et al., 2019). (C)
Spheres based three-dimensional structure to illustrate the location of buried residues (in black)
compared to surface-exposed residues (colored to match corresponding helices in the primary
structure diagram) (Asterisk * stand for terminal codon X). (Adapted from Igor V. Peshenko and

Alexander M. Dizhoor, 2020)
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2. Objectives

The obijective of this thesis is to understand the physiological and pathological role of
RD3 in the CNS and its involvement in brain diseases. The questions posed and

addressed are as follows:

To understand the physiological role of RD3 in the brain, our questions were: what is

the expression pattern of RD3 during mouse brain development? Which role might

RD3 play in neuronal cells?

The transient or dynamic expression of genes plays a crucial role in regulating diverse
biological processes during development, including cell differentiation, tissue formation,
and organ development. Previous studies (see introduction) showed a ubiquitous
expression of RD3, but expression profiles during brain developmental were not
reported. Therefore, brain and retina tissue samples are collected from mice at various
developmental stages to analyze shifts in gene expression for rd3, Npr1, and Npr2.
Then, we will focus on whether RD3 can regulate the gene products of Npr1 and Npr2
coding for GC-A and GC-B, respectively. This approach includes functional guanylate

cyclase assays with cultured cells.

Research indicates that RD3 has potential in tumor progression. We aim to investigate

whether RD3 also has a potential impact in the cause and development of glioma.

RD3 has demonstrated efficacy in prognostic and diagnostic approaches for
progressive neuroblastoma. However, further studies are still missing to illustrate and
elucidate the pathological involvement of RD3 in neurological cancers. The study will
involve reviewing literature and analyzing large databases, as well as incorporating
clinical samples from hospitals. These efforts will provide insight into the molecular
characteristics of RD3 in gliomas or other cancers, potentially allowing for an
understanding of its association with brain diseases and the manifestation of related

phenotypes.
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RD3 mutations are found in various diseases that are associated with benign or

pathogenic processes. The inquiry we made is whether there is any genotype-

phenotype-function correlation of mutations in RD3 and disease processes.

In the comprehensive assessment of RD3 expression in normal human tissues, strong
immunoreactivities were observed in epithelial cells, suggesting a functional role for
RD3 in these cells. In combination with the novel finding of RD3 in inducing the
apoptosis of photoreceptor cells, this study will explore whether RD3 can also induce
programmed cell death in human embryonic kidney derived epithelial cells (HEK293T
cell) and the underlying mechanisms. Further, we are focus on somatic mutations of
RD3 found in diseases of cancers and LCA 12 to understand the impact of point
mutations on the three-dimensional structure of RD3, and how they might define a

pathological role of RD3 in brain diseases progression.
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3. Summary of the results

3.1 The novel physiological functions of RD3 in controlling the nucleotide cycle of the
brain through the incorporation of natriuretic peptide guanylate cyclase. Additionally,
its expression pattern in neuronal tissues. (Chen et al., 2022).
To examine the potential mechanisms connected with RD3 function, our research
targets were the two natriuretic peptide couple guanylate cyclases. These natriuretic
peptide associated guanylate cyclases, present throughout the human body, share
similar protein functional regions with those in the retina (Kuhn, 2016). In the amino
acid blast alignment, the protein sequences of GC-A (P16066), GC-B (P20594), GC-E
(Q02846), and GC-F (P51841) exhibited significant homology in the kinase homology
domain, dimerization domain, and cyclase catalytic domain (see Figure 10). The
presence of these functional intracellular domains is critical for signaling and ligand
binding, which suggests that RD3 potentially interacts with GC-A and GC-B to catalyze
the synthesis of cGMP.
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Figure 10: The sequence alignment of selected human membrane bound guanylate cyclases,

GC-A, GC-B, GC-E and GC-F. with its structure domain.

GC-A and GC-B are involved of many physiologically important processes including

bone growth in human development (Kuhn, 2016). To further understand the

physiological aspects of RD3 and its potential functional partners, we must first identify

the tissues in which the gene is predominantly expressed and its developmental

dynamics. Thus, we used qRT-PCR to map the genetic patterns of rd3, Npr1, and Npr2

in mice tissues at different developmental stages. In agreement with published reports

(Azadi et al., 2010; Zulliger et al., 2015), the high expression levels of rd3 were

observed in the mouse retina at P10, P20, and P30, while transcript levels for Npr2

and Npr1 were 10 to 100-fold lower (see Figure 11). In comparison to the mouse brain

regions, rd3 relative transcript level is highly abundant in retina, as evidenced by
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several orders in normalized to B-actin expression (compare Figure 10 and 11 A).
These findings are consistent with previous observations in human, confirmed that the
retina being the prominent neuronal tissue of RD3 localization (Aravindan et al., 2017;

Chen et al., 2022).
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Figure 11: Relative gene expression of rd3, Npr1, and Npr2 in mouse retina. The retina tissue
at P10, P20 and P30 were collected for quantitative RT-PCR, gene expression profiles were
normalized to p—actin expression. Statistical analysis was conducted using one-way ANOVA

followed by Bonferroni’s multiple comparisons test. The data are presented as mean = SD.

Mouse cerebellum, hippocampus, neocortex, and olfactory bulb were harvested for
gRT-PCR analysis of rd3, Npr1 and Npr2 from E14 to P60. In this context, rd3 exhibited
a lower transcript level than Npr1 and Npr2 (Figure 12 A compared to Figure 12 B, C),
and reached the highest steady-state expression level in the olfactory bulb between
P20 and P60. In Npr1, the highest expression was found in the cerebellum at P60 and
in the olfactory bulb from P10 to P60. Furthermore, the gene expression of Npr1 was
more dynamic, showing a steeper progressive increase in expression levels of
cerebellum and olfactory bulbs than Npr2 and rd3. In the case of Npr2, a stable high
expression was observed in all brain regions throughout development, which are

generally 10-fold higher than in rd3, while reaching normalized expression levels in the
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retina that were close to those observed in the cerebellum and olfactory bulb at P60.
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Figure 12: The gene expression patterns of rd3 (A), Npr1 encoding GC-A (B), and Npr2

encoding GC-B (C) were analyzed using quantitative RT-PCR in various neuronal tissues as
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indicated. The relative expression was normalized to (-actin expression. Statistical analysis
was based on one-way ANOVA followed by Bonferroni’s multiple comparisons test. The data
are presented as mean + SD and were considered significant for p < 0.05 (p £0.05=*,p <

0.01 =**; p<0.001 = ***; ns = not significant).

As shown in Figure 13, the significant amino acid sequence homology in the cyclase
catalase domain between photoreceptor GCs and natriuretic peptide receptor GCs
suggests that membrane-bound GCs may possess comparable regulatory features.
Despite the lack of a determined binding site, it is suggested that RD3 interacts with
regions in the cytoplasmic portion of photoreceptor GC-E (Peshenko et al., 2011b). To
investigate the regulatory impact of RD3 on GC-A or GC-B, we utilized reversed-phase
chromatography for the cyclase activity assay. Our initial step involved creating HEK
293T cells with transient heterologous GC-A and GC-B expression (see Figure 13).
The human GC-A and GC-B inserts were cloned into pcDNA 3.1 backbone and
transfected into HEK 293T cells (Chen et al., 2022). The expression of GC proteins
was confirmed by immunoblotting with antibodies specific to GCs, which identified a
single band at around 120 kDa (see Figure 13 A, B). This finding aligns with the
anticipated and documented molecular masses of membrane bound GCs (Kuhn,
2016). Conversely, cells that were not transfected (HEK 293T control) or were
transfected with the empty pcDNA3.1 vector did not exhibit GC bands (see Figure 13
A). HA-tagged of GC-A and GC-B were utilized as positive controls in transfections.
Polyclonal antibodies targeting GC-A or GC-B identified the HA-tagged GC bands with
specificity. Surprisingly, the GC-A variant containing the tag provoked a greater
response to the antibody than the untagged variant. To confirm the functional
expression of both GCs, a ligand-dependent increase in GC activities was monitored.
Increasing concentrations of natriuretic peptides ANP (activates GC-A) or CNP
(activates GC-B) were incubated with HEK293T cell membranes containing GC-A or
GC-B, and both peptides increased cGMP production approximately 10-fold and
reached saturation above 4 uM (see Figures 13 C, D). In order to optimize our assay

system, a cyclase activity assay was performed with measurements of GTP-
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dependent cGMP synthesis (see Figures 13 E, F) and a time series (see Figures 13

G, H), resulting in a robust assay system suitable for further study.
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Figure 13: Expression of heterologous human GC-A and GC-B in HEK 293T cells. Cell
membranes were collected for immunoblotting and primary antibodies were used to detect (A)
GC-A and (B) GCB at a dilution of 1:1000 in both cases. Ligand activities were detected based
on GC-activities in the regulation of (C) GC-A by ANP dose and of (D) GC-B by CNP dose.
Additionally, GTP concentration was found to affect ligand activities in (E) and (F), while time

was found to affect ligand activities in (G) and (H).

To evaluate the effect of RD3 on the cyclase activity of GC-A and GC-B, we utilized
purified RD3. We treated membrane proteins from HEK 293T cells expressing
recombinant GC-A and GC-B with 2 yM ANP and CNP, respectively, followed by
incubation with increasing concentrations of purified RD3. Both GC-A and GC-B

significantly decreased cGMP production when mixed with RD3 in a concentration
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dependent manner. Replicated and reproducible results showed a half-maximal
inhibition with an 1Cso value (+SD) of 24 + 13 nM RD3 for GC-A and 29 + 21 nM RD3
for GC-B (see Figure 14 A, B). However, unlike in GC-E (see Figure 14 C), the RD3
suppression was incomplete at higher concentrations between 0.5 and 1 uyM. Rather,
the activity of GC-A and GC-B remained constant (see Figure 14 A, B). After eliminating
the influence of unstable RD3 protein (Figure 14 C) and GC-E contamination, we
confirmed that RD3 actively regulates the activity of GC-A and GC-B in a comparabile,

albeit not identical, manner to GC-E.
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Figure 14: RD3 inhibits selected membrane GCs. Nine sets of reactions were performed to
activate the (A) GC-A by 2 uM ANP, and (B) GC-B 2 uyM CNP, further inhibition affect was
determined by increasing concentrations of RD3. (C) The RD3 protein activity was tested by
using GC-E expressed HEK293T cells in activated by 5 yM GCAP1 under the condition of Ca?*
absence. The addition of RD3 at concentrations of 20nM, 100nM, and 200nM resulted in a

complete decrease in activity between 100 (**p = 4.511 x 10-5) and 200nM (***p = 7.409 x 10
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6), N = 3. No cGMP product was observed when double-distilled water (ddH20) was added to

GC-E in HEK293T cell membranes.

We extended our study to primary cultured neurons, astrocytes, and microglia from
mice. Our findings revealed that there was a significant expression of Npr2 in neurons
and astrocytes, along with a notably high expression of rd3 in astrocytes (see Figure
15 A). The prominent transcript levels of Npr2 and rd3 in astrocytes motivated us to
examine and compare the regulatory characteristics of GC-A and GC-B in primary
cultures of astrocytes. Endogenous GC activity levels of approximately 400 pmol x
min~' x mg™" of protein were primarily attributed to both GC-A and GC-B, as depicted
in Figure 15. These levels were observed under conditions where no exogenous
natriuretic peptides were added, using ddH-O. The addition of natriuretic peptides,
specifically ANP and CNP, resulted in a two-fold increase in GC activity. The addition
of RD3 at concentrations of 30 or 60 nM prevented the stimulated GC activity induced
by ANP or CNP, resulting in only basal levels of GC activity similar to the non-stimulated
case (see Figure 15 B). These findings indicated that endogenously expressed GC-A
and GC-B in primary astrocyte cell culture were responsive to RD3, further supporting
our results with recombinant GC constructs and suggesting a possible physiologically

relevant regulation of natriuretic peptide activated GCs by RD3.
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Figure 15: Gene expression profiles and protein cyclase activities in astrocytes. (A) Relative
expression of rd3, Npr1 and Npr2 in neurons, astrocytes, and microglia was normalized to [3-
actin. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s
multiple comparisons test. The data are presented as mean + SD and were considered
significant for p < 0.05 (p < 0.05=*; p < 0.01=**; p < 0.001=***; ns= not significant). (B) RD3

inhibits GC-A and GC-B in astrocytes.

3.2 Acomprehensive analysis for understanding the pathological role of RD3 in glioma.
The above data indicates that RD3 can inhibit cGMP synthesis in mouse astrocytes,
the important cells that are crucial for several cellular brain progresses. In this chapter,
I will summarize the investigations focusing on the potential pathological role of RD3
in astrocyte-related brain diseases. To date, there is no pathological or etiological
indication of RD3 gene expression playing a role in glioma development or disease
progression, but current public datasets such as TCGA (https://www.cancer.gov/tcga)
provide useful information about hypothetical correlations of RD3 transcript levels and
its impact in specific diseases. Accordingly, we first analyzed RD3 transcript levels in
the TCGA GBM/LGG, GSE108474, GSE16011, and GSE7696 cohorts in different
histological groups and found significant differences between non-tumor and

glioblastoma tissue, but not in other gliomas like astrocytoma. When compared to other
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glioma types, RD3 expression was generally low in glioblastoma (see Figure 16 A-D).
We then performed qRT-PCR for RD3 expression in the glioma tissues from the EV
cohort and found a significant downregulation of RD3 expression in GBM compared to

non-tumor tissue (see Figure 16 E, expression normalized to TBP and HPRT1).
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Figure 16: Differential expression of RD3 in glioma. (A) RNA-seq data from TGCA-GBM/LGG.
(B) GSE108474, and (C) GSE16011 provide microarray gene expression data. The results
indicate that RD3 expression is lower in glioblastoma compared to non-tumor and other gliomas.
A further test was based on (D) GSE7696, and gRT-PCR analysis of the glioblastoma tissues
from (E) the Oldenburg cohort. The statistical analysis used an unpaired t-test with significance
levels were considered significant for p < 0.05 (p < 0.05=%; p < 0.01=**; p < 0.001=***; ns= not

significant).

