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Chapter 1

General Introduction






Introduction

Inherited Retinal Degenerative diseases

Inherited Retinal Degenerative diseases (IRDs) are a group of neurodegenerative diseases
which lead to progressive vision loss and eventual blindness in more than 2 million people
worldwide [1]. IRDs are characterized by vast genetic heterogeneity with currently known
mutationsin over 300 genes and phenotypic heterogeneity with more than 20 IRD phenotypes
[2]. Furthermore, different IRDs have shown overlapping clinical symptoms e.g. patients
with Retinitis Pigmentosa (RP) might show clinical manifestations similar to other IRDs such
as Leber Congenital Amaurosis and cone-rod dystrophy [3-5]. Also, mutations in the same
gene might lead to different phenotypes. For instance, IRDs with ABCA4 mutations have
been associated with inherited macular degeneration, fundus flavimaculatus, generalized
choriocapillaris dystrophy and rapid onset chorioretinopathy [6—10]. Of note, in 20-30%
patients, IRDs might not be confined to just the eye but be associated with other non-ocular
diseases e.g. in Usher Syndrome, patients experience hearing loss along with RP [3]. Since
so many disease genes and contributing factors in the eye with various clinical phenotypes
have been described for IRDs, this makes it difficult to devise generic treatments.

Retinitis Pigmentosa (RP) is one of the most prominent and most heterogenous IRDs with
over 65 defective genes identified in the autosomal dominant, recessive and X-linked form
of the disease (https://sph.uth.edu/retnet; information retrieved June 2022). During the
onset of RP, rod photoreceptors in the retina, responsible for vision under dim light are
primarily affected, followed by degeneration of cone photoreceptors. The disease manifests
itself with the patients experiencing night vision problems and tunnel vision due to loss of
rod cells that are present at the periphery of the retina (Fig. 1). With the progression of the
disease, cone photoreceptors are also degenerated, leading to complete blindness [11].
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Figure 1: Schematic representation of the eye and organization of mammalian retina. Basic structure of the
eyeball (Left). Representation of the layers of a portion of the a) healthy or b) RP retina in vertical section with
healthy and tunnel vision respectively (Right). Rods are illustrated in grey and cones in red, blue, and green. RPE:
Retinal Pigment Epithelium, BC: Bipolar Cell, GC: Ganglion Cell, and RP: Retinitis Pigmentosa (Figure adapted from
https://app.biorender.com/).

Therapeutic approaches for IRDs

Current therapeutic interventions that might delay disease progression, include treatment
with vitamin A, E or mineral supplements that could reduce oxidative damage to cones
and preserve vision in patients [12]. Treatment with drugs like acetazolamide [13] or
methazolamide [14] as oral medication, topical administration of dorzolamide [15], or
slow-releasing intravitreal steroids [16] have also been reported to improve visual acuity
in RP patients. Other treatments such as anti-VEGF systemic therapy that blocks vascular
endothelial growth factor, vitrectomy which removes vitreous humor from the eye ball and
LASER treatment have been applied with variable results in clinical trials [17]. Recently, Argus
I, a retinal prosthesis system has obtained FDA approval to treat patients with advanced
stage RP. It includes a miniature eye implant with patient-worn camera and processor that
provides artificial vision to the patients [18]. However, the effect of disease progression on
vision of patients with prosthesis still needs to be determined.
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Besides treatments to reduce or delay symptoms of IRDs, there are also molecular
approaches that make use of stem-cell or gene therapy-based therapeutic interventions in
development for treatment of IRDs. Stem cell-based therapies are either derived from non-
retinal sources or from endogenous retinal stem cells. The potential of non-retinal derived
stem cell-based strategies include stem cells derived from bone marrow, adipose tissues or
dental pulp [19-21]. The endogenous retinal stem cells, eg. Miiller glia have been induced
to differentiate into retinal progenitors which can transform into functional photoreceptors
[22]. The RPE layer in human retina contains some stem cells that can mature into new RPE
cells and cells with neuronal phenotype [23]. Similarly, ciliary epithelial-derived retinal stem
cells can be made to differentiate in vitro into rhodopsin photoreceptors [24]. There are
currently several clinical trials regarding stem cell transplantations in the eye underway [25].

Many gene-based therapies where functional genes are transferred are also available such
as a recombinant AAV vector that was altered to carry the human MERTK gene (hMERTK),
whose mutation is one of the known causes of IRDs. This vector restored vision in animal
models for MERTK-associated RP [26]. In phase 1 clinical trials, a RPE-specific promoter,
VMD2 was included and the rAAV2-VMD2-hMERTK was administered to six IRD patients
with specific mutation in MERTK [27]. The gene therapy for MERTK did not cause any major
side effect and improved visual acuity in three patients which was lost after two years.
In another study, phase 1/2 clinical trials for 24 patients with AAV-X linked RP caused by
RPRG mutation have been initiated [28]. Finally, in 2017, The US FDA approved the first
AAV gene therapy product Luxturna® for RPE65-mutation-associated retinal dystrophy [29].
Luxturna™ (voretigene neparvovec) is the first gene therapy to treat an IRD indicated for
children and adults with vision loss caused by mutations in both copies of the rpe65 gene and
sufficient viable retinal cells [30]. Nearly 60% of patients have severe forms of the disease,
with severe visual impairment occurring shortly after birth [31]. As a one-time treatment,
Luxturna™ restores vision and improves sight in children and adults with a sustained effect
and favourable safety profile [32,33].

Despite these initial successes of gene-therapy, implementation of such treatments to clinical
practice is challenging as every type of genetic defect requires a specific treatment. So, the
gene-based therapies need to be tailor-made for a particular mutation for each IRD patient.
In contrast, the stem-cell based therapies would be applicable to every patient irrespective
of mutation as it is focused on replacement of photoreceptors. Needless to mention that
both types of therapeutic interventions are very expensive. Another complicating factor
in search of IRD therapies is the complex three-dimensional structure of the retina that
comprises of more than 70 different, neuronal and non-neuronal cell types, each with a
specific function, which further complicates the identification of key biological pathways
responsible for clinical pathophysiology [34]. Therefore, there is a clear need to develop
therapies targeting the common photoreceptor degradation pathways that can be applied
at any stage of the disease in a mutation-independent manner.
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The central role of 3’,5’-cyclic guanosine monophosphate (cGMP) in cyclic nucleotide
gated channel (CNGC) and cGMP-dependent Protein kinase G (PKG) signaling axis in IRDs
The high genetic heterogeneity and widely varying clinical phenotypes of IRDs hamper a
detailed understanding of photoreceptor cell death mechanisms. Initially, the research on
photoreceptor cell death was focused on apoptosis [35,36] but the current research has
shifted to non-apoptotic cell death mechanisms which seem to be common to different
IRD mutants. Key events of non-apoptotic degradation mechanism are the epigenetic
factors such as activation of histone deacetylase, poly-ADP-ribose-polymerase as well as
accumulation of second messenger signaling molecules such as 3’,5’-cyclic guanosine
monophosphate (cGMP) and Ca?* involved in phototransduction cascade [37]. Aberrantly
high levels of cGMP are associated with several mutations in several IRD-linked genes other
than pde6, such as cnga3, cngbl, cpfil, rho, rpe65 etc. [38]. The discovery of abnormal levels
of cGMP, as one of the main constituents leading to photoreceptor cell death by activation
of non-apoptotic cell death pathways, provides significant potential for development of
novel neuroprotective strategies (Fig. 2).