To examine the correlation between RD3 expression levels and clinical-pathological
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characteristics, we divided data from TCGA-GBM/LGG (with 699 individuals) into high-
expression and low-expression categories, based on the median expression of RD3
(see Table 2). The clinical features of age, gender, WHO grade, IDH status, primary
therapy outcome, histological types, overall survival event (OS), disease specific
survival (DSS) and progression free survival (PFl) were considered. OS in cancer
research refers to the length of time from a cancer diagnosis or the start of cancer
treatment until the patient's death due to any cause. DSS targets survival related to
the particular disease under study, excluding deaths from other causes. PFl is used to
assess the effectiveness of treatments in controlling the progression of cancer. In terms
of the primary therapeutic outcome, the group with high RD3 expression displayed a
significant rise in partial and complete response cases. When compared to the low
expression group, no discrepancies were observed concerning progressive or stable
disease cases. DSS and PFI supported these findings as most of the patients, who
died of glioma, with or without treatment, are present in the low RD3 expression level
group. Furthermore, the characteristics of RD3 expression revealed that the low RD3
group was classified into the following categories: age over 60 years, glioblastoma,
isocitrate dehydrogenase wild type status (IDH wild type), and WHO grade G4. This
study suggests a noteworthy reduction of RD3 in GBM, which may function as a

biomarker for curative response.
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Table 2: Association between RD3 expression and clinicopathological characteristics in the

TCGA-GBM/LGG cohort

Characteristics Low RD3 level High RD3 level P value
n 349 350

Age, n (%) < 0.001
> 60 108 (15.5%) 35 (5%)

<=60 241 (34.5%) 315 (45.1%)

Gender, n (%) 0.234
Female 141 (20.2%) 157 (22.5%)

Male 208 (29.8%) 193 (27.6%)

WHO grade, n (%) < 0.001
G2 79 (12.4%) 145 (22.8%)

G3 111 (17.4%) 134 (21%)

G4 142 (22.3%) 26 (4.1%)

IDH status, n (%) < 0.001
WT 185 (26.9%) 61 (8.9%)

Mut 157 (22.8%) 286 (41.5%)

Primary therapy outcome, n (%) 0.008
Progressive disease 55 (11.8%) 57 (12.3%)

Stable disease 59 (12.7%) 89 (19.1%)

Partial response 16 (3.4%) 49 (10.5%)

Complete response 48 (10.3%) 92 (19.8%)

Histological type, n (%) < 0.001
Astrocytoma 81 (11.6%) 115 (16.5%)

Oligoastrocytoma 50 (7.2%) 85 (12.2%)

Oligodendroglioma 76 (10.9%) 124 (17.7%)

Glioblastoma 142 (20.3%) 26 (3.7%)

OS event, n (%) < 0.001
Alive 167 (23.9%) 260 (37.2%)

Dead 182 (26%) 90 (12.9%)

DSS event, n (%) < 0.001
Yes 161 (23.7%) 83 (12.2%)

No 172 (25.4%) 262 (38.6%)

PFl event, n (%) < 0.001
Yes 205 (29.3%) 141 (20.2%)

No 144 (20.6%) 209 (29.9%)

From the above data, we found a strong association between the alteration in RD3
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MRNA expression and glioblastoma. In order to validate this outcome, we assessed
the prognostic significance of RD3 transcript levels in the databases of TCGA
GBM/LGG, GSE108474, and GSE16011. Patients were divided into low and high RD3
MRNA expression subgroups according to 50 percentiles of RD3 expression, and
overall survival curves with 95% CI (95% confidence interval shown as shadow), HR
(hazard ratio), and p-value were generated using Kaplan-Meier Cox regression.
Patients with glioma who had a higher expression of RD3 had a significantly better
prognosis than those with lower expression according to the results of TCGA
GBM/LGG (p<0.001, HR=0.35), GSE16011 (p=0.037, HR=0.76), and GSE106474
(p=0.002, HR=0.72), while the 5 years survival rate to lower RD3 expression is less
than 25% (Figure 17 A-C). Additionally, data from healthy donors and GBM patients
were selected from a multicohort study to perform a receiver operating characteristic
(ROC) test to evaluate the diagnostic value of RD3 in GBM (Figure 17 D-I). If the area
under the curve (AUC) is AUC > 0.5, the test effectively determines whether RD3
expression correlates with a higher survival rate in GBM patients compared to healthy
donors. The current study's data sets show the following AUC values (in parentheses):
TCGA (0.9339), GSE108474 (0.6670), GSE16011 (0.7792), GSE7696 (0.7969), TBP
(0.7727), and HPRT1 (0.7168). All ROC curves had an AUC value greater than 0.5,
indicating acceptable predictive ability that was significantly better than random chance.
There was only one exception with the result of GSE108474, which showed a less
obvious discrimination with an AUC value of 0.6670. Consequently, the assessment of
the predictive ability suggested that RD3 has a potential as a biomarker for GBM

prognosis and diagnosis.
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Figure 17: The Kaplan-Meier and receiver operating characteristic (ROC) curve of RD3 in
patients with glioma. (A-C). The overall survival probability was assessed based on the RD3
transcript level, (D-1). The diagnostic test of RD3 in Glioblastoma. (HR: Hazard Ratio, AUC:

Area Under Curve, 95%CI: 95% Confidence Interval).

3.3 RD3 mutants are associated with cell cycle arrest and apoptosis.

The presented results about RD3 in gliomas and reports in the literature
(Somasundaram et al., 2019) correlate dysfunctional expression of RD3 with tumor
development. Collectively, these investigations indicate an influence of RD3 on cell

viability or even an indirect impact on cell cycle progression. So far, several studies
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describe mutations in RD3 that cause LCA12, a severe form of retinal degeneration
and cell dysfunction (Peshenko and Dizhoor, 2020; Peshenko et al., 2011b). In order
to explore how RD3 expression might interfere with cell viability in non-retinal cells we
selected amino acid positions that seem prone to functional impairment. For example,
positions that are critical for the development of LCA12 or positions that are found in
the RD3-target protein interface. Based on these reasons we designed and obtained
RD3 point mutations R38L, R45W, R47H, R68W, P95S, and R119C (Figure 18 A, B).
The residues R38 in helix a1 is a recessive mutation linked to LCA12 (Perrault et al.,
2013). Positions R45 and R47 were inside the solvent-exposed ends that are
connected by series of salt-bridges and belong to a cluster of mutations or
polymorphisms found in patients with retinal dysfunctions (Azadi et al., 2010; Zulliger
et al., 2015). The same counts for the residue R68. Residue P95 and R119 are also
solvent-exposed in helix a3 and helix a4, respectively, and are present in short regions
of the binding interface interacting with the target GC-E (Peshenko et al., 2016;
Peshenko et al., 2019). We then transfected cells with RD3 and its variants and verified

the expression of RD3 in cells by immunoblotting (Figure 18 C).
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Figure 18: Human RD3 protein structure from PDB entry 6drf. (A) The structure shows
electrostatic surface potentials, with residues highlighted by dashed circles that have roles in
physiological conditions or were found in patients suffering from diseases. (B) Examine
individual residues in native (upper row) and patient-related mutations (lower row) in RD3.
native residues and patient-related mutations, which are represented by their side-chain moiety
and an overlay of the transparent electrostatic surface potential with secondary structure
representation. (C) Western blot test of RD3 and its variants was conducted after transfection

in HEK293T cells, and the insertion was detected by the primary mouse anti-RFP antibody
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(1:2,000). The band around 27 kDa represents the RFP, and at 49 kDa represents the fusion
protein of RD3 and RFP (red fluorescence protein). The B-tubulin was used as housekeeping
protein with molecular mass around 55 kDa and detected by its specific mouse derived antibody

at dilution of 1:2,000.

Figure 19 shows the subcellular localized of the RD3 and its variants by
immunocytochemistry assay in the HEK293T cells after 24 hours of transfection. The
results revealed that RD3 and its variants have a similar subcellular localization; they
were detected in the cell cytosol and in vesicles. The nuclei of strongly red
fluorescence protein (RFP)-positive cells are allocated in the interphase of the M phase.
These results indicated that overexpression of RD3 and its variants might be involved

and seem to interfere with cellular functions of HEK293T.

DAPI

RD3 DAPI

RD3 wt

R38L

R45W

R47H

RD3

Figure 19: Subcellular localization of RD3 and its variants in the HEK 293T cells. The cells
expressing red-fluorescence protein (RFP) were labeled in red, and the cell nuclei were stained

with DAPI and shown in blue.

The MTT assay measures cellular metabolic activity as an indicator of cell viability,
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proliferation, and cytotoxicity. To analyze the effects of RD3 transient overexpression
on HEK293T cells, we employed this assay at 24, 48, and 72 hours post-transfection.
Our results demonstrated significantly reduced cell survival (ODsg value) in cells
transfected with RD3 wild-type plasmids compared to control groups (RFP empty
vector, mock, and untreated cells) at all examined time points (Figure 20 A). At 24
hours, there were no significant differences between RD3 mutants and the RD3 wild
type in subsequent measurements. However, after 48 hours, only the R38L variant
showed a significant improvement in cell viability. Additionally, at 72 hours, no
significant differences were observed between R68W and the wild type. Conversely,
variants such as R38L, R45W, R47H, P95S, and R119C exhibited more viable cells
than the RD3 wild type (Figure 20 B). Compared to the control groups, all variants
demonstrated a substantial negative impact on cell viability at 48 and 72 hours. For
instance, while the ODsgo value for control groups ranged from 1 to 2 at 48 hours, it
was less than 0.4 for HEK 293 cells transfected with RD3 variants. These findings

indicated that overexpression of RD3 and its variants influences the cell viability of

HEK293T.
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Figure 20. Cell viability analysis of RD3 and its variants. The MTT assay were performed at
24h, 48h, and 72h after transfection. (A) The RD3 wild type was compared to the control group,
and (B) the RD3 wild type was compared to the variants. The statistical analysis used a two-

way ANOVA (P value: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
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Cell cycle arrest and apoptosis are crucial processes that affect cell growth, therefore
we wanted to determine whether transfection of HEK293T cells with RD3 and its
pathological variants regulates cell cycle progression and programmed death. To
investigate how cell cycle progression would be affected by RD3 and its variant, post-
transfected cells were harvested and fixed, nuclear DNA content was measured using
DAPI and fluorescence-activated cell sorting (FACS) analysis. Due to the limitation of
transient cell transfection efficiency, a cell sorting step based on RFP tag was
performed on flow cytometry. Followed with the measurement, the results showed an
increase in G2/M phase of RD3, and its variants compared to transfections with an
empty RFP vector and a mock transfection (Figure 21 A, B). The summary of
distribution of cell cycle phases in five rounds of replicates showed a higher proportion
of G2/M phase in the RD3 experimental group and a lower proportion of GO/G1 phase

in the control group (Figure 21 C).

Subsequent statistical analysis revealed that in G1 phase cells, only R38L showed a
significant decrease, while RD3 wild type, R45W, R47H, R68W, P95S and R119C
showed a slightly downregulated trend compared to control (Figure 21 D). In S phase
cells, there were no significant differences between experimental and control groups,
but a moderate decrease was observed (Figure 21 E). In G2/M phase cells, R38L and
R68W show a significant increase, while the others show a global upward trend
compared to control RFP and mock. These results showed that RD3 and its variant
can disrupt the normal cell cycle of HEK293T cells by arresting these cells in the G2/M

phase.

44



A RD3 wt R38L RA5W R47H

et 1.0K = c1 1.0K -

1.0K = 58.5%
800 -
800 =
600 <
600 -

400 +
400 5

200 - 200 =

E 0 300K 600K 900K 1.2M 0 300K 600K 900K 1.2M 300K 600K 900K 1.2M
]
(%} RESW P95s
1.0K - . 1.0K < N
G1 Gl
49,4%
800 4 4 s  9BA%
600 = 600 -
1,1% P M
< - 18,6% 33,0%
400 . 400 A
295% ' !
200 - 200 -
0 300K 600K 900K 1.2M 0 300K 600K 900K
DAPI
RFP Mock
B c 100+
1 Gt 1
800 62,9%
£ 80+
2
5
2 = %62
7 507
2 m %6
§ o]
= | %S
]
® 50
o
0 300K 600K 900K 1.2M 0 300K 600K 900K 1.2M
P V. S S NI S~ VI S
DAPI & T E T
D g E 30 F 6o >
*
70 *
244 07
@ 509 ]
] 2 2
£ o] 6 404
8 50 5 18- S
& « )
= 40 £ O 30
£ n £
2 3 12
30 ] -
3 $ T 204
® v}
20 2
6 101
104
0- 0- 0
& R W B S R &g AR P R &g A P R
& T F & I ¢ & € & T & € F P T T E

Figure 21. Cell cycle arrest analysis of RD3 and its variants in HEK293T cells. The transfected
cells were collected after 24 hours of incubation and stained with DAPI. Flow cytometry was
used to detect the distribution of cells across the cell cycle of (A) RD3 and its variants were
compared to the (B) empty vector and mock control. (C) The summary of cell cycle distribution
was obtained from 5 replicates. The percentage of cells across the cell cycle was analyzed
using ANOVA. The results showed a significant difference in the distribution of cells in (D) G1
phase, (E) S phase, and (F) G2/M phase. The statistical analysis used a two-way ANOVA with

significance levels of * < 0.05, ** < 0.01, *** < 0.001, and **** < 0.0001.

Disruption of the cell cycle by RD3 could point to an induction of apoptosis by RD3 and

45



its point mutants. We investigated a possible induction of apoptosis in HEK293T cells,
which were carefully collected after transfection and digested with 0.05% trypsin-EDTA.
DAPI and Annexin V APC conjugates were used for staining to detect programmed cell
death. Using flow cytometry, we first sorted cells by the RFP tag to find positive cell
populations of RD3 and its variants. The cells then were selected for measurement,
while the unstained cells were used to assist the gate set separating the cell cluster of
life (DAPI-, APC-), early apoptosis (DAPI-, APC+), late apoptosis (DAPI+, APC+) and
death stages (DAPI+, APC-). Results in Figure 22 A and B showed the cell distribution
after apoptosis indicator staining in RD3 and its variants transfected HEK 293T cells
after 24 hours. It is clear, in the RFP and Mock group that there are more cells alive
than in the cell populations positive with RD3 and its variants. Applying the statistical
analysis of the replications, the summary of cell distribution showed that cell
populations of RD3, and its variants were mostly present in early apoptosis, with lower
number of live cells and similar portion of dead cells in comparison to control groups
(Figure 22 C). The following analysis exhibited a significant increase of apoptotic cells
in RD3 transfected cells compared to RFP, Mock, and HEK293T control groups (Figure
22 C). While the number of apoptotic cells in R38L, R45W, R47H, P95S and R119C
mutants were markedly less than in RD3 wild type, and R68W showed no difference,

in accordance with the MTT results (Figure 20).
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Figure 22: Cell apoptosis analysis of RD3 and its variants. Flow cytometry was used to analyze
the programmed cell death of transfected HEK 293T cells. The assay was based on annexin V
APC conjugate and DAPI, and results show (A) RD3, and its variants transfected in HEK 293T
cell. (B) Vector and Mock control. (C) The summary of apoptotic cells. Apoptotic analysis of
cells in (D) RD3 and control group, (E) RD3 and its variants. The statistical analysis used a two-

way ANOVA with significance levels of * < 0.05, ** < 0.01, *** < 0.001, and **** < 0. 0001.
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4. Publications and manuscript

This dissertation comprises one scientific publication that appeared in peer-reviewed
journals (chapters 4.1), and one manuscript that has been submitted for publication
(chapter 4.2). Herein, | list these works and outline the individual author contributions

for each chapter.

4.1 Retinal degeneration protein 3 controls membrane guanylate cyclase activities
in brain tissue
4.2 Retinal degeneration protein 3 mutants are associated with cell cycle arrest

and apoptosis

The results in Chapter 4.1 center on the new role of RD3 in regulating the guanylate
cyclase activities of natriuretic peptide-coupled guanylate cyclases, GC-A and GC-B,
in brain tissue. To the data, we provided gene expression patterns of rd3, Npr1 and
Npr2 in the mouse brain in different developmental stages, as well as in primary
neuronal cells. While the guanylate cyclase assay was employed in the research to
test the impact of the RD3 in enzyme activities of exogenous and endogenous GC-A
and GC-B, respectively. These data displayed a possible physiological role of RD3 in
the brain. To extend our knowledge, the results in Chapter 4.2 reveal a novel function
of RD3 in activate the cell programming death in the HEK 293T cell, and this function
is impact by the somatic mutants, that gives explanation of the interact between RD3

and glioma, indicating a potential pathological role of RD3 in the brain.
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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 physiclogical role of RD3 in non-retinal tissue is unsolved at
present and specific protein targets coutside 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, neccortex, and the olfactory bulb
during development from the embrycnic 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 functicnal 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 twe hormone-stimulated GCs, namely GC-A and GC-B indicating
a new regulatory feature of these hormone receptors.

natriuretic peptide, membrane bound guanylate cyclase, GC-A, GC-B, RD3 protein

Introduction

Membrane bound guanylate cyclases (GC) synthesize the second messenger guanosine
3",5"-cydlic 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 (Clcese
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 nearonal
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 GUCAIA 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.,
20086; 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-Bonamaisé 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 Dulbecco’s 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
¢DNA was amplified using the primers listed in the supplementary
part (Supplementary Table S1). Cells were seeded for transfection
in 100mm 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 GG-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 (Zagel 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/HCl 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 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 (20 mM
phosphate buffer pH 7.4, 8M urea, 10mM 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,
500 mM NaCl, 5mM p-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 200 mA for 30 min. For GC-A and GC-B
we used a 7.5% acrylamide gel and the tank blotting procedure
(100 V 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 ¢-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 2 pM 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 pl GC bufter (75 mM Mops/KOH pH 7.2, 150 mM KCI, 10 mM
NaCl, 2.5mM DT, 8.75mM MgCl,, 4mM GTP, 0.75 mM ATP,
04mM Zaprinast). After incubation for 5min at 30°C, the
reaction was stopped by adding 50pl 0.1 M EDTA and short
incubation (5 min) at 95°C. After centrifugation at 13,000 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, Els, E19, and of postnatal days (P) P0, 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 (7 =3). The retinas
were obtained from the mice at P10, P20, P30 of both sexes with
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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 manufacturers
protocols and detected by the CEX96 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 Acth 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 vitre 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 4 mM
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 c<GMP
standard curve was created between 0.01 and 500 pmolx mL!
being maximally sensitive between 1 and 100pmol x mL~".

Statistical analysis

The gRT-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 Bonferroni's 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 #d3, 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 rd3in 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 rd3 transcripts in several brain regions.
We tested gene expression pattern of rd3, Npri and Npr2 during
development in different mouse brain parts starting from E14 up

1 https/fenane statskingdorm com/180Anovalway html
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p=0001=*** ns=not significant). 5pacific numbers of p-values are shown In Supplementary Table 53 (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 Nprl
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 Ps0. 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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Expression and activity profiles of rd3, Nprl and Npr2 in astrocytes. (A) Relative transcript levels of rd3, Mprl and Mpr2 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+5D
and were considerad 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 54 (Supplementary material]. (B) Inhibition of GC-A and GC-B in astrocytes by RD3

P60. Npri showed the highest expression at P60 in cerebellum and
from P10 onwards in the olfactory bulb. Gene expression of Npri
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 #43. 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 44). 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 pM 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 51) 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 52) and
verified its identity by immunoblotting using two different
anti-RD3 antibodies (Supplementary Figure 53). We activated
GC-A and GC-B with 2pM ANP and CNP, respectively, and
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reconstituted the GC containing HEK 293T cell membranes with activity to a similar extent as reported in the literature (Peshenko
increasing concentrations of purified RD3. Inhibition of GC-A etal., 2011; Wimberg et al.,, 2018b; Figure 5C). This confirmed that
was significant, and several replicates (N=9) showed reproducible RD3 was active and controlled the activity of GC-A and GC-B in

results yielding a mean ICs, value (+ SD) of 24 +13nM RD3. A a similar, but not identical manner to GC-E.

summarizing graph of the experiments is shown in Figure 5A. RD3

had a similar effect upon GC-B activity. The ICq, value for half-

maximal inhibition was 29+21nM RD3 (N=9) and a Regulation of GC-A and GC-B by RD3 in
summarizing graph is shown in Figure 5B. However, inhibition astrocytes

was not complete for both GCs (Figures 5A,B) as higher

concentrations between 0.5 and 1pM RD3 did not reach a Extending our analysis to cultured neurons, astrocytes, and
complete inhibition. Instead, the activity of GC-A and GC-B microglia, revealed highest expression of Npr2 in neurons and
remained at a constant level (Figures 5A,B). We can exclude by astrocytes, but also quite high expression of rd3 in astrocytes
immunoblotting any presence of photoreceptor GC-E in (Figure 3A). The relative high transcript levels of Npr2 and rd3 in
HEK293T cell membranes expressing either GC-A or GC-B astrocytes led us investigate and compare regulatory features of

(Supplementary Figure $4). This inhibitory feature differed GC-A and GC-B in primary cultures of astrocytes. Endogenous
significantly from the effect of RD3 upon photoreceptor specific levels of GC activities around 400pmolx min~' x mg™' resulted

GC-E (Figure 5C; Peshenko et al., 2011; Wimberg et al., 2018b). mainly from both GC-A and GC-B as seen in Figure 3 under
Since RD3 is a notoriously unstable protein, we controlled the conditions where no exogenous natrinretic peptides were added
functional activity of purified RD3 in a well-established assay (ddH,0). Adding natriuretic peptides (ANP and CNP) increased
system. HEK293T cell membranes that stably expressed the activities at least twofold. The presence of 30 or 60nM

photoreceptor GC-E were activated in the presence of 5uM exogenously added RD¥3 inhibited the ANP or CNP stimulated GC
GCAP1. Addition of RD3 inhibited GCAP1 stimulated GC-E activity leaving only a basal GC activity level as in the non-stimulated
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by SuM GCAPL in the absence of Ca®. Adding RD3 at three different concentrations (20nM, 100nM, and 200nM) resultad in decrease in activity
baing complete betweaen 100 #**p=000004511) and 200nM (***p=0.000007408), N=3 Adding double-distillad water iddH,2) to GC-E In
HEK293T cell membranes showed no activation. Analysis of statistics were based on one-way ANCOVA followed by Bonferroni's multiple
comparisons test. Data are shown as mean+5SD.

case (Figure 3B). These results showed that endogenously expressed
GC-A and GC-B in primary astrocyte cell culture are sensitive to
RD3 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-Bonamaisé 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
et al., 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
Npriand 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 Nprl 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
et al,, 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 <GMP
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 ¢GMP concentration by
inhibiting GC-A or GC-B in the OPL, but high resolution
immunchistochemistry 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 #d3, Npri 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
etal., 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 <GMP
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 sif and in vifro 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/
cGMP signaling counteracts neovascularization in proliterative
retinopathies (Burtenshaw and Cahill, 2020, Spiranec Spes et al.,
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 RD 3 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 <GMP levels is essential for
cell function and survival.
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Figure S1. Enzymatic activity of GC-A (A) and GC-B (B) as a function of the substrate GTP
concentration. (C) Comparison of GC activities in the presence and absence of DTT. GC-
A was activated by 2 uM ANP, GC-B was activated by 2 yM CNP. Addition of 1 yM RD3
decreased GC-activities (N = 3).
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Figure S2
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Figure S2. Purification of recombinant RD3 analyzed by SDS PAGE and Coomassie Blue
staining. A. RD3 protein expression in E.coli before and after the IPTG induction. B.
Column chromatography yielding purified RD3 by elution from a Ni-NTA column. Collection
of purified samples started at fraction 13.
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Figure S3. Immunodetection of purified RD3. Immunoblots were incubated with (A) mouse
anti-RD3 antibody (sc-376516, Abcam) or (B) rabbit anti-RD3 antibody (PA598582,
Thermo) at protein amounts of 10 ng, 50 ng and 100 ng. Monomers (above 25 kDa) and
dimers (above 50 kDa) are visible.
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Figure S4
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Figure S4. Immunoblotting for testing expression of GC-E. HEK293T cells transfected with
human GC-A or GC-B constructs or not transfected (HEK 293 T) were probed a polyclonal
anti-GC-E antibody (GC-E #3, see Zagel et al., 2913) at a dilution of 1:1,500. Secondary
antibody was a horse-radish peroxidase-coupled goat anti rabbit at a dilution of 1:10,000.
Positive control was a sample of HEK293 T cells expressing human GC-E at 120 kDa as
indicated. No signal was observed in cells expressing human GC-A or GC-B.

Table S1. Primers for amplification of human GC-A and human GC-B

GC-A: 5-GCTAGCCCACCATGCCTGGGACCGGC-3
3'-GAACGAAGATGGTACTCGTCTCTGTTAATT-5'.

GC-B: 5 -GCTAGCCCACCTGAGTACCTGGCACCGCT-3,
3-TGTGACGAAGAGCTTACCTCAT-5

Table S2. Statistics of relative expression levels of rd3, Npr1 and Npr2 in the retina as
indicated. Significant differences are indicated with asterisks (p <0.05=*p<0.01="*;p
<0.001 =***),

P10 vs
P20 P10 vs P30 | P20 vs P30

rd3 * 0.0422 | ns 0.0521 | ns 0.8222
Npr1 * 0.0104 | ns 0.0538 | ns 0.0976
Npr2 | ** 0.0012 | *** 0.0006 | ns 0.2772

Genes
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Table S3. Statistics of relative expression levels of RD3, GC-A and GC-B in brain regions
as indicated. Significant differences are indicated with asterisks (p <0.05 =%, p<0.01 =*%;

p <0.001 =***).

Genes Group Cerebellum Hippocampus Neocortex Olfactory bulbs
rd3 E14vsPO | * 0.0128 ns 0.2425 ns 0.7289 ns 0.3317
POvs P20 | ns 0.5782 * 0.0390 ns 0.5066 ns 0.0508

P20 vs P60 | ns 0.7748 * 0.0136 ns 0.3098 ns 0.4406

E14 vs P60 | ns 0.1129 * 0.0173 ns 0.1724 * 0.0068

Npr1 E14vs PO | ns 0.0578 ns 0.5123 ns 0.1226 fl 0.0009
POvs P20 | * 0.0412 * 0.0068 * 0.0107 ns 0.0670

P20 vs P60 | * 0.0189 > 0.0050 ** 0.0624 ns 0.3405

E14 vs P60 | ** 0.0014 > 0.0014 o 0.0003 * 0.0122

Npr2 | E14vsPO | ns 0.0578 ns 0.1031 ns 0.6380 * 0.0190
POvs P20 | ** 0.0023 * 0.0365 * 0.0445 * 0.0232

P20 vs P60 | * 0.0198 fl 0.0009 ns 0.1072 ns 0.2252

E14 vs P60 | ** 0.0030 * 0.0084 ns 0.0552 * 0.0045

Table S4. Statistics of relative expression levels of rd3, Npr1 and Npr2 in neurons,
astrocytes, and microglia. Significant differences are indicated with asterisks (p < 0.05 = *;

D <0.01=*p<0.001=**).

Group rd3 Npr1 Npr2
Neuron vs Astrocyte | * 0.01426 ns 0.40810 * 0.01968
Astrocyte vs Microglia | * 0.01350 > 0.00309 * 0.01226
Microglia vs Neuron ns 0.39850 e 0.00015 * 0.01506
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Abstract

Retinal degeneration protein 3 (RD3) plays a crucial role in controlling guanylate
cyclase activity in photoreceptor rod and cone cells and mediates trafficking processes
within photoreceptor cells. Loss of RD3 function correlates with severe forms of retinal
dystrophy and the development of aggressive neuroblastoma cancer. In the present
study, we analyzed RD3 expression by applying a data mining approach using public
databases. In addition, we performed an RD3 transcript analysis on specimens of
glioma tissues from patients. We found that RD3 is downregulated in glioblastoma
compared to non-tumor tissues. Low expression of RD3 in gliomas was also
associated with a poor prognosis of survival rate. Applying a multi-cohort receiver
operating characteristic test, we verified significant changes in RD3 expression in
glioblastomas indicating a potential use of RD3 in glioblastoma diagnosis. The
apparent influence of RD3 on cell viability or on cell cycle progression led us to
overexpress RD3 in a cell culture system. Wild type RD3 significantly decreased cell
viability, which subsequently led to cell cycle arrest at the G2/M phase and induced
cell apoptosis. Conversely, single point mutations in RD3 at the exposed protein
surface involved in RD3 target interaction diminished the impact of RD3 wild type
showing thereby its specificity. Therefore, expression of wild type RD3 might prevent
tumor progression by facilitating cell death of cancer cells or arresting the cell cycle in
a developing tumor. Our findings further suggest that RD3 is a potential prognostic

factor in glioblastoma.

Key words:

Retina degeneration protein 3, Glioma, Cell cycle arrest, Cell apoptosis, glioblastoma

diagnosis
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Introduction

Retinal degeneration protein 3 (RD3) is an evolutionarily conserved protein consisting
of 195 amino acids and exhibits minimal homology to other proteins (Peshenko et al.,
2019). In photoreceptor cells, RD3 serves as crucial regulator of guanosine 3', 5'-cyclic
monophosphate (cGMP) synthesis via binding to retinal membrane guanylate cyclases
(GC-E and GC-F) thereby inhibiting guanylate cyclase activity. In addition, complex
formation of GCs with RD3 facilitates trafficking of GCs from the endoplasmic reticulum
(ER) to endosomal vesicles in the retina. The GC-RD3 complex targets to the light-
sensitive outer segments of photoreceptors and inhibition of cyclase activity during
trafficking prevents production of non-physiological high cGMP levels (Azadi et al.,
2010; Molday et al., 2013; Peshenko et al., 2011a; Peshenko et al., 2021; Zulliger et
al., 2015). RD3 folds into a three-dimensional structure of a four-helix bundle based
on a Nuclear Magnetic Resonance (NMR) spectroscopy study showing the following
arrangement: helix a1: P21-V51; a2: P75-K87; a3: P90-Q107; a4: V111-T139. Point
mutations in the central helix a3 of RD3 weaken RD3 affinity for GC-E (Ames, 2022;
Peshenko and Dizhoor, 2020; Peshenko et al., 2019). Genetic deficiencies and
mutations of RD3 cause early-onset photoreceptor degeneration in patients with Leber
congenital amaurosis type 12 (LCA 12) (Azadi et al., 2010; Friedman et al., 2006;
Molday et al., 2013; Perrault et al., 2013; Wimberg et al., 2018a).