Figure 2: Diagram representing putative photoreceptor
degradation mechanisms in IRDs: Several IRD-linked mutations
increase cGMP concentration in photoreceptors which, opens the
CNGCs and activates PKG. The elevated Ca* influx through CNGCs
may trigger Calpain while PKG activity might be connected to
HDAC and PARP activation. Together, the overactivation of these
pathways leads to photoreceptor cell death. IRD, Inherited Retinal
Degeneration; cGMP, 3’,5’-cyclic guanosine monophosphate; PKG,
cGMP-dependent Protein Kinase G; CNGC, cyclic nucleotide-gated
channel; HDAC, histone deacetylase; PARP, poly-ADP-ribose-
polymerase (Figure adapted from Power et. al 2020).
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In several IRD models, the photoreceptor cell death is linked to (abnormally) increased cGMP
levels. Elevated cGMP over activates CNGCs and increases Ca?* influx inside photoreceptors.
Therefore, CNGCs have been targeted by different calcium channel blockers which slowed
down photoreceptor degeneration and preserved visual acuity in rd mice with a mutation
in pde6 [39-42]. However, the calcium channel blockers need to be very specific as rods and
cones express different isoforms of CNGCs, and should not affect the phototransduction
cascade or any other Ca? signaling process in the cells [42]. The key role of CNGCs in IRDs
was also confirmed in rd1 or rd10/Cngb1” ‘double knockouts, devoid of CNGCs, which
improved rod photoreceptor viability [43,44]. Even though abolishing of CNGCs delayed
rod photoreceptor death, it has been demonstrated that in a Cngb1” ‘mice, simultaneous
abolition of prkgl expression was necessary to have prolonged rod cell survival [45].
Moreover, role of CNGCs in photoreceptor cell death is not clear as other studies suggest
Ca* signaling via voltage gated calcium channels instead to be responsible [46,47].

The interplay between cGMP and PKG signaling

Besides the CNGC axis, another major target of cGMP is cGMP-dependent Protein Kinase G
(PKG), which is a Serine/Threonine Protein Kinase from the AGC kinase family. Mammalian
PKG is encoded by prkg1 gene, which codes for splice variants PKG1a and PKG1f that differ
in their first 80-100 amino acids and prkg2 gene, which codes for PKG2 [48]. PKG is a dimeric
protein with each monomer containing an amino terminal, a regulatory and a catalytic
domain on a single polypeptide chain. The regulatory domain consists of an N-terminal
leucine zipper, a linker with an auto inhibitory sequence and two cGMP-binding sites. In
absence of cGMP, the inhibitory regulatory domain binds to the catalytic domain with high
affinity and the kinase remains inactive. Binding of cGMP to the four cGMP-binding sites on
PKG, results in dissociation of the inhibitory and catalytic domain, which leads to structural
changes and activates PKG (Fig. 3) [48].

Activated PKG then phosphorylates several proteins at Serine/Threonine amino acid
position and mediates diverse downstream cellular pathways. In mammals, PKG1 mediates
the feedback of the nitric oxide-signaling pathway [49], platelet activation and adhesion
[50], smooth muscle contraction [51], cardiac function [52], insulin resistance, and mTOR
signaling [53]. PKG1 also regulates aspects of the Central Nervous System like hippocampal
and cerebral learning [54], circadian rhythm [55] etc. PKG2 controls cGMP-dependent
translocation of CFTR in jejunum [56], mediates osteoblast anabolic response to mechanical
stimulation by activation of kinases such as MAPK3/ERK1 and MAPK1/ERK2 [57]. Therefore,
studying PKG interactions at kinome activity level is crucial.

A complete pkgl (a, B) knockdown in mice results in smooth muscle cell defects, intestinal
dysfunctions, and dwarfism [58]. Normal muscle development can be initiated back
by knock-in of murine pkgl («, B) [59]. A pkg2 knockdown in mice leads to defects in
entrainment of the circadian rhythm [11]. PKG activity also plays a prominent role in cell
death as PKG activation induces apoptosis in several types of cancer such as colon, breast,
ovarian cancer, and also in some neuronal cells [11,60]. Based on immunohistochemical
staining, PKG1 is localized in photoreceptor ONL and PKG2 in INL and GCL layers of the
retina. In vitro and in vivo inhibition of PKG seems to have very strong protective effect on
retinas of different murine IRD models such as rd1, rd2, rd10. Also, knockdown of prkg1 was
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shown to be necessary for sustained rod cell survival in CNG channel loss-of function mouse
model [45]. In rd1 mouse retina, photoreceptor cell death is linked to dysfunctional pde6
which is involved in regulation of cGMP [61]. As mentioned earlier, increased cGMP is found
in several other IRD models, and likely over activates PKG [38,62]. However, the cGMP/PKG
signaling downstream targets and the specific isoforms of PKG involved in photoreceptor
degeneration are still not clear.

Targeting PKG signaling

Besides the interplay between cGMP and signal transduction, the effects on PKG have also
been postulated to be a promising target for controlling excessive cGMP, as PKG does not
appear to be differentially expressed in rods and cones [63], and its inhibition is not likely to
affect the phototransduction cascade. Several PKG inhibitors (such as KT5823 and N46) are
able to target ATP binding sites on PKG. KT5823 lacks specificity and potency as it does not
inhibit basal PKG activity in cells and may inhibit other kinases such as PKA, PKC [64]. Also,
intravenous injection of N46 in rats successfully eased hyperalgesia and osteoarthritic pain
by specific inhibition of PKG1a [65]. Another PKG inhibitor DT-2, binds to substrate-binding
sites on PKG and inhibits its activity by competing with the substrates. Interestingly, DT-2
strongly inhibits PKG in vitro but loses specificity to inhibit PKG in cell homogenates and
living cells [66]. The next class of PKG inhibitors, the inhibitory cGMP analogues are specific
to cGMP binding sites on PKG.

The inhibitory cGMP analogues carry the common motif of a Rp-configured phosphorothioate
where the exocyclic oxygen at equatorial position of 3’,5’-cyclic phosphate is replaced by a
sulphur and Rp defines the configuration of this moiety according to Cahn-Ingold-Prelog
rules for Chiral atoms (Figure 3) [11].
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Figure 3: Schematic structure of Rp-cGMP analogues: Arrows show structural positions in Rp-cGMPs used for
introduction of substituents to generate new Rp-cGMP structures with improved inhibitory potency for PKG1 or
PKG2. (A) Position 1, N?: Addition of B-phenyl-1,N2-etheno-modification (PET) with varying additional substituents
(R,) [67,68]. (B) Position 8: Addition of halogens eg. bromine (Br) or sulphur (S)-connected aromatic ring systems
with varying additional substituents (R2) [69,70]. (C) Structure of PKG inhibitors 8-Br-(B-phenyl-1,N?-etheno)
guanosine-3’,5’-cyclic monophosphorothioate, Rp-isomer (Rp-8-Br-PET-cGMPS) CNO3 and 8-Br-(4-methyl-3-
phenyl-1,N%-etheno) guanosine-3’,5’-cyclic monophosphorothioate, Rp isomer (Rp-8-Br-pMe-PET-cGMPS) CN238.
(Figure adapted from Tolone et Al. 2019).