In addition to its high expression in the retina RD3 is expressed in other organs and
tissues, including the brain at both the transcriptional and translational level, but
expression is significantly lower than in the retina (Aravindan et al., 2017; Chen et al.,
2022). Amore recent study compared the expression of RD3 in astrocytes and neurons
with those in the retina. This study tested, whether RD3 can modulate the activities of
non-sensory membrane bound guanylate cyclases GC-A and GC-B that are activated
by natriuretic peptides ANP and CNP, respectively (Chen et al., 2022). The active
states of recombinant GC-A and GC-B and that of native GCs in astrocytes were
inhibited by RD3 (Chen et al., 2022). Collectively, these reports indicate that RD3

expression and function is not restricted to retinal tissue. Furthermore, one of the
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previous studies reported that loss of RD3 correlates with the development of an
aggressive neuroblastoma cancer (Khan et al., 2015). Although these findings seem
to contradict an earlier study concluding that inactivation of both RD3 alleles in LCA12
patients does not correlate with extraocular symptoms (Perrault et al., 2013), a more
recent study supports the direct involvement of RD3 loss in tumor development and
progression (Somasundaram et al., 2019). In addition, the study found that intensive
multimodal therapy facilitates RD3 loss in surviving cells, leading to disease
progression (Somasundaram et al., 2019). At present however, any causal relationship
between the abnormal regulation of RD3 expression and tumor development is unclear.
Glioma is a type of tumor that originates in the glial cells of the brain or spine and is
classified by the WHO into low-grade glioma (LGG) and glioblastoma (GBM)
(Cosnarovici et al., 2021; Goodenberger and Jenkins, 2012). GBM is the most
aggressive and common primary brain tumor among gliomas (57.7% of total gliomas).
Patients with GBM still have a poor prognosis despite treatment with a combination of
maximal surgical resection, radiotherapy, and chemotherapy (Bi et al., 2020).
Therefore, to improve the early diagnosis and prognosis of GBM, a better
understanding and mapping of the molecular events involved in GBM initiation and

progression is important.

In this study, we asked whether expression rates of RD3 differ between patient cohorts
suffering from glioblastoma and healthy volunteers. Strongly connected to this question
is a comparison of the overall survival rates of patients and a possible impact of RD3
expression. Using heterologous expressions of RD3 wildtype and a group of selected
RD3 mutants in a common cell culture system, we monitored RD3 dependent cell
growth, cell cycle arrest and cell apoptosis. By this approach, we gained more insight

into the regulatory features of RD3.
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Results

Clinical and molecular characteristics of RD3 in gliomas

To date, there is no pathological or etiological indication of RD3 gene expression
playing a role in glioma development or disease progression, but current public
datasets such as TCGA (https://www.cancer.gov/tcga) provide useful information
about hypothetical correlations of RD3 transcript levels and its impact in specific
diseases. Accordingly, we first analyzed RD3 transcript levels in the TCGA GBM/LGG,
GSE108474, GSE16011, and GSE7696 cohorts in different histological groups and
found significant differences between non-tumor and glioblastoma tissue, but not in
other gliomas like astrocytoma. When compared to other glioma types, RD3
expression was generally low in glioblastoma (Figure 1A-D). We then performed qRT-
PCR for RD3 expression in the glioma tissues from the EV cohort and found a
significant downregulation of RD3 expression in GBM compared to non-tumor tissue

(Figure 1E, expression normalized to TBP and HPRT1).

In order to analyze the correlations between the RD3 expression levels and the
clinically pathological characteristics of the patients, the data from TCGA-GBM/LGG
(699 individuals) and EV (28 individuals) were subdivided by the median expression of
RD3 and assigned as high expression and low expression (Supplemental Table S1,
S2). For the primary therapy outcome, the high expression of RD3 group showed a
significant increase in partial response and in complete response cases, but no
differences in progressive disease and stable disease cases, when compared with the
low expression group. After Chi-squared test calculation, the clinicopathologic
characteristics of RD3 expression showed a similar trend for the low RD3 group
classified underage over 60, glioblastoma, isocitrate dehydrogenase wild type status
(IDH wild type) and WHO grade G4. However, the data was not significant due to less
clinical samples (Supplementary Table S2). Based on the above evidence, we suggest
that RD3 decreased significantly in GBM pointing to a potential role of RD3 as a

biomarker for curative response (Supplemental table S1, S2).
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The clinical and prognostic significance of RD3 expression in gliomas

From our analysis, we infer that the change in RD3 mRNA expression is strongly
associated with glioblastoma, the type of glioma with the lowest probability of survival.
To confirm the robustness of this finding, we evaluated the prognostic relevance of
RD3 transcript level in the datasets of TCGA GBM/LGG, GSE108474 and GSE16011.
Patients were divided into low and high RD3 mRNA expression subgroups according
to 50 percentiles of RD3 expression, and overall survival curves with 95% CI (95%
confidence interval shown as shadow), HR (hazard ratio), and p-value were generated
using Kaplan-Meier Cox regression. The results showed that in TCGA GBM/LGG
(p<0.001, HR=0.35), GSE16011 (p=0.037, HR=0.76) and GSE106474 (p=0.002,
HR=0.72), patients suffering from glioma with higher expression of RD3 had a
significantly better prognosis than the subgroup with lower expression, especially the
5-year overall survival ratio in RD3 low group is less than 25% in all cohorts (Figure
2A-C). In addition, to evaluate the diagnostic value of RD3 in GBM, the data from
healthy donors and GBM patients of a multicohort study were selected for a receiver
operating characteristic (ROC) test (Figure 2D-I). If the area under the curve gives a
parameter AUC > 0.5, the test successfully predicts, whether RD3 expression provides
a higher survival rate in GBM patients in comparison to healthy donors. Analysis of the
data sets implemented in the current study revealed the following AUC (in brackets)
for TCGA (AUC=0.9339), GSE108474 (AUC=0.6670), GSE16011 (AUC=0.7792),
GSE7696 (AUC=0. 7969), TBP (AUC=0.7727) and HPRT1 (AUC=0.7168). All ROC
curves had an AUC value > 0.5 meaning that the predictive ability was acceptable and
significantly better than a random guess. Only the result of GSE108474 with an
AUC=0.6670 showed a less obvious discrimination. Accordingly, further ROC analytics
of the GBM and LGG from cohorts displayed AUC values of TCGA (AUC=0.7075),
GSE108474 (AUC=0.6091) and GSE16011 (AUC=0.5566), indicated an acceptable
model to distinguish the GBM from glioma (Supplemental Figure S1). Thus,
assessment of the predictive ability indicated that RD3 may be a potential biomarker

for the diagnosis of GBM.
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Selected point mutations in RD3

Our data analysis presented above and reports in the literature (Somasundaram et al.,
2019) correlate dysfunctional expression of RD3 with tumor development. Collectively,
these investigations indicate an influence of RD3 on cell viability or even an indirect
impact on cell cycle progression. So far, several studies describe mutations in RD3
that cause LCA12, a severe form of retinal degeneration and cell dysfunction
(Peshenko and Dizhoor, 2020; Peshenko et al., 2011b). In order to explore how RD3
expression might interfere with cell viability in non-retinal cells we selected amino acid
positions that seem prone to functional impairment. For example, positions that are
critical for the development of LCA12 or positions that are found in the RD3-target
protein interface. Based on these reasons we designed and obtained RD3 point
mutations R38L, R45W, R47H, R68W, P95S, and R119C (Figure 3A, B). The residues
R38in helix a1 is a recessive mutation linked to LCA12 (Perrault et al., 2013). Positions
R45 and R47 were inside the solvent-exposed ends that are connected by series of
salt-bridges and belong to a cluster of mutations or polymorphisms found in patients
with retinal dysfunctions (Azadi et al., 2010; Zulliger et al., 2015). The same counts for
the residue R68. Residue P95 and R119 are also solvent-exposed in helix a3 and helix
a4, respectively, and are present in short regions of the binding interface interacting

with the target GC-E (Peshenko et al., 2016; Peshenko et al., 2019).

We transfected cells with RD3 and its variants and verified the expression of RD3 in
cells by immunoblotting (Figure 3C). Moreover, we localized RD3 and its variants by
immunocytochemistry assay and tested for the involvement in cellular processes. The
results revealed that RD3 and its variants have a similar subcellular localization; they
were detected in the cell cytosol and in vesicles. After 24 h of transfection, the nuclei
of strongly red fluorescence-positive cells are allocated in the interphase of the M
phase (Supplemental Figure S2). These results indicated that overexpression of RD3
and its variants might be involved and seem to interfere with cellular functions of

HEK293T.
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Inhibition of cell viability by RD3 and its variants

The MTT assay measures cellular metabolic activity as an indicator of cell viability,
proliferation, and cytotoxicity. To analyze the effects of RD3 transient overexpression
on HEK293T cells, we employed this assay at 24, 48, and 72 hours post-transfection.
Our results demonstrated significantly reduced cell survival (ODsg value) in cells
transfected with RD3 wild-type plasmids compared to control groups (RFP empty
vector, mock, and untreated cells) at all examined time points (Figure 4A). At 24 hours,
there were no significant differences between RD3 mutants and the RD3 wild type in
subsequent measurements. However, after 48 hours, only the R38L variant showed a
significant improvement in cell viability. Additionally, at 72 hours, no significant
differences were observed between R68W and the wild type. Conversely, variants
such as R38L, R45W, R47H, P95S, and R119C exhibited more viable cells than the
RD3 wild type (Figure 4B). Compared to the control groups, all variants demonstrated
a substantial negative impact on cell viability at 48 and 72 hours. For instance, while
the ODsgo value for control groups ranged from 1 to 2 at 48 hours, it was less than 0.4
for HEK 293 cells transfected with RD3 variants. These findings indicated that

overexpression of RD3 and its variants influences the cell viability of HEK293T.

The mutation of RD3 is associated with cell cycle arrest at G2/M phase

Cell cycle arrest and apoptosis are crucial processes that affect cell growth, therefore
we determined whether transfection of HEK293T cells with RD3 and its variants
regulates cell cycle progression and programmed death. To investigate how cell cycle
progression would be affected by RD3 and its variant, post-transfected cells were
harvested and fixed, nuclear DNA content was measured using DAPI and
fluorescence-activated cell sorting (FACS) analysis. Due to the limitation of transient
cell transfection efficiency, a cell sorting step based on RFP tag was performed on flow
cytometry (Supplemental Figure S3). Overexpression of RD3 and its variants
influenced the extent of G2/M phase compared to cells transfected with an empty RFP
vector or a mock transfection (Figure 5A-B). The summary of distribution of cell cycle

phases in five rounds of replicates showed a higher proportion of G2/M phase in the
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RD3 experimental group and a lower proportion of GO/G1 phase in the control group

(Figure 5C).

Subsequent statistical analysis revealed that in G1 phase cells, only R38L showed a
significant decrease, while RD3 wild type, R45W, R47H, R68W, P95S and R119C
showed a slightly downregulated trend compared to control (Figure 5D). In S phase
cells, there were no significant differences between experimental and control groups,
but a moderate decrease was observed (Figure 5E). In G2/M phase cells, R38L and
R68W show a significant increase, while the others exhibited a global upward trend
compared to control RFP and mock. These results showed that RD3 and its variant
can disrupt the normal cell cycle of HEK293T cells by arresting these cells in the G2/M

phase.

The impact of RD3 on cell apoptosis

Disruption of the cell cycle by RD3 could point to an induction of apoptosis by RD3 and
its point mutants. We investigated a possible induction of apoptosis in HEK293T cells,
which were carefully collected after transfection and digested with 0.05% trypsin-EDTA.
DAPI and Annexin V APC conjugates were used for staining to detect programmed cell
death. Using flow cytometry, we first sorted cells by the RFP tag to find RD3 and RD3
mutant positive cell populations (Supplemental Figure S4). Positive cells were selected
for measurement, while the unstained cells were used to assist the gate set separating
the cell cluster of life (DAPI-, APC-), early apoptosis (DAPI-, APC+), late apoptosis
(DAPI+, APC+) and death stages (DAPI+, APC-). Results in Figure 6 A and B showed
the cell distribution at different stages after staining with an apoptosis indicator. It was
obvious that more cells are alive in the RFP and Mock group than in cell populations
that are positive with RD3 and its variants. We applied a statistical analysis of replicate
transfections yielding a summary of cell distribution, which revealed that a significant
percentage of cell populations overexpressing RD3, and its variants were in early stage
of apoptosis. These cell populations contain lower numbers of live cells and similar

portions of dead cells in comparison to control groups (Figure 6C and D). However,
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the numbers of apoptotic cells overexpressing the RD3 mutants R38L, R45W, R47H,
P95S and R119C were markedly less than in cells overexpressing RD3 wild type. The
mutant R68W was an exception in this row, as it showed no significant difference to

RD3 wild type (Figure 6E).
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Discussion

The retina specific protein RD3 controls trafficking processes in photoreceptor cells
and is critical for the controlled synthesis of the second messenger cGMP. The
association of RD3 mutations in patients diagnosed with severe early onset retinal
dystrophy (Friedman et al., 2006; Perrault et al., 2013; Preising et al., 2012) brought
these 195 amino acids long protein of around 22 kDa also into focus of biomedical
research. The RD3 gene was originally identified in the rd3 mouse strain exhibiting
progressive retinal degeneration(Chang et al., 1993). Mutations in the human RD3
gene that lead to a loss of function of the RD3 protein correlate with retinal dystrophy
type LCA12 (Azadi et al., 2010; Peshenko and Dizhoor, 2020; Preising et al., 2012;
Zulliger et al., 2015).

The critical function of RD3 in health and disease seems to extend to non-retinal tissue,
since recent investigations in human and mice tissues showed the expression of RD3
in different brain regions and in epithelial cells of various organs (Aravindan et al., 2017,
Chen et al., 2022; Khan et al., 2015; Somasundaram et al., 2019). Loss of RD3
expression correlates with the progression of neuroblastoma pathogenesis and a poor
survival prognosis (Aravindan et al., 2017; Khan et al., 2015). Interestingly, rare cases
of vision impairment were reported as an early indicator of tumor progression in GBM
patients (Lin and Huang, 2017; Lincoff et al., 2012; Xie et al., 2015). We extended
these previous studies by applying a data mining approach, in which we screened and
analyzed multi-cohort data sets with respect to RD3 expression. In this way, we
assessed the prognostic and diagnostic value of RD3 in glioma, particularly in
glioblastoma. Testing the predictive ability of RD3 expression rates by a ROC test
(Figure 2) gave in four out of five patient cohorts AUC values of at least acceptable
numbers situated between 0.7 and 0.8 (de Hond et al., 2022). The analysis of the
TCGA cohort revealed even an excellent AUC parameter > 0.9 (de Hond et al., 2022).
Thus, we suggest that RD3 expression could serve as a diagnostic parameter in
glioblastoma development. Furthermore, we found that the lower expression of RD3 is

associated with a poor clinical prognosis for patients with GBM. Our results resemble
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previous findings obtained from tissue of neuroblastoma patients, in which the loss of
RD3 is associated with tumor invasion, tumorosphere formation, and metastasis (Khan
et al., 2015; Somasundaram et al., 2019). Khan et al. (Khan et al., 2015) suggested
that RD3 functions as a metastasis suppressor, which would be supported by our

findings from GBM samples.