These compounds are referred as Rp-cGMP analogues (Rp-cGMPs) and are able to bind
to the cGMP-binding sites of PKGs but do not induce the conformational change required
for activation of the catalytic subunit of PKG (Fig. 4). The inhibitory cGMP analogues, have
been used to identify the non-apoptotic photoreceptor cell death mechanism triggered
by excessive cGMP [71]. A pan-European collaboration of several collaborating research
centers, the DRUGSFORD consortium, generated over 80 novel cGMP analogues that
target and inhibit PKG. They generated and tested Rp-cGMP structures with introduction
of a B-phenyl-1,N%-etheno-modification (PET) moiety onto the Rp-cGMP backbone and
its modifications (Fig. 3). This strategy led to a list of Rp-cGMP structures with improved
lipophilicity and the ability to also block CNGCs. Systemic intraperitoneal injection of one
of the selected liposome-formulated Rp-cGMPs (CNO3), was able to provide photoreceptor
protection in different IRD animal models [67]. This research has resulted in a new European
and Marie Curie funded research initiative (transMed) that also included the research
described in this thesis. In the transMed consortium, the studies are conducted with these
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new cGMP analogues in more detail with a focus to identify novel targets and biological
pathways affected by PKG inhibiting cGMP analogues.

cGMP or
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Figure 4: A schematic model of PKG activation or inhibition mediated by cGMP analogues. (Top) Binding of cGMP
or a PKG Activator (cGMP analogue) to the four cGMP binding sites (CNBs) on PKG, induces a conformational
change whereby the catalytic domain is released from the regulatory domain. (Bottom) Whereas, binding of a PKG
Inhibitor (cGMP analogue) to the CNBs does not induce the conformational changes required for the activation of
the kinase, resulting in a reversible inhibition of PKG (Figure adapted from Kim et. al 2016).

Lack of biomarker-based approach for target identification and therapy response in IRDs

Until now biomarker research that is applied in the field of IRD is related to disease
prognosis and/or to assess the predictive effect of IRD treatment. Since the mechanism
of action is seldomly known, most biomarkers approaches applied in IRD, particularly in
RP, are phenotypical following the onset of the disease in the clinic and using a plethora
of surrogate markers. Appropriate samples for biomarkers analysis in IRD can be largely
taken from instance either (intra) retinal fluid or during imaging and by optic coherence
topography (OCT) [72]. For RP with severe degeneration of rod/cone photoreceptors
mutations in proteins associated with the classical components of the phototransduction
cascade (rhodopsin and phosphodiesterase), cell signaling factors (such as Crx, Nrl or kinase
signalling), and ion channels have been applied as a tool both in mice and human [11,69].
Also, since photoreceptors and/or retinal pigment epithelium represent the primary causes
of RP development, previous studies have looked into the inflammatory response as a
possible contributor (and biomarker) in the RP pathogenesis and found inflammatory cells
and chemokines (interleukins, MCP) accumulate in the vitreous cavity of RP patients. This
search into inflammatory factors and cell —and tissue viability is related to the photoreceptor
cell death mechanisms and with a focus on non-apoptotic mechanisms of cell damage [38].
The possibility to assess inflammatory biomarkers (interleukins and TNF) in vitreal reflux
samples (or even biopsies) have been proposed in grading pathological manifestation [72].
Again, searching for inflammatory markers may help to fine tune disease prognosis, however
not to predict therapeutic outcome of Retinitis pigmentosa (RP). At present, perimetric and
electroretinographic methods are the gold standards for diagnosing and monitoring RP and
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assessing cone function [73]. These methods lack though the sensitivity to assess disease
progression at the level of individual photoreceptor cells, where the vision loss accompanying
the disease occurs [73]. To improve means for early diagnosing current research has shifted
to new early markers of cell death pathways and preceding events, like epigenetic pathways,
phototransduction signaling via cGMP and kinase signaling [53]. As previously indicated, the
interplay between cGMP regulation and kinase signaling might contribute further to the
homeostasis of the RP. Hence, better understanding of key pathways in the photoreceptor
degeneration can facilitate the quest of finding robust translational and clinically relevant
biomarkers.

Preclinical models to study IRDs

In order to study IRDs in a biological system, several retinal cell lines have been applied to
study IRDs, however the number of photoreceptor cell lines used is rather limited eg. WERI-
Rb1 and Y-79 cells [74,75]. These cell lines are derived from human retinoblastoma tumors
and have limited characteristics of rod photoreceptors. For drug testing, techniques for in
vitro differentiation of retinal stem cells derived from murine models to rod photoreceptor-
like cell cultures already exist [67] but have high variability of cells that need to be isolated.
One of the most widely used cell lines to study photoreceptor degeneration is 661W. It
is derived from retinal tumors of a transgenic mouse line that expressed simian virus 40
T antigen under the control of human interphotoreceptor retinol-binding protein (IBRP)
promotor [76]. 661W cells express photoreceptor precursors, cone specific and both rod
and cone photoreceptor genes. These cells are modeled to mimic RD, by treatment with
PDE®6 inhibitor Zaprinast, which increases intracellular cGMP and Ca%* concentration and
induces cell death [77]. However, a cell line with high expression of rod-specific genes is
necessary for high-throughput screening of drug candidates. Recently, a new in vitro model
was developed from 661W cells to study Zaprinast treatment on rod-like cells. This cell
line expressed neural retina-specific leucine which encodes the basic motif-leucine zipper
transcription factor regulating rod-specific genes [78].

Murine models for quite a number of known genetic defects are available, the most well-
known are rd1, rd2, and rd10. Especially the rd1 mouse, discovered in 1924 and suffering
from a mutation in exon 7 of pde6p, is arguably the oldest and most used animal model for
IRD research. The photoreceptor degeneration starts around postnatal day (P) 10 and peaks
at P12-P14 and is almost completed by P21 [79]. Mutations in pde6B-subunit also affects
around 4-5% of human RP patients, therefore rd1 is a very relevant model [80]. Another
frequently used mice model, rd10 carries a missense mutation in exon 13 of pde6f3, which
results in slower photoreceptor degeneration than what is observed in the rd1 mouse model
as in this rd10 mouse model pde6 is still partially functional [79]. The rod cell degeneration
starts at P16, peaks around P20-P25 and is completed by P45. In both the models, complete
or partial loss of pde6f3 leads to an abnormal increase in cGMP levels which results in
photoreceptor death [38].

To asses retinal cytotoxicity in RD models in several cell layers of the retina, a commonly
used approach is the TUNEL assay. In this assay the in situ Terminal-deoxynucleotidyl-
transferase dUTP-nick end-labelling (TUNEL) is analysed and in this way detects the dying
cells by labelling DNA fragmentation [62]. It relies on the enzyme terminal deoxynucleotide
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transferase that attaches to the 3’-hydroxyl terminus of DNA breaks and can be detected
by a fluorescent label. In the present thesis the protective effect of the PKG inhibitor CNO3
on photoreceptors in three IRD models was determined by the TUNEL assay [69]. With the
TUNEL assay both necrotic as well apoptotic mechanism of cell toxicity can be taken into
account [81].

In summary, besides in vitro cell models, in vivo murine models like rd1 and rd10 are frequently
used in RD research and both type of models have been applied in the current thesis.