Cancer cells that survive intensive multimodal clinical treatment have lost RD3
(Somasundaram et al., 2019) leading to a worse clinical prognosis. The mechanism of
this effect remains unclear, but it demonstrates that the expression RD3 must be set
at a critical intracellular level. Furthermore, it is unclear whether loss of RD3 is involved
in causing transformation of cells or is an epiphenomenon triggered by processes
during tumor development. Previous reports indicated that RD3 is associated with the
ER stress induced apoptosis of photoreceptor cell, but any influence aside still remains
unknown (Plana-Bonamaiso et al., 2020). In order to investigate a hypothetical role of
RD3 in cell cycle progression, we overexpressed RD3 wild type and a set of selected
RD3 mutants in HEK293 cells and analyzed cell viability and cell growth. RD3
overexpression had a clear effect on activating the cell death program and arresting
the cell cycle in the G2/M phase. This capacity indicates that RD3 might prevent tumor
progression by facilitating cell death of neoplastic transformed cells or arresting the
cell cycle, however these results seem to contradict to its function in photoreceptor cell.
The RD3 mutants had a lower impact on cell cycle arrest and apoptosis than RD3 wild
type (Figure 6). We interpret this result to indicate that the effect of RD3 on cell cycle
control is specific, because the positions of the point mutations are located at critical
positions at the interface region to interact with guanylate cyclases (Friedman et al.,
2006), and any disturbance might weaken or diminish the RD3 impact on cell cycle
control. Our recent discovery thatthe activity of natriuretic peptide receptor guanylate
cyclases is controlled by RD3 in a fashion similar to photoreceptor cyclases (Chen et
al., 2022), we assume that RD3 is involved in a signal transduction pathway involving
a membrane bound guanylate cyclase. Interestingly, a study indicated that GC-A is

associated with the tumor cell cycle, apoptosis and angiogenesis through a VEGF/GC-
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A/cGMP cascade (Li et al., 2021). While, the VEGF has been applied as therapeutic
target for anti-angiogenesis of GBM (Khasraw et al., 2014). This scenario would

provide a link to a signaling pathway involving the second messenger cGMP.

A direct link of the biochemical function of RD3 and cancer might also exist in its ability
to regulate the guanylate kinase (GUK) activity (Wimberg et al., 2018a), an enzyme
that is involved in catalyzing the 5’-GMP to GDP conversion (Fitzgibbon et al., 1996).
GUK is an essential ubiquitous enzyme involved in the nucleotide metabolism of cells
and is involved in diverse cellular mechanisms. Due to its crucial housekeeping role
the pharmacological targeting of GUK is used in viral and cancer therapies. For
example, 5-GMP analogues serve as potent GUK inhibitors or as antiviral and
anticancer prodrugs(Elion, 1989). Furthermore, the loss of GUK is associated to the
cellular cancer viability, proliferation, and clonogenic potential, while final activate the

programmed cell death (Khan et al., 2019).

Finally, a study investigated the changes in the gene expression profile of the rd3
mouse and showed that the RD3 gene is involved in downregulation of gene
expression acting in lipid metabolism(Cheng and Molday, 2013). The authors
speculate that RD3 plays a central role in the metabolism of phosphatidic acid,
because the expression of many enzymes directly involved in lipid metabolism are
dysregulated in the retina of the rd3 mouse. Lysophosphatidic acid is converted to
phosphatidic acid, which is a necessary step to produce lipids important for cell
membranes and chemical signaling within cells. Lysophosphatidic acid has been
described as a factor in cancer progression by stimulating tumor proliferation and
cancer cell survival. It further increases invasiveness of various neoplasia’s (Mills and
Moolenaar, 2003) and contributes to the development of brain malignancies(Kishi et

al., 2006).

In summary, we here show that low expression of the RD3 gene is a crucial factor in

the development of glioblastoma. Overexpression of RD3 indicated an impact on cell
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cycle progression and triggered apoptotic pathways. Our findings extend the

established roles of RD3 photoreceptor cells to other cell types in different organs.
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Materials and Methods

Data sources and gene differential expression

The mRNA expression profiles and clinical data of LGG and GBM patients originated
from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO)
database. The project ID, TCGA-GBM/LGG, GSE108474, GSE16011 and GSE7696,
were pre-analyzed and downloaded from R2 Genomics Analysis and Visualization

Platform (https://r2.amc.nl). We set up a filtering step for the cohorts taken into analysis

removing duplicated and non-clinical data. After filtering, we obtained 704 individuals
(5 non-tumor and 699 tumor) from TCGA-GBM/LGG cohort, 473 individuals (28 non-
tumor and 445 tumor) from GSE108474, 273 individuals (8 non-tumor and 265 tumor)
from GSE16011, and 84 individuals (4 non-tumor and 80 tumor) from GSE7696. The
statistically significance analysis and visualization of gene differential expression was
provided by the function of one-way analysis of variance (ANOVA) and unpaired Mann-

Whitney test in GraphPad Prism 7 (GraphPad Software, San Diego, CA, United States).

Survival and ROC Curve Analysis

Clinical information of datasets was obtained to investigate the correlation of RD3
MRNA expression with the prognosis of Glioma survival rate. Duplicated samples and
those without clinical data were removed. For the overall survival analysis, we
employed specific R packages (survival, survminer, ggplot2 obtained from
https://www.bioconductor.org/). The receiver operating characteristic (ROC) tests were
performed using internal algorithms of GraphPad Prism. The area under the ROC
curves (AUC) value ranging from 0 to 1 was calculated for assessing and comparing

different diagnostic models.

Patients and health donor samples

Donor samples of human brain tissue were taken from 13 individuals of 11 males and
2 females (Supplement Table S3) in the forensic medicine within 130 h after death and
stored for further investigation at — 80 -C. All procedures were approved by the local

Ethics Committee (Rostock University Medical Center; registration ID: A2015- 0143).
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None of the donors suffered from a known brain cancer disease. Human glioblastoma
specimens were freshly obtained from 28 individual surgeries of 17 males and 11
females (Supplement Table S4) from the Evangelisches Krankenhaus Oldenburg (EV),
with informed written patient consent (ethics registration ID: 2018-137). The tissue was

snap-frozen in liquid nitrogen and stored at — 80 -C.

Clone construction and site-directed mutant

The pTurbo-RFP-N vector (Evrogen, Biocat, GmbH, Germany) was applied for gene
expression and vector modification. The human RD3 wild type DNA (Ensembl:
ENSP00000505312.1) and its point mutants were generated using the primer listed in
Supplemental Table S5 in the Supplement via polymerase chain reaction (PCR). For
the clone construction, Nhe | and Xho | digested the vector and PCR product. The
Dephos & Ligations Kit (Merck, Darmstadt, Germany) was used for vector
dephosphorylation and ligation. For constructing RD3 point mutations the pTurbo-
hRD3-RFP clone served as template. Using the Q5® Site-Directed Mutagenesis Kit
(New England BiolLabs, Ipswich, USA) generated RD3 mutants according to manual
protocol provided by the manufacturer. The plasmids with wild type RD3 and its
mutants were used for transformation in E. coli cells (XL1 blue, BL21C), with antibiotics
(Kanamycin) screening, the positive clones were selected for amplification and further
DNA extraction. Insertions were verified by GATC Biotech (Eurofins genomics,

Konstanz, Germany).

Cell culture and transfection

HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo
Fisher Scientific) containing 10% fetal bovine serum (FBS; PAN-Biotech, Aidenbach,
Germany), 2 mM L-glutamine (Merck Millipore, Darmstadt, Germany), 100 units/ml
penicillin-streptomycin (PAN-Biotech) in an incubator set at 5% (v/v) CO; and 37°C.
For cell transfection, cells were seeded in 6-well plates at 2 x 10° cells per well. The
next day, METAFECTENE® liposome-based transfection reagent (Biontex

Laboratories GmbH, Germany) was applied for cell transfection in combination with
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the established plasmids mentioned above by using the protocol of the manufacturer.
After 24 hours, the cell culture medium was changed, and the cells were processed

according to the assay in use.

Cell viability assay

The cell viability was determined using the thiazolyl blue tetrazolium bromide (MTT) kit
provided by Sigma (product number: M2128). The MTT powder was dissolved in 1 x
PBS to a final concentration of 5 mg/ml and then underwent filter sterilization via a 0.22
um filter. HEK 293T cells were seeded in 96-well plates at a density of 1 x 102 cells/well
and transfected with the relevant resources described above on the following day. Cell
viability was assessed at 24, 48, and 72 hours after transfection. When the time is up,
50 ul of serum-free media and 50 pl of MTT solution was added into each well followed
by 3 hours incubation at 37°C. Afterwards, the 150 pl of MTT solvent solution (4 mM
HCI, 0.1% NP40 in isopropanol) was used for dissolving any sediment. To accelerate
the reaction an orbital shaker was applied. Last, the absorbance at OD=590 nm was
monitored using the BioTek Epoch Microplate Spectrophotometer (Agilent
Technologies, Santa Clara, USA). Four independent biological groups, each with 2

replicates, were established.

Cell cycle detection

The transfected HEK293T cells were digested with 0.05% trypsin/EDTA at 37° C for 5
minutes. The DMEM medium containing FBS was used to halt the reaction. Next, the
cell mixture was collected in a 15 ml Falcon tube and spun at 500 g for 5 minutes at 4
°C. Afterwards, cells were washed twice with 5 ml of cold 1 x PBS, the supernatant
was discarded, and the cells were resuspended with 500 pul of fresh, cold PBS. Then
cell suspensions were transferred to a new 15 ml Falcon containing 4.5 ml of ice-cold
70% ethanol. The mixture was incubated at 4° C overnight, then centrifuged at 1000 g
for 5 minutes and washed with 5 ml of PBS. Cell pellets were resuspended for 10
minutes in 300 pl of DAPI/TritonX-100 solution, which contains 10 ul of 1 mg/ml DAPI

and 0.1% (v/v) TritonX-100 in 10 ml of PBS. Five independent replicates were analyzed
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for cell cycle using the Cytoflex S flow cytometer (Beckman Coulter, CA, USA) on the
cells transfected with red fluorescence protein. The results were analyzed with FlowJo
v10.8.1 (BD Life Sciences, Ashland, USA), and the gate settings were displayed on
Supplementary Figures S3.

Cell Apoptosis Measurement

The HEK293T cells that had been transfected were detached from the 6-well plates
using 0.05% Trypsin-EDTA and then transferred to a 15 ml falcon tube. Following this,
the cell mixture was centrifuged at 500 g for 5 minutes and the supernatants were
discarded. The cells were washed with cold 1 x PBS and then the cell pellet was
resuspended in 300 pl binding buffer (10 mM HEPES, 150 mM NaCl, 2.5 mM
CaCl»*2H,0) after the washing step. Cells were counted by aspirating approximately
2.5 x 10° cells for Annexin V-APC Conjugates (Thermo Fisher Scientific, Waltham, MA,
USA) and DAPI staining, with a final volume of 50 pl, as recommended by the
manufacturer. Cells were incubated at room temperature for 15 minutes, 300 pl of
binding buffer was added, briefly vortexed, and loaded onto the Cytoflex S (Beckman
Coulter, CA, USA) flow cytometer for measurement. The results were analyzed using
Flowdo v10.8.1[30-day free trial] (BD Life Sciences, Ashland, USA) and the gate

setting is shown in Supplemental Figure S4.

gRT-PCR

The RNA of human brain tissues from 13 health donors (Supplemental Table S3), and
28 glioma patients (Supplemental Table S4) were homogenized in TRIzol™ reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and extracted according to the
manufacturer’s protocol. After RNA concentration measurement by BioSpectrometer
basic (Eppendorf, Hamburg, Germany), the 0.5 ug RNA applied for cDNA synthesis by
using high-capacity cDNA reverse transcription kit from Thermo Fisher Scientific.
Transcript level of RD3 measurements were based on TagMan™ Fast Universal PCR
Master Mix, No AmpErase™ UNG (Thermo Fisher Scientific, Waltham, MA, USA) on

hard-shell 96-Well PCR plates from Bio-Rad Laboratories (Hercules, CA, USA), and
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TagMan probes. The human RD3 probe, and two housekeeping TBP and HPRT1
probes were purchased from Thermo Fisher Scientific (RD3: Hs01650935_m1, TBP:
Hs00427620_m1, and HPRT1: Hs01003270_g1).

Western blot

Protein fractions from HEK293T cells were incubated with 5x Laemmli buffer
containing 1% (v/v) B-mercapto-ethanol at 95° C for 5 min and analyzed by SDS-PAGE
with 12% acrylamide. Immunoblotting was performed using a 0.45 pm nitrocellulose
(NC) membrane and semi-dry blotting system. After blotting at 200 mA for 30 min, the
membrane was blocked in 5% milk powder (Carl Roth) in TBST at room temperature
for 1 h. Primary anti-mouse-RFP antibody (MA5-15257, Thermo Fisher Scientific) were
incubated overnight at 4°C in blocking solution at a dilution of 1:2,000. The next day,
the membrane was washed with TBST, then incubated with horseradish peroxidase-
conjugated secondary antibodies (GE Healthcare, Boston, MA, United States) at a
dilution of 1:10,000 in blocking solution. The blot was washed again, and the
immunoreaction was detected with Clarity or Clarity Max ECL substrate (Bio-Rad

Laboratories, Hercules, CA, United States) according to the manufacturer's protocol.