Analytical and biochemical methods for studying kinase signaling

As mentioned before, several mutations in IRDs convene to common cGMP driven PKG
signaling routes, suggesting that targeting PKGs could provide a new, generic treatment
intervention amenable for a larger group of patients. However, the pathways downstream
of PKG in degenerating photoreceptors are nonetheless still poorly understood. Increased
cGMP/PKG signaling has been associated with increased activity of poly-ADP-ribose-
polymerase (PARP), histone deacetylase (HDAC), and calpain proteases, all known to
be involved in photoreceptor cell death (17). However, to date there is no evidence that
directly links these events to PKG. Techniques applying immunoblotting and enzyme-linked
immunosorbent assays (ELISA) have been regularly used to detect the presence of specific
kinases in cells and tissues at protein level. However, such techniques do not indicate protein
activity, require a priori knowledge of the target and are hindered by limited availability
of antibodies [37]. Another more holistic approach to identify kinases and other enzyme
targets simultaneously in the retina tissues is proteome analysis through mass spectrometry
(MS). The use of MS after affinity chromatography identified several new cGMP-interacting
proteins such as Calmodulin Kinase lla, Mitogen-Activated Protein Kinase 1/3, and Glycogen
synthase kinase 33 in rd1 mice retina [82]. Since, these proteomic-based methods use whole
retinal lysates, they do not provide the single-cell resolution which can be obtained by in
situ enzyme activity assays of proteins such as calpain, PARP, HDAC [38]. For instance, in the
work of Vighi et al. [69], the immunohistochemistry marker phospho VASP was used to look
into the activity of PKG in photoreceptor-like cells derived from rd1 mice. The vasodilator-
stimulated phosphoprotein (VASP) is a known PKG target studied in the retina and addition
of a PKG inhibitor CNO3 to photoreceptor-like cells, reduced phosphorylation at the Serine
239 position of VASP.

Assessing the active kinome in retina

Targeting PKGs could provide a new, generic treatment intervention amenable for a larger
group of patients. A recent study by Gonzalez-Medine et al. 2020, revealed that over 73
approved small molecule kinase inhibitors developed for a single target, may have promiscuous
structural moieties that allow for docking at the ATP-binding pocket of several other kinases
[83]. Thus, single-kinase inhibitors exhibit a varying affinity towards multiple kinases. This
variability in affinity for different kinases could provide advantages but also disadvantages
when different signaling networks (eg. efficacy, toxicity) have to be taken into account. Many
kinase inhibitors fail in early clinical trials due to the side effects of these drugs which could be
determined earlier [84].

High throughput active kinome screening methods are thus needed to assess kinase inhibitors
and their signaling networks in conjunction with evaluation of the toxicity in vivo. Also,
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since PKG as a kinase, might have hundreds of substrates, the ones crucial in photoreceptor
degeneration are unknown. To study kinase signaling in toto and applying new potent cGMP
inhibitors, several multiplex analytical methods have been applied to measure signaling
networks at the protein kinase activity level (active kinome).

The publicly available datasets that provide information about active kinomes are usually
derived from MS-based phospho-peptide signatures [84]. However, these datasets only
provide static and indirect information regarding protein function. Novel high-throughput
technologies are being developed to study the active kinome. One of these technologies is the
Kinobeads platform, where the bead surface is coated with broad-spectrum kinase inhibitors
which allows determination of the degree of protein expression and phosphorylation of
specific kinases [85]. This platform is often coupled with MS to quantify kinase expression.
Still, this technology is limited by determination of only the kinases that bind to the beads
and also requires a prior knowledge of protein kinase inhibitors or targets of the kinase of
interest. Another active kinome platform is the KINOMEscan, which is a competitive binding
assay designed to quantify binding characteristics of test compounds with up to 500 different
kinases [86]. This assay is performed by running DNA-tagged kinases against ligands bound to
beads. The movement of kinases occurs when its binding to ligands is disrupted by competition
with test compounds and is detected by gPCR. The more kinase-test compound interaction,
the more kinases move through the assay. KINOMEscan provides invaluable information
about kinome profiling of isolated kinases but it does not account for kinase expression,
activity, regulation, and interactions in a cellular context. The KINOMEscan can be considered
as a biochemical assay of isolated protein kinases outside cellular context. This limitation is
what constitutes the main difference between KINOMEscan and assays such as Kinobeads.
A more highly sensitive and high throughput technology for kinase profiling is the Reverse
Phase Protein Array (RIPA). The cells are immobilized on slides which are probed with primary
antibodies followed by biotinylated secondary antibodies. This high throughput platform in
addition to information on phosphorylation, also provides data on other post-translational
modifications such as acetylation and glycosylation [87]. Major limitations of this platform
are requirement of highly specific primary antibodies and a laborious sample-array printing
process. All these high-throughput technologies mentioned till now do not directly measure
the kinase activity within the biological sample.

Multiplex Peptide microarray platforms such as the Serine/Threonine Kinase (STK) or Protein
Tyrosine Kinase (PTK) assay have also been frequently applied [84]. This method allows the
real-time kinase activity profiling for hundreds of kinases present in complex biological samples
[84]. Proteins targeted by recombinant kinases or by endogenous kinases in cells or tissues
can be characterized by using these very sensitive (1-5 ug/array input) multiplex peptide
microarrays [53,88]. On the microarrays 142 peptides derived from human phosphoproteome
are immobilized on a porous 3D surface. The peptides are 13 amino acids in length and
comprise a Serine/Threonine or Tyrosine amino acid residue. The kinases within the sample
phosphorylate the peptides on microarrays. The phosphorylation at Serine/Threonine or
Tyrosine position is detected by a primary antibody and then confirmed by a FITC-labeled
secondary antibody. The images of the arrays are recorded at multiple exposure time and
quantified by BioNavigator® software. Therefore, the multiplex peptide microarray technology
not only allows identification of substrates of recombinant kinases, but also generation of
hypotheses for kinases potentially active in complex mixtures of kinases. This is ascertained
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by an in-house tool called ‘Upstream Kinase Analysis’ which integrates known interactions
between the kinases and phosphorylation sites as mentioned in databases such as HPRD,
PhosphoELM, PhosphositePLUS, Reactome, UniProt and provides a ranking of potential
kinases [89].

The multiplex peptide microarray platforms have been successfully employed across multiple
research domains such as cancer biology [90,91], immunology [92] and neuroscience
[53,88]. The platform does not require isolation or immobilization of the protein kinases,
as the sample is pumped back and forth over the peptides on the chip. It enables the
study of any biological sample such as cell or tissue homogenates, for which the activity
of endogenous kinases and their interacting partners is determined. Recombinant kinases
can also be used on these microarrays to identify their novel substrates. Limitations of the
multiplex peptide microarray platform include the limited number of peptides on the chip,
and phosphorylation of the peptides by multiple kinases which requires further validation
techniques to accurately determine the involved kinases.

Even though these are notable limitations, the multiplex peptide microarrays provide a
powerful high-throughput profiling technique to measure the kinome activity in complex
biological samples [84] and was applied in the current research to study kinome profiling in
the retina.

Aim and Thesis Outline

The overall aim of the present project is to assess the role of cGMP-dependent protein
kinase G (PKG) and its relationship to the health status and viability of the retina exposed to
cGMP analogues. To this end two main objectives are defined:

1) To study the effect of novel PKG inhibitors on kinase signaling and viability in retinal cells,
tissues and explants

2) To identify new biomarkers and biological pathways involved in kinase signaling and
related to retinal degeneration

The thesis consists of introduction (Chapter 1), one review chapter (Chapter 2) and
four research chapters (Chapter 3-6). Chapter 1 comprises of brief introduction of the
background and aim of the thesis. Considering the high heterogeneity of IRDs and no generic
therapies yet available, a better understanding of the pathways leading to photoreceptor
degeneration, particularly for cGMP-PKG kinase signaling may help to determine common
targets and develop mutation-independent therapies for larger groups of IRD patients.
Therefore, in Chapter 2, a literature review was performed to discuss the key biological
pathways involved in photoreceptor cell death studied by transcriptomics, proteomics, and
metabolomics techniques to identify potential therapeutic targets or biomarkers in IRDs.

As described above, several IRD-associated genetic defects affect cGMP levels and therefore
PKGs have emerged as novel targets, and their inhibition has shown functional protection
in IRDs. The development of such novel neuroprotective compounds warrants a better
understanding of the pathways downstream of PKGs, that lead to photoreceptor degeneration.
Since, a kinase has multiple substrates, in Chapter 3, the response of recombinant PKGs in
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combination with PKG activity modulators was used on a multiplex peptide microarrays to
identify novel substrates for PKG1 and PKG2, and use this information to identify critical
PKG targets in the retina. The knowledge on modulation of PKG activity was applied to
investigate the role of PKG1 and PKG2 in 661W retinal cells that are used as model for retinal
degeneration. To better understand the mechanisms of photoreceptor cell death, in Chapter 4,
the downstream effects of PKG and its phosphorylation targets in rd1 murine retinal explants
was explored. The PKG-mediated phosphorylation of specific peptides by kinases present
in murine retinal explant lysates treated with the PKG inhibitor CNO3, was measured on
multiplex peptide microarrays. This was followed up by confirmation of novel PKG substrates
in retina by immunohistochemistry. In Chapter 5, the unique proteins phosphorylated by PKG
in rd10 murine retinal explants were identified by multiplex peptide microarray technology
and phosphoproteomics. The expression and localization of the identified proteins in retinal
tissue and explants was examined by two techniques: immunohistochemistry and Western
Blot. In Chapter 6, the effect of a novel PKG inhibitor (CN238) on photoreceptor viability and
functionality was studied on rd1 and rd10 retinal explants. Multiplex peptide microarray
analysis, Micro-electrode array recording, and Ca?* imaging experiments identified potassium
(K*)-channel K 1.6 as a possible mediator of PKG-dependent cell death. Given the important
functions of potassium K -type channels for neuronal repolarization, these findings provide
a rationale for the use of PKG-inhibitors as novel neuroprotective drugs with possible
applications beyond the retina. Finally in Chapter 7, the main findings of this thesis are
presented and discussed including a discussion of key findings and future prospectives. In
summary, a schematic overview of the thesis lay out is shown in Figure 5.

Model System Model Compounds Biological Readouts

1} O cGMP Kinase Activity Profiling
Recombinant M"‘ | — OCAMP —
PKG1 & PKG2 NN
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Chapter 3
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Figure 5: A schematic diagram of the thesis overview. In Chapter 3, kinase activity profiling is performed on
recombinant PKG1, PKG2, and 661W cell lysate with PKG activity modulators (cGMP, cAMP, PKG activator, PKG
inhibitors). In Chapters 4-6, the TUNEL assay and kinase activity profiling are performed on murine retinal tissue
and explants treated with PKG inhibitors. The results are confirmed by immunohistochemistry and western blotting.
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Abstract

Inherited Retinal Degenerative Diseases (IRDs) are rare neurodegenerative disorders with
mutations in hundreds of genes leading to vision loss, primarily due to photoreceptor
cell death. This genetic diversity is impeding development of effective treatment options.
Gene-based therapies have resulted in the first FDA approved drug (Luxturna®) for
RPE65-specific IRD. Although currently explored in clinical trials, genomic medicines are
mutation-dependent, hence suitable only for patients harbouring a specific mutation.
Better understanding of the pathways leading to photoreceptor degeneration may help to
determine common targets and develop mutation-independent therapies for larger groups
of IRD patients. In this review, we discuss the key pathways involved in photoreceptor cell
death studied by transcriptomics, proteomics, and metabolomics techniques to identify
potential therapeutic targets in IRDs.



Introduction

IRDs are an important group of neurodegenerative diseases leading to progressive vision
loss in more than 2 million people worldwide [1]. IRDs comprise of diseases associated with
photoreceptor cell death, e.g., Retinitis Pigmentosa (RP), Leber Congenital Amaurosis (LCA),
rod or cone photoreceptor dystrophy. RP is one of the most prominent and heterogeneous
IRDs. Initially, RP patients experience night vision problems due to the loss of rod
photoreceptors (rods), followed by secondary degeneration of cone photoreceptors (cones),
leading to so-called tunnel vision and eventually complete blindness [2]. RP associated with
other neurological and congenital disorders, is named ‘syndromic’ RP, e.g. Usher syndrome
involves hearing loss along with vision loss [3].

Around 270 disease genes have been described for IRDs, as well as copy number variations
which makes it difficult to devise generic treatments [4]. Identification of genetic defects
and advances in molecular genetics and gene-based therapies, have the potential to
revolutionize the treatment of IRDs, as illustrated by the FDA approval of Luxturna®
[5,6]. Clinical trials have proven the safety and efficiency of virus vector-based transfer of
functional genes in IRDs [7]. Introduction of a functional MERTK gene [8] and RPRG gene [9]
are currently investigated in clinical trials. Another recent breakthrough is genome editing
with Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas [10]. Clinical
trials have commenced for the first CRISPR Cas9-based in vivo treatment for LCA [11].

Despite these initial successes, implementation of such treatments to clinical practice is
challenging as every type of genetic defect requires a specific treatment. Analysis of the
genetic defects in IRDs has revealed that distinct mutations converge in common cellular
signaling pathways, in which druggable targets might be identified that could benefit larger
subgroups of patients [12]. Unraveling such pathways and their role in relation to diseased
stage is complicated by the fact that the retina comprises of about 70 different cell types,
both neuronal and non-neuronal, each with a specific function [13].

In this review, we will briefly discuss important routes associated with photoreceptor
degradations in IRDs. In addition, we will focus on unbiased techniques employed to study
gene expression, protein presence, protein activity, and metabolism in IRDs, leading to
potential therapeutic targets or treatment options.

Key signaling pathways/targets known in IRDs

The high genetic heterogeneity and widely varying clinical phenotypes of IRDs hamper
a detailed understanding of photoreceptor cell death mechanisms. Human tissues are
not easy to procure, but several cell line models are available as well as animal models.
Murine models for several known genetic defects are available, e.g. rd1, rd2, and rd10
[14]. Especially the rd1 mouse, discovered in 1924 [15] and suffering from a mutation in
the Pde6b gene [16], is arguably the oldest and most used animal model. Initially, research
into photoreceptor cell death mechanisms was focused on apoptosis [17,18], but currently
attention has shifted to non-apoptotic cell death pathways and preceding events, like
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epigenetic pathways, phototransduction signaling via cGMP, or energy metabolism (Figure
1) [12,19]. Regardless, of the causative mechanisms, the earlier a therapeutic intervention
takes place, the better are the chances of preventing cell death.
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Figure 1- Putative photoreceptor degeneration mechanism in RP: Multiple IRD-linked mutations increase cGMP
concentration, which opens CNGC and activates protein kinase G (PKG). Elevated Ca?* influx through CNGCs may
trigger calpain while PKG activity may be connected to HDAC and PARP activation. Together, the overactivation of
these pathways lead to rod degradation, which eventually is followed by degradation of cones, possibly caused by
changes in nutrient supply and energy metabolism.