Immunocytochemistry

The HEK293T cells were washed using 1x PBS and then fixed with ice-cold 4%
paraformaldehyde (Merck KGaA, Darmstadt, Germany) and 15% sucrose in 1x PBS
for 20 minutes following 24 h of transfection. Afterwards, the fixed cells were washed
three times with 1x PBS for 10 min and permeabilized in 0.1% Triton X-100/PBS + 0.1%
sodium citrate for 3 min. Cells were washed with 1x PBS for three times again and
blocked in buffer containing 10% FCS/1% NGS/PBS for 1 h. For immunostaining, DAPI
was applied for staining the nuclei. Coverslips were again washed three times for 10
min with 1x PBS and cells were mounted with Immu Mount Vectashield Hard Set
Mounting medium (Vector Laboratories, Burlingame, CA, USA). Imaging of the

mounted slides was performed using an Olympus FV3000 confocal microscope.
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Statistical analysis

RNA-seq and microarray data from TCGA GBM/LGG, GSE108474 and GSE16011

were analyzed using one-way ANOVA (Figure 1. A-C), while data from GSE7696 and

gRT-PCR were analyzed using unpaired Welch's t-test (Figure 1. D-F). The Chi-
squared test was used to analyze the association between RD3 expression (divided

by the median mRNA expression of RD3) and clinically pathological variables in

patients from TCGA GBM/LGG cohort (Supplemental Table S1), while the Fisher's
exact test was used for small samples from the EV cohort (Supplemental Table S2),

and the statistical analyses by using the R package version of stats [4.2.1]. Kaplan-
Meier overall survival curves were generated using Cox regression provided by using

the R package with the version of survival [3.3.1] survminer and ggplot2 [3.3.6]

packages in R version 4.2.1 (Figure 2A-C). The receiver operating characteristic (ROC)
curve (Figure 2D-I) was processed using the algorithm provided by GraphPad Prism 7

(GraphPad Software, San Diego, CA, United States). For multiple comparisons (Figure

4, Figure 5D-F, Figure 6D-E), the two-way ANOVA of GraphPad Prism was used.
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Figure 1: Multi-cohort differential expression analysis of RD3 in glioma. The RNA-seq
data obtained from (A) TGCA-GBM/LGG, and microarray gene expression data from (B)
GSE108474, and (C) GSE16011, with process of one-way ANOVA the results show the lower
expressed of RD3 in glioblastoma compared to non-tumor and other gliomas, while validated
by (D) GSE7696, and gqRT-PCR analysis of the glioblastoma tissues from (E) Oldenburg. The
statistical analysis was using unpaired t test. The statistical analyzed results were shown in

Supplemental Table S6-S9 (P value: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001)
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Figure 2: Multi-cohort kaplan-meier and receiver operating characteristic (ROC) curve of

RD3 in the patients with glioma. (A-C) Overall survival probability analysis according to RD3

transcript level, (D-I) Diagnostic test of RD3 in Glioblastoma. (HR: Hazard Ratio, AUC: Area

Under Curve, 95%Cl: 95% Confidence Interval).
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Figure 3: Protein structure of human RD3 based on the PDB entry 6drf. (A) Overview over
RD3 structure as electrostatic surface potential representation with highlighted residues by
dashed circles in physiological and patient-derived conditions from two different perspectives.
(B) Zoom onto individual residues in native (upper row) and patient-derived conditions (lower
row) in RD3. Native residues and patient-derived mutations, which are analyzed in this study,
are shown by their side-chain moiety and an overlay of the transparent electrostatic surface
potential with secondary structure representation. (C) Western blot test of RD3 and its variants
in HEK293T cell transfection. The monoclonal RFP antibody (1:2,000) was used to detect the
inserted RFP-tag, the band around 27 kDa represent the RFP, and at 49 kDa represent the
fusion protein of RD3 and RFP, the mouse B-Tubulin antibody (1: 2,000) was used as
housekeeping proteins with molecular weight around 55 kDa., the original full length membrane

sees Supplemental Figure S5.
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Figure 4: Cell viability analysis by MTT assay at 24 h, 48 h, and 72 h after RD3 and its

variants transfection (A) RD3 wild type compared to control group, (B) RD3 wild type

compared to variants. The statistical analysis was using two-way ANOVA, and results were

shown in Supplemental Table S10, S11 (P value: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
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Figure 5: Effects of RD3 and its variants overexpression on cell cycle arrest in
transfected HEK293T cell by using DAPI. Flow cytometry was used to detect cell cycle
distribution after 24 h (A) The RD3 variants. (B) Empty vector and Mock control. (C) The
summary cell cycle distribution of 5 replicates. The ANOVA test was performed to analyze the
percentage of cells across cell cycle (D) G1 phase, (E) S phase and (F) G2/M phase. The
statistical analysis was using two-way ANOVA, and results were shown in Supplemental Table

S12-S14 (P value: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001).
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Figure 6: Cell programming death analysis of RD3 and its variants transfected HEK 293T
by flow cytometry. The annexin V fuse APC and DAPI were applied for cell apoptosis detection.
(A) RD3 and its variants transfected HEK 293T cell. (B) Vector and Mock control. (C) The
summary of cell apoptotic analysis 24 h after transfection. Apoptotic analysis of cells in (D) RD3
and control group (E) RD3 and its variants. The statistical analysis was using two-way ANOVA,
and results were shown in Supplemental Table S15, S16 (P value: * < 0.05, ** < 0.01, *** <

0.001, **** < 0.0001).
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Supplemental Table S1: Association between RD3 expression and clinicopathologic

characteristics in the TCGA cohort

Characteristics

Low expression of RD3 High expression of RD3 P value

n
Age, n (%)

> 60

<=60

Gender, n (%)
Female

Male

WHO grade, n (%)
G2

G3

G4

IDH status, n (%)
WT

Mut

Primary therapy outcome, n (%)

Progressive disease
Stable disease
Partial response

Complete response

Histological type, n (%)

Astrocytoma
Oligoastrocytoma
Oligodendroglioma
Glioblastoma

OS event, n (%)
Alive

Dead

DSS event, n (%)
Yes

No

PFl event, n (%)
Yes

No

349

108 (15.5%)
241 (34.5%)

141 (20.2%)
208 (29.8%)

79 (12.4%)
111 (17.4%)
142 (22.3%)

185 (26.9%)
157 (22.8%)

55 (11.8%)
59 (12.7%)
16 (3.4%)

48 (10.3%)

81 (11.6%)
50 (7.2%)
76 (10.9%)
142 (20.3%)

167 (23.9%)
182 (26%)

161 (23.7%)
172 (25.4%)

205 (29.3%)
144 (20.6%)

350

35 (5%)
315 (45.1%)

157 (22.5%)
193 (27.6%)

145 (22.8%)
134 (21%)
26 (4.1%)

61 (8.9%)
286 (41.5%)

57 (12.3%)
89 (19.1%)
49 (10.5%)
92 (19.8%)

115 (16.5%)
85 (12.2%)
124 (17.7%)
26 (3.7%)

260 (37.2%)
90 (12.9%)

83 (12.2%)
262 (38.6%)

141 (20.2%)
209 (29.9%)

< 0.001

0.234

< 0.001

<0.001

0.008

<0.001

< 0.001

< 0.001

< 0.001
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Supplemental Table S2: Association between RD3 expression and clinicopathologic

characteristics in the EV Oldenburg cohort.

Characteristics Low expression of RD3 High Expression of RD3 P value
n 14 14

Age, n (%) 0.440
<=60 4 (14.3%) 7 (25%)

>60 10 (35.7%) 7 (25%)

Gender, n (%) 0.440
Female 7 (25%) 4 (14.3%)

Male 7 (25%) 10 (35.7%)

Histology, n (%) 0.297
Glioblastoma 13 (46.4%) 9 (32.1%)

Pilocytic astrocytoma 0 (0%) 1(3.6%)

Oligodendroglioma 0 (0%) 2 (7.1%)

Anaplastic oligodendroglioma 1(3.6%) 2 (7.1%)

IDH status, n (%) 0.165
Wild type 13 (46.4%) 9 (32.1%)

Mutated 1(3.6%) 5(17.9%)

WHO grade, n (%) 0.165
G1 0 (0.0%) 1(3.6%)

G3 1(3.6%) 4 (14.3%)

G4 13 (46.4%) 9 (32.1%)

Deceased, n (%) 1.000
Alive 13 (46.4%) 12 (42.9%)

Dead 1(3.6%) 2(7.1%)

RD3 (TBP), mean + sd -0.15538 + 0.50575 1.493 + 0.72084 < 0.001
RD3 (HPRT1), mean + sd 0.58728 + 0.6669 1.9985 + 0.84875 < 0.001
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Supplemental Table S3: Summarizing information of RD3 variants and its potential links

to diseases

Amino acid
Potential link to disease form References and links to databases
change
p.R38* Leber congenital amaurosis 12; Perrault et al. (2013)
premature Ovarian Epithelial Tumor https://www.ncbi.nlm.nih.gov/clinvar/variation/189792/
stop codon https://depmap.org/portal/gene/RD3?tab=characterization&characterization=mu
tation
p.R38L Papillary renal cell carcinoma; https://cancer.sanger.ac.uk/cosmic/mutation/overview?id=112398541
https://bit.ly/3QK3tn2
p.R45W Endometrioid carcinoma; https://cancer.sanger.ac.uk/cosmic/mutation/overview?id=112398773
Adenocarcinoma https://bit.ly/3QK3tn2
p.R47H Leber Congenital Amaurosis 12  https://www.ncbi.nlm.nih.gov/clinvar/variation/935765/
(variant of uncertain significance) https://cancer.sanger.ac.uk/cosmic/mutation/overview?id=112398074
Adenocarcinoma https://depmap.org/portal/gene/RD3?tab=characterization&characterization=mu
tation
https:/bit.ly/3QK3tn2
p.R68W Leber Congenital Amaurosis 12 Friedman et al. (2006)
Endometrioid carcinoma https://www.ncbi.nlm.nih.gov/clinvar/variation/466320/
Adenocarcinoma https://cancer.sanger.ac.uk/cosmic/mutation/overview?id=112397909
p.P95S Leber Congenital Amaurosis 12  https://www.ncbi.nlm.nih.gov/clinvar/variation/838670/
(variant of uncertain significance)  https://depmap.org/portal/gene/RD3?tab=characterization&characterization=mu
Medulloblastoma tation
Small Cell Lung Cancer https://bit.ly/3QK3tn2
p.R119C Leber Congenital Amaurosis 12  https://www.ncbi.nim.nih.gov/clinvar/variation/1045675/

(variant of uncertain significance)

Adenocarcinoma

https://cancer.sanger.ac.uk/cosmic/mutation/overview?id=112398638
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Supplemental Figure S1: Multi-cohort receiver operating characteristic (ROC) curve of

RD3 in the patients with glioma. Diagnostic test of RD3 in Glioblastoma (GBM) and Low

grade glioma (LGG), A. TCGA cohort, B GSE108474 cohort, and C. GSE16011 cohort (HR:

Hazard Ratio, AUC: Area Under Curve, 95%Cl: 95% Confidence Interval).
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Supplemental Figure S2: Imnmunocytochemistry of RD3 and its variants in the HEK 293T

cells. The cells fused with red-fluorescence protein (RFP) were shown in red, and the DAPI

staining for cell nuclei were shown in blue.
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Supplemental Figure S3. Flow cytometry gating strategy for analyzing cell cycle arrest.
From left to right, the intact cell gate setting was based on forward scatter (FSC) and side
scatter (SSC), then the FSC area was applied to separate the singlet cells. The sorted singlet
cells were then distinguished by fused red fluorescent protein (RFP), and in the final, analyzes
the cell cycle of gated cells by the DAPI channel. A. RD3 wild type group, B. RFP control group

and C. Mock control group.
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Supplemental Figure S4. Flow cytometry gating strategy for analyzing cell apoptosis.

From left to right, the intact cell gate setting was based on forward scatter (FSC) and side

scatter (SSC), then the FSC area was applied to separate the singlet cells. The sorted singlet

cells were then distinguished by fused red fluorescent protein (RFP), and in the final, analyzed

for cell apoptosis of gated cells by the DAPI and Annexin APC conjugate channel. A. RD3 wild

type group, B. RFP control group and C. Mock control group.
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Supplemental Figure S5. The original full length western blots of proteins from RD3 and
its variants transfected HEK 293T cells. The blotted membrane containing protein from RD3,
and its variants were incubated with mouse anti-RFP antibody (1: 2,000 dilution). Later, the

membrane was cut at 50 kDa and incubated with mouse B-Tubulin antibody (1: 2,000).

Supplemental Table S4. Datasheet of donors from HRO.

RD3 expression RD3 expression

Sample ID  Age Sex Cause of Death
(TBP) (HPRT1)
Hemorrhagic shock (femoral arterial
G110/20 76 m 0.162 0.290
punction)
G099/20 66 m Hemorrhagic shock (dialysis catheter) 0.273 0.661
K108/20 31 w Diabetic ketoacidosic 3.155 3.074
P085/20 85 w Pancreatitis 0.782 1.230
G111/20 60 m Hemorrhagic shock (ulcus duodeni) 2.069 2.510
Acute cardiac arrest (severe coronary
G158/20 70 m 1.771 2.463
sclerosis)
G076/20 64 m Alcohol intoxication (3,02 %o ) 0.533 0.943
K073/20 30 m Hepatorenal syndrome 0.234 1.250
G093/20 52 m Strangulation 1.226 1.496
G140/20 36 m Alcohol intoxication (5,28 %o) 1.574 1.928
G171/20 61 m Myocardial infarction 0.741 1.219
G162/20 39 m Liver failure (cirrhosis) 1.526 2.263
K042/21 81 m Pneumonia 1.314 1.756
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Supplemental Table S5

. Datasheet of patients with glioma.

RD3 RD3
Patient ID Date of Birth Age Gender Histology IDH status WHO grade Deceased expression expression
(TBP) (HPRT1)
PLL0001 1967-06-16 56 Female  Glioblastoma Wild type G4 - 0.000121514 0.273532467
PLL0003 1952-01-18 71 Male Glioblastoma Wild type G4 - 0.414038962 1.021326163
PLL0004 2010-10-22 13 Male pllocytic Mutated G1 - 1.676857285 1.83770884
astrocytoma
PLLO005 1991-12-10 32 Male Oligodendroglioma Mutated G3 - 2.318921114 2.962755753
PLL0006 1941-11-20 82 Male Glioblastoma Wild type G4 - -0.07575606 0.491625801
PLL0007 1950-12-29 73 Female  Glioblastoma Wild type G4 - 1.135832893 1.338361546
PLLO008 1938-05-07 85 Male Glioblastoma Wild type G4 - -0.422678699 0.379277425
PLL0009 1969-01-31 54 Male anaplastic Mutated G3 - 2.593019176 3.45101704
oligodendroglioma
PLLO010 1966-12-18 57 Male Glioblastoma Wild type G4 - 0.322263922 1.189515941
PLLO011 1946-10-21 77 Male Glioblastoma Wild type G4 - 1.70757136 2.389420774
PLL0012 1967-06-21 56 Female  Oligodendroglioma Mutated G3 - 2.709053708 3.329727189
PLLO013 1962-10-18 61 Female Glioblastoma Wild type G4 - 0.078755492 0.982558706
PLL0015 1987-10-11 36 Female  Glioblastoma Wild type G4 - 0.267973662 1.323833855
PLLO016 1962-07-14 61 Female Glioblastoma Wild type G4 - 0.075852956 0.530646145
PLL0017 1963-03-26 60 Male anaplastic Mutated G3 - 0.171466326 1.191752396
oligodendroglioma
PLL0018 1942-05-09 81 Male Glioblastoma Wild type G4 - 0.523681542 0.865275563
PLL0019 1949-06-21 74 Female  Glioblastoma Wild type G4 - 0.909896049 1.568563208
PLL0020 1972-09-26 51 Male anaplastio Mutated G3 - 2.040021834 2.836942702
oligodendroglioma
PLL0021 1945-10-11 78 Female  Glioblastoma Wild type G4 - -0.187959721 1.678969486
PLL0022 1947-10-10 76 Male Glioblastoma Wild type G4 - 0.936144238 1.432412556
PLLO023 1967-02-08 54 Female Glioblastoma Wild type G4 2021-09-10  0.77913568 1.265887333
PLL0024 1944-02-07 78 Male Glioblastoma Wild type G4 2022-11-10  -0.368715542 -0.026764186
PLL0025 1958-03-03 65 Female  Glioblastoma Wild type G4 - -1.526093074 -0.644940736
PLLO026 1951-09-02 72 Male Glioblastoma Wild type G4 - 0.620816054 1.083331967
PLL0027 1971-04-21 51 Male Glioblastoma Wild type G4 2022-07-01  1.566992212 1.812312075
PLL0028 1941-08-16 82 Male Glioblastoma Wild type G4 - -0.177099468 0.020631965
PLLO029 1944-05-08 79 Female Glioblastoma Wild type G4 - -0.747446262 -0.19000944
PLL0030 1950-05-03 73 Male Glioblastoma Wild type G4 - 1.384148022 1.80552174

108



Supplemental Table S6. Sequence of the primers used.

Mutant  Primer Forward (5'-3’) Primer Reverse (3’-5’)

RD3 wt GTCAGATCCGCTAGCcaccATGTCTCTCATCT AAGCTTGAGCTCGAGGTCGGCTTTG
CATGGCTTC GGCGCCcC

R38L GGGGCAGATGctaGAGGCTGAGA GTCAGCTCCATCATAAGCGTC

R45W  GAGGCAGCAGtggGAGCGCAGCA TCAGCCTCTCGCATCTGCCCC

R47H GCAGCGGGAGCcatAGCAATGCGG TGCCTCTCAGCCTCTCGC

R68W  CAGCACACCCtggTCCACCTATG GCCAGCCAGCTGTAGTCC

P95S CTATTGTGGGtcgGCTATCCTCAG GATGGGTGGATCTTAACG

R119C CCAGCTCTTCtgtTCGGTGCTGC GACACCTCCTGCACCTCG
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5. Discussion

Ophthalmic manifestations are frequently observed in neurological disorders (London
et al., 2013), and therefore, retinal symptoms can aid in disease diagnosis (Wolf et al.,
2023). RD3 is a retinal specific protein that is involved in photoreceptor physiology ,
and its dysfunction is related to LCA12 blindness (Azadi et al., 2010; Dizhoor et al.,
2021; Friedman et al., 2006; Peshenko et al., 2021; Preising et al., 2012; Wimberg et
al., 2018a). Patients with RD3 non-sense mutations displayed phenotypes such as
nystagmus since birth, macular rearrangement, and thin retinal vessels (Perrault et al.,
2013). Although several studies addressed the physiological and pathological role of
RD3 in photoreceptor cells and its relationship to retinal diseases, the molecular and
cellular mechanisms of its actions remained unclear, both in retina and non-retina
tissues (Dizhoor and Peshenko, 2021; Peshenko and Dizhoor, 2020; Sharma et al.,
2023). Recent studies showed that RD3 expression levels correlate with the
progression of neuroblastoma, an early onset cancer derived from abnormal neurons
(Khan et al., 2015; Somasundaram et al., 2019). In this thesis, | aimed to further
unravel the physiological and pathological roles of RD3 that result in specific
phenotypes and diseases. | found two new interaction partners for RD3 in physiological
condition that complements our knowledge of RD3 in brain second messenger
pathways. | analyzed and unraveled the correlation between RD3 and GBM and
characterized a novel pathological role of RD3 in brain diseases. Further, | investigated
the overexpression of RD3 in HEK293T inducing cell cycle arrest at G2/M phase and

activating programmed cell death.

5.1 Unveiling the role of RD3 in the nucleotide cycle: an evolving discovery

The second messenger guanosine 3’, 5’-cyclic monophosphate (cGMP) is one of the
major cyclic nucleotide second messengers that regulates various physiological
functions (Guo et al., 2007; Ibarra et al., 2001; Koch and Dell'Orco, 2015; Kuhn, 2016;
Olcese et al., 2002; Peshenko et al., 2011b). For example, it plays a crucial role in

cellular responses to extracellular signals, including phototransduction,
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neurotransmission, olfaction, thermosensation, and immune responses (Koch and
Dell'Orco, 2015; Kuhn, 2016; Pandey, 2021; Sharma, 2010; Sharma et al., 2016;
Sharma et al., 2023). Despite its importance, the precise mechanisms underlying
cGMP signaling have remained elusive. However, recent advances in research have
shed light on a more recently discovered protein called RD3, which has emerged as a
key player in the cGMP pathway (Azadi et al., 2010; Chen et al., 2022; Dizhoor et al.,
2021; Peshenko et al., 2011a; Wimberg et al., 2018a).

The prime cause of LCA blindness has been attributed to abnormality in retinal cGMP
content (Dizhoor and Peshenko, 2021; Koch and Dell'orco, 2013; Kuhn, 2016; Sharma
et al., 2016; Sharon et al., 2018; Wimberg et al., 2018b; Zagel et al., 2013). Several
studies have revealed that mutations in GC-E, GCAPs, or RD3 directly affect cGMP
concentration in the retina, leading to the degeneration of photoreceptor cells (see
Figure 22) (Ames, 2022; Preising et al., 2012; Sharon et al., 2018). However, only RD3
has been found to be associated with LCA 12, a rare and severe form of early-onset
retinal degeneration disease (Preising et al., 2012). This raises the question of why
LCA12 manifests in such severe degeneration. Wimberg et al. (2018a) found that
purified RD3 increases the activity of GUK1 and hypothesized that co-expression of
RD3 and GUK1 in photoreceptor inner segments leads to an enhanced synthesis of
GDP from 5’-GMP. However, Dizhoor et al. (2021) have disputed this proposal (see
Figure 23). The research findings indicate that RD3 promotes survival of
photoreceptors through inhibition of guanylate cyclase activation, instead of facilitating
GMP recycling (Dizhoor et al., 2021). We here focus on GC-A and GC-B (coded by
gene Npr1 and Npr2, respectively), the two natriuretic peptides-stimulated GCs that
possess similar protein regions and homologous amino acid sequence to
photoreceptor GCs (see Figure 10). Therefore, they are putative candidates of

functional binding partners of RD3 in both retina and non-retina tissues.

In the line to unravel the potential role of RD3 in controlling GC-A and GC-B function,

we initially examined the expression patterns of rd3, Npr1, and Npr2 in the
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developmental stages of brain and retina tissues and aligned those with previous
functional studies (Kuhn, 2016; Peshenko et al., 2016; Sharma et al., 2023). These
findings may also facilitate further analysis as gene expression patterns can be linked
to specific developmental processes at distinct stages. We then showed their gene
expression profiling in neurons, astrocyte, and microglia to dictate potential target
functional cell (see Figure 15 A). Further functional tests were conducted using a well-
established cyclase activity assay to demonstrate RD3 preparation capability in
inhibiting the enzyme activity of GC-E at similar range described previously (Wimberg
et al., 2018a). Additional tests were performed by using ANP and CNP to assess the
peptides in activating GC-A and GC-B, respectively, and allowing comparison with
previously described biochemical properties (Kuhn, 2016). By utilizing the
aforementioned molecules, the performed assay unraveled a new regulatory feature
of RD3 in inhibiting GC-A and GC-B. Moreover, these RD3-Natriuretic peptide GCs
complexes were also analyzed in astrocytes (see Figure 15 B). This study presented
two functional partners GC-A and GC-B, that provided a novel perspective to the

physiological role of RD3 other than in photoreceptors.

In our study, it was discovered that in the retina the expression level of Npr2 is
significantly higher, approximately ten times more than Npr1 but almost ten times lower
than rd3 (see Figure 11). This discrepancy in expression levels may be linked to the
proportion of cells expressing these molecules in retina since the photoreceptor cells
density was significantly higher than the other major cell classes (Jeon et al., 1998).
The presence of natriuretic peptides and their receptors in retinal bipolar, Miiller,
amacrine, and ganglion cells across various vertebrate species has been
demonstrated in previous studies (Abdelalim et al., 2008; Blute et al., 2000; Cao and
Yang, 2007; Duda et al., 1993; Fernandez-Durango et al., 1989; Kutty et al., 1992;
Spreca et al., 1999; Xu et al., 2010; Yu et al., 2006). Nonetheless, the relationship
between expression levels and protein levels as well as the role of these molecules in

retinal physiology remains unclear.
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One of the major functions of RD3 in retina is its requirement in enzyme trafficking of
photoreceptor GCs (Azadi et al, 2010). Interestingly, the ligand-bound GC-A
colocalized with Rab11, a protein from the small GTPase superfamily that shares
subcellular localization with RD3, suggesting a potential pathway of RD3 in trafficking
of GC-A (Azadi et al., 2010; Mani et al., 2016; Mani et al., 2015). Nonetheless, current
evidence indicates that natriuretic peptides and their receptors in retina are more likely
involved in physiological processes other than those in photoreceptor cells (Abdelalim
et al., 2008; Blute et al., 2000; Cao and Yang, 2007; Duda et al., 1993; Fernandez-
Durango et al., 1989; Kutty et al., 1992; Spreca et al., 1999; Xu et al., 2010; Yu et al.,
2006). For instance, natriuretic peptides aid in dopaminergic and cholinergic signaling
in amacrine cells (Abdelalim et al., 2008). Additionally, Yu et al. (2006) discovered that
these peptides modulate GABA-receptor activity in bipolar cells. They also report
immunolabelling of GC-A and GC-B in the outer plexiform layer (OPL). RD3 primarily
localizes to the inner segments of photoreceptor cells, with weak expression in the
OPL (Azadi et al., 2010; Dizhoor et al., 2019; Wimberg et al., 2018a). Natriuretic
peptide signaling via GC-A or GC-B increases cGMP levels, which targets cyclic
nucleotide-gated ion channels or cGMP-dependent protein kinase (PKG). This
pathway is thought to be responsible for inhibiting GABA-receptor currents by BNP (Yu
et al., 2006). As such, RD3 might be involved in the cGMP balances by inhibiting either
GC-A or GC-B in the OPL, but further high-resolution immunohistochemistry of GC-A,

GC-B, and RD3 are needed to elucidate their functional relationship.

The expression of RD3 has been detected in various organs and tissues, including the
brain (Aravindan et al., 2017; Khan et al., 2015), where the expression level appears
to be significantly lower than in the retina. We found that the expression of RD3 was
more than 100-fold higher in the retina than in different parts of the brain (see Figure
12), which is in broad agreement with the report by Aravindan et al. (2017), who
reported significant but modest or low expression in the human cerebellum and
olfactory bulb compared to the retina. Upon analysis of rd3, Npr1, and Npr2 expression

levels during mice development, it became apparent that Npr2 displayed a stronger
113



expression in all brain regions analyzed in comparison to both rd3 and Npr1. These
findings are consistent with previous reports identifying Npr2 mRNA expression pattern
in the neocortex, hippocampus, and olfactory bulb (Herman et al., 1996). GC-B has a
critical function 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; Muller et al., 2009).
Furthermore, it is noteworthy that our results show an age-related clustering, especially
in Npr1, which aligns with observations of higher Npr1 expression levels observed in
Alzheimer's patients (Mahinrad et al.,, 2018). The evidence presented collectively
suggests that natriuretic peptides and their receptors can be important diagnostic
biomarkers for aging and age-related degenerative diseases in the nervous system

(Kuhn, 2016; Mahinrad et al., 2018; Regan et al., 2021).

Accordingly, inhibition of GC-A or GC-B by RD3 in the CNS appears to be a crucial
regulatory mechanism. In our study, we observed higher expression of rd3, Npr1 and
Npr2 in astrocyte compared to neurons and microglia (see Figure 15A), in consistent
with previous findings of Npr1 and Npr2 localization in brain (Friedl et al., 1989;
Goncalves et al., 1995; Hosli and Hosli, 1992). Moreover, Friedl et al., (1989) showed
in the primary astrocyte culture with the ANP can elevate the intracellular cGMP
product. Therefore, a test for endogenous GC activities was performed in astrocytes
with ANP and CNP simulation (see Figure 15B). The results displayed comparable
levels of cGMP accumulation by ANP and CNP, which is in agreement with previous
findings (Deschepper and Picard, 1994). Further, our results demonstrate that RD3
inhibited both GCA and GC-B in astrocytes, indicating its potential effectiveness in the
primary cell culture. But these in situ and in vitro studies can provide only circumstantial
evidence for RD3 regulating GC-A and GC-B activities. Even so, this evidence
suggested an impact on retinopathies. For example, the ANP/GC-A/cGMP signaling
pathway counters neovascularization in proliferative retinopathies in astrocytes
(Burtenshaw and Cahill, 2020; Spiranec Spes et al., 2020). Consequently, the

inhibitory effect of RD3 might associate with angiogenesis in the progress of
114



retinopathies, which could also be mechanisms of thin retinal vessels in LCA12.

In summary, our study provides a view of RD3 in controlling the activities of GC-A and
GC-B in retinal and non-retinal tissues. However, there are still many open questions
and limitations from this study that need to be addressed and fulfilled by future
research. For example, how can RD3 interfere with the cyclase activities of GC-A and
GC-B, the intercellular trafficking or protein modification? To answer this question, a
more direct protein-protein interaction of RD3 and GC-A, GC-B should first be
determined in both in vivo and in vitro, and the pull-down assays from native tissues
or methods like yeast two hybrid screen could be applied. Further questions would be,
are GC-A and GC-B also involved in RD3 induced retinal degeneration, if yes, then
how? To these purposes, the RD3 transgenic mouse can be used for detecting the
gene expression changes and revealing the potential cell targets. This ongoing work

will presumably shed light on some of these questions.
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Peshenko et al. (2011)
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Figure 23: Overview of the RD3 progress in nucleotide cycle. In 2010, Azadi et al. reported the
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discovery of RD3's role in the trafficking of photoreceptor GCs from the inner to the outer
segments, providing the first insight into RD3's involvement in the nucleotide cycle.
Subsequently, it was discovered that RD3 inhibits the catalytic function of guanylate cyclase in
photoreceptor GCs in the presence of GCAPs (Peshenko et al., 2011a). Additionally, another
regulator of the cGMP pathway was found to interact with RD3 to catalyze the conversion of
GMP to GDP (Wimberg et al., 2018a). Furthermore, pathogenetic mutations of RD3 to LCA12
have been proposed to affect the binding sensitivities of RD3 to photoreceptor GCs (Perrault
etal., 2013; Peshenko and Dizhoor, 2020; Peshenko et al., 2019; Preising et al., 2012). Arecent
study revealed that RD3 also controls two natriuretic peptide-coupled GCs, GC-A and GC-B

(Chen et al., 2022).

5.2 The role of RD3 in programmed cell death: a novel perspective

Programmed cell death, also known as apoptosis, is a crucial biological process that
plays a dominance role in maintaining tissue homeostasis and eliminating damaged or
unwanted cells (Vitale et al., 2023). Dysregulation of apoptosis has been implicated in
various diseases, including cancer, neurodegenerative disorders, and autoimmune
conditions (Bertheloot et al., 2021; Jan and Chaudhry, 2019; Johnson Olaleye et al.,
2021; Krawczyk et al.,, 2020; Sharma et al.,, 2019). Understanding the molecular
mechanisms underlying apoptosis is essential for developing targeted therapies to

modulate this process.