Epigenetic processes

Epigenetic processes encompass events that affect the transcription of DNA without
changing the DNA sequence. Epigenetic modifications like DNA methylation, modification of
histones [histone (de)acetylation, (de)methylation and poly-ADP-ribosylation (PARylation)]
are known to be directly associated with IRDs [12]. DNA hypermethylation in RP models of
different species suggests a role in modulation of gene expression during photoreceptor
degeneration [20,21]. The inhibition of DNA methyltransferase reduced photoreceptor cell
death in rd1 retinal explants and delayed their degeneration [20]. The histone deacetylase
(HDAC) inhibitor Trichostatin-A showed a protective effect on rods and cones in rd1 mice
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[22]. Another HDAC inhibitor, valproic acid, either decreased or increased photoreceptor
degeneration in murine RP models, therefore, use of valproic acid as a treatment option
is doubtful [23,24]. One more epigenetic modification, PARylation due to excessive activity
of (poly-ADP-ribose-polymerase) PARP may result in photoreceptor cell death which leads
to loss of membrane integrity [25]. In retinal explants, PARylation was shown to colocalize
with photoreceptor nuclei where HDAC activity was high [22]. Drugs targeting epigenetic
processes in oncology are already FDA approved or in clinical trials [26,27]. Repurposing of
these drugs to treat IRDs seems a promising option.

Phototransduction via cGMP driven pathways

Photon sensing in the photoreceptor cells is regulated by rapidly fluctuating levels of
3’,5’-cyclic guanosine monophosphate (cGMP) [2]. In the dark, there is influx of Na*and Ca?*
into the photoreceptors due to opening of cyclic-nucleotide-gated channel (CNGC) by cGMP
as well as continuous efflux of Na*, K* and Ca?* ions via a Na*/K*/Ca?* exchanger which leads
to generation of ‘dark current’. Light causes a conformational change of rhodopsin, which
leads to activation of phosphodiesterase-6 (PDE6). PDE6 hydrolyzes cGMP, which causes
closure of CNGCs, resulting in hyperpolarization. This leads to generation of an electro-
chemical signal in response to light-stimuli which is transferred to 2" order neurons as part
of the vision process [2,28].

In IRD patients, recessive mutations have been identified in the pde6b subunit [29].
Accordingly, in the Pde6b-mutant rd1 mouse, photoreceptor cell death was linked to
elevated cGMP levels. Mutations in IRD related genes encoding for rhodopsin, CNGCs, Aryl
hydrocarbon interacting protein like 1, or photoreceptor guanylyl cyclase also caused cGMP
accumulation in the photoreceptors in murine models [2]. Although no explicit connection
has been established between increased Ca? influx and photoreceptor degradation in
IRD [30,31], knockdown of CNGCs delayed rod cell death, while knocking down of cGMP-
dependent protein kinase G (PKG) alongside had a long-lasting protective effect on rod cell
survival [32]. Increased PKG activity has been shown to cause photoreceptor cell death in
murine RP models [14]. Since elevated cGMP levels are caused by multiple IRD mutations
[19], understanding the cGMP driven pathways might provide new druggable targets.

Energy metabolism

The retina, notably the photoreceptor cells, is one of the most metabolically active tissues
in the body [33]. Maintenance of the ‘dark current’ requires most of the energy but
visual pigment recycling, synaptic activity, and biosynthesis of constituents for renewal of
photoreceptor outer segments also demand a high energy input with cones incurring an
even greater energy expenditure than rods [34]. Glycolysis seems to be predominant in the
retina where glucose is converted to pyruvate and then to lactate under aerobic conditions
(Warburg Effect) [35,36]. One hypothesis explaining the uptake of glucose or lactate by
photoreceptors may be the ‘astrocyte-neuron-lactate-shuttle’” which would suggest that
glia cells in the retina convert glucose into lactate, which would then be taken up by the
photoreceptors [37,38]. However, it is presently not clear whether this hypothesis is valid
for the retina as it is dependent on tissue type and metabolic context [39]. An alternative
hypothesis proposes that photoreceptors rely mostly on glycolysis and provide the resultant
lactate to the retinal pigment epithelial cells [40].
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With the abundant energy demand in the retina, it seems likely that an impairment of
energy metabolism would be detrimental to photoreceptor function and consequently to
vision. The high metabolic activity is accompanied by the elevated production of reactive
oxygen species, that cause mitochondrial damage. Mitochondrial dysfunction appears to
be associated with retinal neurodegenerative diseases affecting photoreceptors, such as RP
[41], age-related macular degeneration [42], diabetic retinopathy [43], but also concerns
ganglion cells, such as in optic nerve atrophy [44]. There is converging evidence that
bioenergetic dysfunction is a key pathogenic factor in secondary cone degeneration in RP
[45,46].

Technologies to study cellular signaling pathways in IRDs

Although experimentally several treatments lead to retardation of photoreceptor
degeneration, none of these have left the preclinical stage. Unbiased methods toidentify gene
expression, protein presence and its activity, as well as integration of multiple technologies
are essential to understand the complexity of the retina and associated disorders.

Gene expression studies

Microarrays allow unbiased, high throughput screening of the expression of several
thousands of genes, whereas real time-quantitative polymerase chain reaction (RT-gPCR)
allows a targeted, quantitative, low throughput determination of expressed genes. Several
microarray-based gene profiling studies in rd1 murine model identified pathways like protein
kinase C (PKC) signaling and JAK-STAT signaling pathway in association with photoreceptor
cell death [47-49].

Both gene expression arrays and RT-PCR require many cells as input. Recent developments
allow the determination of whole transcriptome profiles of individual cells. Differences
in expression profiles were determined in murine retinas for microglia, monocytes and
macrophages involved in neuroinflammatory response after onset of neurodegeneration
[50]. Likewise, single-cell RNA sequencing of foveal and peripheral retinal samples of an
autoimmune retinopathy patient revealed distinct transcriptional changes in glial cells
[51]. These studies highlight the need for unbiased, high-throughput and high-dimensional
molecular techniques for understanding the molecular complexity of different cell types in
retina and IRDs. A major drawback of gene expression studies is that the mRNA detected
may not be converted to proteins. Concordance between gene and proteins expression
studies is low, underscoring the importance of studying signaling pathways at the protein
level [52].

Protein presence and activity

Western blot and enzyme-linked immunosorbent assays can detect the presence of proteins
in a sample, but these methods require a priori knowledge of the target and the availability
of specific antibodies. Thus, non-discriminatory methods are imperative to make new
discoveries related to changes in proteins. Moreover, the expression of a given protein does
not per se reveal its activity, which may be dependent on its activation by upstream-signaling
or the availability of suitable substrates. When the enzymatic activities of, for instance,
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Ca*-dependent calpain-type proteases [53] or PARP-type enzymes [54] were studied in rd1
mice, there was a strong disconnect with the corresponding gene and protein expression.
While enzymatic activities of calpains and PARPs were strongly elevated in diseased rd1
retina, no significant changes were detectable at the level of gene or protein expression.
Therefore, it is important to also consider enzymatic activities as well as corresponding
changes in metabolite spectrum and/or down-stream effectors and their post-translational
modifications [55,56]. In this context, the understanding of protein phosphorylation, which
often governs enzyme activity, and hence activities of the responsible kinases are of major
importance.

Mass spectrometry-based methods for protein identification

Mass spectrometry-based protein identification techniques require no a priori knowledge
about the targets and are sensitive, quick, and highly multiplexed. The technique requires
quite high sample input (~ 1 mg), especially when enrichment for e.g., ligands or post-
translational modification is performed. Sample preparation is a crucial step for optimum
results [57].