Our previous research suggests a novel function of RD3 in inhibiting GC-A and GC-B
in neuronal tissue, but any pathological role in the brain remains to be determined
(Chen et al., 2022). In order to expand our knowledge, we examined the RD3 transcript
level in human glioma samples and discovered a notable reduction in RD3 transcript
levels in GBM. In conjunction with clinical characteristics, we showed that low RD3
expression is connected to unfavorable characterization (see Table 2). Further, we
tested the diagnosis and prognosis value of RD3 in glioma (see Figure 17). We found
RD3 is sufficient to be a potential diagnostic biomarker and low RD3 expression

involved in poor survival rate. These results suggested a new pathological role of RD3
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in glioma, but additional research is necessary to delineate the molecular mechanisms

involved.

Recent research has shed light on the role of RD3, a relatively unexplored protein, in
regular ER stress mediating programmed cell death of photoreceptor cells (Dizhoor et
al., 2021; Plana-Bonamaiso et al., 2020). This novel pathogenic role of RD3 was
suggested to explain photoreceptor degeneration. However, the underlying
mechanism and any extrapolation to non-retina tissues remained elusive. Here, the
immunocytochemistry study was conducted to understand the cell morphology or
process changes when RD3 overexpress, and we found the nuclei of RD3 positive
cells (with RFP-tag) were in the interphase of M phase. Therefore, we suggested that
RD3 might involve in cellular progress of HEK293T (see Figure 18). We then employed
MTT assay to test the effect of RD3 overexpression in HEK293T cells and found less
cell viability in cells expression the RD3 construct compared to an empty (RD3-free)
RFP construct, indicating a potential functional role of RD3 in cell processes (see
Figure 19). Cell cycle arrest is an important repair mechanism for cells in DNA damage,
that is associated with apoptosis (Park et al., 2019). Interestingly, we detected the cell
cycle of RD3 positive cells (RFP-tag) was arrested in G2/M phase prone to activate
cell apoptosis. Hence, we inferred that RD3 induced cell damage. Entering mitosis with
a G2/M deficient checkpoint would activate cell apoptosis to prevent malignancies.
Further, we discussed RD3 mutations and their impact to its function, since the amino
acid substitutions are known to cause a loss of RD3 function in functional assays ,
which in some cases are correlated with retinal dystrophy type LCA12 (Azadi et al.,
2010; Peshenko and Dizhoor, 2020; Preising et al., 2012; Zulliger et al., 2015). Our
results showed that the point mutants of RD3 can significantly mitigate the cell

apoptosis induced by RD3 overexpression leading to cell cycle arrest.

RD3 is a retina specific protein, but recent publications indicate pathophysiological role
in neuronal tissues (Aravindan et al., 2017; Chen et al., 2022; Khan et al., 2015;

Somasundaram et al., 2019). For example, loss of RD3 expression correlates with the
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progression of neuroblastoma pathogenesis and a poor survival prognosis (Aravindan
et al., 2017; Khan et al., 2015; Somasundaram et al., 2019). Moreover, RD3 inhibited
GC-A and GC-B in astrocytes from neuronal tissues (Chen et al., 2022). To extended
our understanding of RD3 in the brain and its correlation to neurological diseases, we
therefore focused on glioma, the cancer has been found to cause vision impairment
as an early indication of tumor progression and affected by the elevation of cGMP (Liao
et al., 2023; Lin and Huang, 2017; Lincoff et al., 2012; Sanati et al., 2022; Xie et al.,
2015). Extending studies were performed by using a data mining approach, we
screened and analyzed collected clinical evidence and multi-cohort data sets with
respect to RD3 expression. By this way, we assessed the prognostic and diagnostic
value of RD3 in glioma, particularly in GBM. We employed the ROC test to judge the
diagnostic value of RD3 expression in GBM, which is a true-false algorithm showing
the performance of a classification model at all classification thresholds. The evaluation
yielded an index (called AUC) lying normally between 0.5 to 1 (the value closer to 1
indicates good performance). The results showed a significant low expression of RD3
in GBM compared to non-tumor tissues, while a parallel ROC curve test yielded high
AUC value in four out of five patient cohorts, and even an excellent index larger than
0.9. Therefore, we propose that RD3 expression can act as a diagnostic parameter in
the progression of glioblastoma. Furthermore, we discovered that lower RD3
expression is linked to an adverse clinical prognosis for GBM patients with 5 years
overall survival less than 25%. Our results resemble previous findings obtained from
tissue of neuroblastoma patients, in which the loss of RD3 is associated with tumor
invasion, tumorosphere formation, and metastasis (Khan et al., 2015; Somasundaram
et al, 2019). Khan et al. (2015) suggested that RD3 functions as a metastasis

suppressor, which would be supported by our findings from GBM samples.

Studies have shown interesting findings about RD3 transcript alteration, the loss of
RD3 can lead to pathogenic phenotypes, while its re-expression appears to be benign
(Dizhoor et al., 2019; Khan et al., 2015; Plana-Bonamaiso et al., 2020). For example,

RD3 was found to be absent in aggressive neuroblastoma cells, and its re-gain can
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significantly decrease the cell metastasis. Furthermore, in RD3 knockout mice,
photoreceptor cell apoptosis was found to occur, and this process could be partially
reversed by RD3 re-expression (Plana-Bonamaiso et al., 2020). Although the
mechanism underlying this effect is not yet clear, it suggests that the expression of
RD3 must be maintained at a critical intracellular level. To investigate this hypothetical
role of RD3 in cell progression, we overexpressed both RD3 wild type and selected
RD3 mutants in HEK293 cells reason of its commonly low expression (Aravindan et
al., 2017; Chen et al.,, 2022; Khan et al, 2015). As a consequence, RD3
overexpression showed a clear effect on arresting the cell cycle in the G2/M phase
and activating the programmed cell death (see Figure 21 and 22). These results seem
to contradict the finding that of RD3 deficient can activate programmed cell death
(Cheng and Molday, 2013; Plana-Bonamaiso et al., 2020). However, this capacity
indicates that RD3 might prevent tumor progression by facilitating cell death of

neoplastic transformed cells or arresting the cell cycle.

In our study, we observed that RD3 point mutants located on the surface exposure
region at critical helices had a weaker impact on cell cycle arrest and apoptosis in
HEK293T cells, compared to the RD3 wild type, except for R68W (see Figure 18, 21
and 22). This implies that RD3 has a particular effect on cell cycle control in epithelial
cells (HEK293T cells), and any disruption may weaken or reduce its impact. However,
there is currently no definite evidence available on the RD3 target in the cell cycle
process. RD3 likely participates in a signal transduction pathway that includes a
membrane-bound guanylate cyclase with interaction profile is not limited to
photoreceptor guanylate cyclases. For example, recent findings indicate that RD3
regulates the activity of natriuretic peptide receptor guanylate cyclases similar to
photoreceptor cyclases (Chen et al., 2022). Additionally, knockdown of GC-A has been
linked to cell cycle arrest, activated cell apoptosis in HUVECs, and promotion of tumor
malignancy through angiogenesis (Li et al., 2021). These provide a more specifically
RD3 upregulation model may broadly be applicable in inhibiting GC-A to trigger cell

cycle arrest and activate cell apoptosis in diverse cells and diseases.
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Vascular endothelial growth factor (VEGF) is a major angiogenic factor that has been
identified as a therapeutic target for both retinal diseases and GBM (Adamis et al.,
2020; Ahir et al., 2020). NPs and their receptors are involved in the VEGF pathway,
the critical mediator of angiogenesis in the retinopathies and cancer progression
(Adamis et al., 2020; Khasraw et al., 2014; Spiranec Spes et al., 2020; Tamura et al.,
2020). Studies indicate that VEGF may impede NPs secretion from endothelial cells.
On the flip side, CNP (and other NPs) hinder the production of VEGF, which affects the
GCs/cGMP signaling pathway (Bubb et al., 2019; Pedram et al., 2001). Additionally,
research has shown that the VEGF/GC-A/cGMP cascade stimulates the angiogenesis
of cancer (Li et al., 2021). In this context, combining the role of RD3 in regulating GC-
A and GC-B, one can hypothesized that RD3 inhibits the binding of NPs to their
receptors, resulting in elevated NP content and consequent suppression of VEGF,
contributing to reduced angiogenesis in glioma, while the mutants of RD3 may be

benign to this process.

Along with the cGMP cascade in vision, the guanylate kinase, an enzyme catalyzing
the 5-GMP to GDP conversion (Fitzgibbon et al., 1996) could be candidate functional
partner for RD3 in cancer. Wimberg et al. (2018a) described a biochemical function of
RD3 in regulating GUK that provides another possible role of RD3 in controlling cGMP
homeostasis. GUK is an essential ubiquitous enzyme involved in the nucleotide
metabolism of cells and is involved in diverse cellular mechanisms. As a crucial
housekeeping gene, it has been found to control the process of cancer cellular viability,
proliferation, and clonogenic potential (da Rocha et al., 2006; Khan et al., 2019), and
thus used as the pharmacological targeting therapies. For example, 5’-GMP analogues
serve as potent GUK inhibitors or as antiviral and anticancer prodrugs (Elion, 1989).
Furthermore, the NMR spectroscopy based structure analysis provided a view of
potential protein sites of GUK for drug development and its knockdown can led to the
apoptosis of lung tumor cells (Khan et al., 2019). In glioma, GUK was found to be

significantly down-regulated in low-grade diffuse astrocytoma, indicating a diagnostic
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value of the RD3-GUK complex in glioma progression. (Huang et al., 2000).

In summary, this study demonstrates that reduced RD3 gene expression may serve as
a reliable diagnostic and prognostic marker for glioblastoma. Moreover, RD3
overexpression affected the progression of the cell cycle and initiated apoptotic
pathways. These findings expand the known functions of RD3 in photoreceptor cells

to other cell types across various organs.

5.3 Future perspective

Recent studies provided an overview of protein structure mutants in RD3 and their
impact on the function of photoreceptor guanylate cyclases (Dizhoor et al., 2021;
Peshenko and Dizhoor, 2020; Peshenko et al., 2019). This offers valuable
supplementation for explaining how RD3 mutations cause LCA12. Moreover, Wimberg
et al. (2018a) suggests in their study that GUK serves as a biochemical function partner
for RD3 and demonstrates that RD3 interacts at various stages within the nucleotide
cycle of photoreceptor cells. However, the phenotypic effects on cells aside from
photoreceptors remain largely unknown and molecular mechanisms need to be
elucidated. We identified two natriuretic peptides coupled guanylate cyclases GC-A
and GC-B that inhibited by RD3, provided a RD3-ANP/CNP-cGMP cascade in the
astrocyte. As GC-A and GC-B execute their function mainly in vascular management
(Kuhn, 2016; Pandey, 2021; Pedram et al., 2001; Schmidt et al., 2018; Shuhaibar et
al., 2016; Spiranec Spes et al., 2020), we propose that the dysfunction of RD3 can
disrupt the GCs-cGMP balance in retinal vasculature. Further studies in the angiogenic
function of RD3 might be of great importance, as its functional partner GC-A has been
shown to interact with retina neovascularization (Spiranec Spes et al., 2020). Moreover,
the direct or indirect interaction between RD3 and GC-A or GC-B remains to be
established, pull-down assays or hybrid two yeast methods could be utilized. It would
also be intriguing to investigate how RD3 mutants affect the cyclase activities of GC-A
and GC-B in both retina and non-retina tissues, similar to the study conducted on GC-

E.
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Current evidence strongly supports the assertion that RD3 primarily fulfills its
physiological role through active involvement in cGMP metabolism (Chen et al., 2022;
Dizhoor et al., 2021; Wimberg et al., 2018b). For example, RD3 has been implicated
in facilitating the trafficking of GC-E from the inner to outer segments of photoreceptor
cells (Azadi et al., 2010), but whether these function can extends to other guanylate
cyclases such as GC-A and GC-B remain to be elusive. Further, the RD3 was found to
biochemically activate GUK (Wimberg et al., 2018a), though this interaction show no
impact to photoreceptor cells (Dizhoor et al., 2021). These raise a question of what
function does this particular RD3-GUK pathway serve. With this object, RD3 is involved
in the process of GTP to cGMP and GMP to GDP, but any correlated cellular or
molecular mechanisms still need to be investigated. Addressing these queries will not
only deepen the comprehension of RD3's cellular processes but also establish more
focused therapeutic interventions for RD3-related disorders in both retina and brain.
Continued research is necessary to understand the complex molecular mechanisms
by which RD3 operates within the cGMP pathway. A more detailed comprehension of
its regulatory functions can be achieved by understanding the precise interactions of

RD3 with guanylate cyclases and other cellular components.

Another major open question regarding RD3 is its pathological role in both retina and
non-retina tissues. The mutation of RD3 is associated with LCA12 blindness (Perrault
et al., 2013; Peshenko et al., 2016; Preising et al., 2012), but the alteration of RD3's
transcript seems to be more crucial for its function. In retina, the loss of RD3 is involved
in the ER stress induced apoptosis of photoreceptor cells, and eventually result the
retina degeneration (Dizhoor et al., 2019; 2021; Plana-Bonamaiso et al., 2020). In non-
retina tissue, RD3 expression changes were found to impact neuroblastoma cell
progression like metastasis, that is associated with the aggressive development of
cancer (Khan et al., 2015; Somasundaram et al., 2019). In our study, we extended
pathology research into glioma and indicated that lower expression of RD3 could be

the potential diagnosis and prognosis factor to identify the severeness of cancer. To
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confirm this finding, the multi-omics method based on clinical characteristics and
analytics could be applied. Any potential ophthalmological manifestations should also
be considered. Furthermore, we revealed that overexpression of RD3 can induce cell
cycle arrest in G2/M phase to activate the cell apoptosis in epithelial cells, though it is
controversial to its function in photoreceptor cells (Plana-Bonamaiso et al., 2020), but
may explain why the RD3 overexpressed in cancer cells can impact its metastasis
(Khan et al., 2015). Although our study has not yet demonstrated a direct interaction
between RD3 and glioma, our hypothesis that RD3 functions through the VEGF/GC-
A/cGMP cascade to control cell cycle arrest, apoptosis, and angiogenesis is
reasonable. As we determined the RD3 regulatory features of GC-A (Chen et al., 2022),
the molecular that affects the VEGF and results in tumor angiogenesis, growth, and
metastasis interference (Li et al., 2021). These need to be verified by in vitro and in
vivo methods. Additionally, our results of RD3 mutants in mitigating cell apoptosis
indicate its potential pathogenic to tumor. However, any evidence regarding RD3 gene

expression interact to variants still needs to be determined by quantitative RT-PCR.

Future research may focus on translating the knowledge gained from basic RD3
studies into clinical applications. Investigating its potential as a diagnostic marker for
various disorders, including retinal degeneration and brain diseases, could open
avenues for early detection and intervention. Furthermore, the development of
targeted therapeutic strategies to modulate RD3 function may hold promise for treating

related diseases.
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