Mass spectrometry identified around 5,300 proteins differently expressed in rd1 and control
murine retinas [58], where key proteins of visual transduction cascade (PDE6A, PDE6B,
ROM1, GNAT1, GRK1) were underrepresented in the diseased retina. Quantitative mass
spectrometry applied to determine the composition of the protein degradation machinery
in murine RP retina (PP23H Rhodopsin mutant) revealed that retinal degeneration can be
significantly delayed by increasing the photoreceptor proteasomal activity [1]. In a recent
study, affinity chromatography was performed to select potential cGMP-interacting proteins
in rd1 murine retinas [59]. This was followed by mass spectrometry, which identified ten
known and twelve potentially new cGMP interacting partners (CaMKlla, GSK3[3, MAPK1/3,
EPAC2, etc.). Since these studies utilized whole retina lysates, i.e., a heterogeneous sample
with multiple cell types, it is not immediately clear whether the changes observed relate
to retinal degeneration or to secondary or tertiary events. New developments in mass
spectrometry may in the near future allow to profile at single cell resolution, for instance
directly in the degenerating photoreceptors of the retina [60].

In situ enzyme activity assays

To understand the photoreceptor degeneration mechanism, several biochemical assays have
been adapted to determine the enzymatic activity of proteins such as calpain, PARP,and HDAC
in situ [12]. Unfixed retinal cryosections, that still retain enzymatic activity, are incubated
with specific probes (substrates), which are either directly or indirectly fluorescently labeled.
These assays allow single-cell resolution and provide spatial information and reveal changes
in enzymatic activity [61]. A limiting factor is the availability of specific substrates which
must either be covalently linked to their target or precipitate upon modification so that the
label remains in place.

Application to ten murine IRD models showed activation of calpain, PARP, HDAC and
accumulation of cGMP and PAR in diseased photoreceptors, common to all the models [12].
Recently, the protective effect of the PKG inhibitor CNO3 on photoreceptors of three RD
models in vivo was determined using in situ TUNEL assay, providing evidence for their utility.
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Multiplex microarray technology for protein activity determination

Enzyme activity is tightly regulated by transient modifications or interactions between
proteins. Methods to determine enzyme activity are useful as proteases, kinases, and
phosphatases play an important role in signal transduction. Multiplex microarrays, where
up to 196 enzyme substrates are immobilized on a surface, allow real time detection of
phosphorylation of specific peptide substrates for kinase activity of both recombinant
enzymes and complex mixtures of kinases [62]. Detection of peptide phosphorylation with
fluorescently labelled antibodies not only allows identification of substrates for recombinant
kinases, but also generation of hypothesis for specific kinases potentially active in a complex
mixture of other kinases. In a recent study, our group applied a multiplex peptide microarray
platform to identify novel phosphorylation targets of PKG and to study kinase activity in
retinal cell lysates [62].

Tools for metabolic studies

Initial metabolic studies were performed using Clark electrodes to determine oxygen
consumption and Warburg apparatus to investigate metabolic pathways [63]. These
methods were extended with tracer studies with radio-labeled precursors, assays for
specific metabolites and, more recently, with liquid-chromatography combined with mass-
spectrometry (LC-MS) to perform proteomics and metabolomics studies. A recent addition
is the extracellular flux analyzer (Seahorse), that determines oxygen consumption as a
measure of mitochondrial respiration and lactate formation as the result of glycolysis [64].
Mitochondrial metabolism can be quantified by measurement of oxygen consumption rate
in vivo and ex vivo [65,66].

Towards pathway-specific therapeutic intervention in IRDs

Current advancement in multiplex technologies confirmed not only known targets in the
pathways relevant for IRDs, but also added potentially druggable new targets as listed in
Table 1. GSK-3 inhibition has been shown to provide protection to retinal ganglion cells and
photoreceptors, thereby providing a potential target for treatment of IRDs [67,68] Drugs
targeting GSK-3 kinase have entered clinical testing for Alzheimer’s disease [69]. CNO3, a
cGMP analogue that inhibits PKG, was able to preserve photoreceptors in three different
RD models in vivo [70]. Addressing the phototransduction pathway, QLT091001, a synthetic
cis-retinoid with orphan drug status, restored visual function in animal models carrying
mutations in the Rpe65 gene [71]. In clinical trial QLT091001 improved visual function in
patients with IRD, however it did not stop the progression of photoreceptor degradation
completely [72].

Besides pathways targeting, recently transcriptome sequencing was combined with
epigenetic profiling like ‘genome-wide DNA methylation’ and ‘Assay for Transposase-
Accessible Chromatin (ATAC) sequencing’ of patient samples to reveal previously
immeasurable molecular heterogeneity and potential therapeutic targets. For instance,
integrated transcriptomics and epigenomics studies on retinal cells of age-related macular
degeneration (AMD) patients revealed HDAC11, SKI, and GTF2H4 as novel potential
epigenetic targets [73,74]. Inhibition of sirtuin-6 (SIRT6), a histone deacetylase repressor
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of glycolytic flux, reprogramed retinal cells toward enhanced glycolysis and delayed
photoreceptor death in a murine RP model [75].

Metabolic interventions, such as administration of insulin or exposure to nucleoredoxin-
like protein 1 (Rod-derived cone viability factor) may provide functional protection to
cones, probably by increasing glucose entry into cones [45,76]. A proteomic analysis of
liquid vitreous biopsies of a RP patient and a murine model with Pde6a mutations revealed
key altered molecular pathways, particularly related to metabolism, at the onset of
photoreceptor degeneration [77]. Metabolic therapy guided by liquid biopsy proteomics
attenuated RP phenotype in murine model [77]. These results highlight the potential of
personalizing future therapies in IRDs by translational proteomic approaches.

Table 1: Emerging therapeutic targets in IRDs with techniques used to identify them

(Pre)Clinical

Potential Targets Techniques IRD Model Validation Ref.
Status
Genomic
Tropomyosin-related In vivo injection with . Histology, Optokinetic .
kinase B (TrkB) the kinase antagonist rd10 mice Tracking Preclinical (78]
rduced ot
associated kinase CRISPR-Cas9 RT-PCR Preclinical [79]
photoreceptor
(MAK)
precursor cells
Electroretinogram
CRISPR-Cas9 Royal College of response, Toxicology and Pha_se—l . [80,81]
Surgeon Rats e : clinical trial
Mer receptor tyrosine Biodistribution studies
kinase (MER) Mertk”- . .
Light microscopy Cx3cr1®F/*Cer2RF/+ Immunohistochemistry, Preclinical [82]
- Flow Cytometry
transgenic mice
Retinitis Pigmentosa Fundus examination
GTPase regulator- AAV-based genomic RPGRIP7 knockdown N L -
. . . . Immunohistochemistry, Preclinical [83]
interacting protein therapy mice Electroretinograh
(RPGRIP) graphy
Retinal pigment . . . . . . . -
epithelium-specific :\tﬁe\l/'—abased genomic ;laptlEzgt:n\altlggig:]allellc L\g:tltl—lummance mobility FDA approved 84]
65KDa (RPE65) Py
Proteomic
Affinity rd1, rd2, rd10 retina
Chromatography and T Proximity ligation assay [59]
tissue
mass spectrometry
Primary rod
photoreceptor-like
TUNEL assay cells from rd1; rd1, Immunohistochemistry [70]
CGMP-dependent rd2, rd10 retina Preclinical
protein kinase (PKG) explants
Immunohistochemistry rd1, rd2 repna explant Western Blot [14]
and rd1 mice
o o Light microscopy
/ /
Light microscopy Cngb1 Prkgl_ (littermates at 4-5 months [85]
knockdown mice old)
Glvcogen synthase TUNEL assay after
'ycogen sy TUNEL assay rd10 retina explants treatment with N-methyl-  Preclinical [67]
kinase 3 (GSK-3)
D-aspartate
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(Pre)Clinical

Potential Targets Techniques IRD Model Validation Status Ref.
Rhodopsin Kinase (RK)  Electrophysiology RK” knockdown mice glL:)TEL assay, Western Preclinical [86]
Receptor_—mteractmg gPCR, Western Blot rd10 retina tissue Light microscopy, TUNEL Preclinical [87]
protein kinase-3 (RIPK3) assay
Serine/Threonine- Affinity .
protein kinase B-Raf chromatography and ;iih;dz’ rdi0retina Preclinical [59]
(BRaf) mass spectrometry
Calcium/Calmodulin- -
dependent protein Affinity rd1, rd2, rd10 retina AT L
N chromatography and . Proximity ligation assay Preclinical [59]
kinase type lla mass spectrometr tissue
(CaMKIla) P v
Immunostaining rd1 retina explant \al\sf:/em Blot, TUNEL [88]
Poly-ADP-ribose- Retinal explants preclinical
polymerase (PARP) ) ) from ten different
Immunohistochemistry IRD-mutation murine [12]
models
Retinal explants
CAMP response . . from ten different -
element-binding Immunohistochemistry IRD-mutation murine " Preclinical [12]
protein (CREB) models
Retinal explants
Calpain Immunohistochemistry r;%r?nfﬁ:agilg:::tine - Preclinical [12]
models

Conclusion

The vast genetic heterogeneity in IRDs makes it difficult to identify common treatment
approaches targeting photoreceptor degeneration. Therefore, integration of multiple
technologies, ideally with spatial resolution at the single cell level, is essential to understand
the complexity of IRDs. Investigation of pathways involved in phototransduction via cGMP
signalling, energy metabolism, and epigenetics will likely facilitate identification of mutation-
independent therapeutic targets. Treatments taking into account the cross-talk between
different cell types in the retina and repurposing of clinically approved drugs might help to
advance the development of effective drug interventions for IRDs.
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Abstract

Inherited retinal degenerative diseases (IRDs), which ultimately lead to photoreceptor
cell death, are characterized by high genetic heterogeneity. Many IRD-associated genetic
defects affect 3',5'-cyclic guanosine monophosphate (cGMP) levels. cGMP-dependent
protein kinases (PKG1 and PKG2) have emerged as novel targets, and their inhibition has
shown functional protection in IRDs. The development of such novel neuroprotective
compounds warrants a better understanding of the pathways downstream of PKGs that lead
to photoreceptor degeneration. Here, we used human recombinant PKGs in combination
with PKG activity modulators (cGMP, 3',5'-cyclic adenosine monophosphate (cAMP), PKG
activator, and PKG inhibitors) on a multiplex peptide microarray to identify substrates for
PKG1 and PKG2. In addition, we applied this technology in combination with PKG modulators
to monitor kinase activity in a complex cell system, i.e. the retinal cell line 661W, which is
used as a model system for IRDs. The high-throughput method allowed quick identification
of bona fide substrates for PKG1 and PKG2. The response to PKG modulators helped us
to identify, in addition to ten known substrates, about 50 novel substrates for PKG1 and/
or PKG2 which are either specific for one enzyme or common to both. Interestingly, both
PKGs are able to phosphorylate the regulatory subunit of PKA, whereas only PKG2 can
phosphorylate the catalytic subunit of PKA. In 661W cells, the results suggest that PKG
activators cause minor activation of PKG, but a prominent increase in the activity of cCAMP-
dependent protein kinase (PKA). However, the literature suggests an important role for PKG
in IRDs. This conflicting information could be reconciled by cross-talk between PKG and PKA
in the retinal cells. This must be explored further to elucidate the role of PKGs in IRDs.

Keywords
PKG, PKA, cGMP, cAMP, 661W, retinal degeneration, substrate identification, peptide
microarray



Introduction

Inherited retinal degenerative diseases (IRDs) include a group of diseases that lead to severe
vision impairment and blindness at a young age due to mutations affecting the functioning
of the retina. Retinitis pigmentosa is one of the most prominent and most heterogenous IRD,
with over 65 defective genes identified in the autosomal dominant, recessive, and X-linked
forms of the disease [1]. During the onset of retinitis pigmentosa, rod photoreceptors,
responsible for vision under dim light, are primarily affected. The disease manifests itself
with the patients experiencing night vision problems and tunnel vision due to a loss of rod
cells that are present at the periphery of the retina. With the progression of the disease,
cone photoreceptors are also degenerated, leading to complete blindness [2].

The phototransduction pathway in retina is mediated by fluctuations in cGMP levels in the
photoreceptors [2]. In the dark, high cGMP levels open cyclic nucleotide gated (CNG) ion
channels. These non-specificchannelslead toaninflux of Na*and Ca* into the photoreceptors.
At the same time, K* and Ca?" are continuously extruded via a Na*/K*/Ca?* exchanger. The
influx and efflux of ions via these two types of channels lead to generation of a dark current.
Light disrupts the generation of the dark current. The absorption of photons induces
conformational changes in rhodopsin (the visual pigment present in rod photoreceptors)
which, through a series of steps, leads to the activation of phosphodiesterase-6 (PDE6). PDE6
hydrolyzes cGMP and prompts the closure of CNG channels, resulting in hyperpolarization
due to the efflux of Ca?* and K* by the Na*/K*/Ca* exchanger, which sends a signal to the
neuronal cells and ultimately to the brain for visual processing [2,3].

Mutations in the rod-specific PDE6 subunits o and § have been linked to high intracellular
levels of cGMP, ascGMPisnot hydrolyzed. For photoreceptor degeneration, three times higher
cGMP levels have been reported in murine retinas with a PDE6 mutation [4,5]. Mutations in
other genes encoding for rhodopsin, CNG ion channels, aryl hydrocarbon interacting protein-
like 1 or photoreceptor guanylyl cyclase have also been identified to cause excessive cGMP
accumulation in the photoreceptors [2,6]. cGMP opens the CNG ion channels and activates
PKGs by binding to their regulatory sites. PKGs phosphorylate components of ion channels,
G-proteins, and cytoskeleton proteins that regulate neuronal, cardiovascular, and intestinal
functions [7]. Application of PKG inhibitors in vivo in retinas of the rd1 mouse model resulted
in photoreceptor protection [8]. Recently, it was demonstrated that in vivo application of a
PKG inhibitor with a drug delivery system counteracted photoreceptor degeneration and
preserved retina function in three IRD mouse models [9]. In addition, it has been shown
in @ CNG channel loss-of function mouse model that knocking out of prkgl encoding for
PKG1 leads to sustained rod cell survival [10]. The correlation of PKG activation with cell
death is corroborated by studies showing induction of apoptosis with PKG activation to stop
tumor progression in colon cancers [11-13], breast cancers [14], ovarian cancers [15] and
melanoma [16]. However, the signaling routes downstream of PKG1 and PKG2 that lead to
cell death have not been identified yet. Since in this heterogeneous disease, many mutations
convene in a common cGMP-driven PKG signaling route, targeting PKGs could provide a
common treatment amenable for a larger group of patients. Therefore, identification of
targets for PKG1 and PKG2 as well as their downstream signaling pathways might help to
develop novel treatments for rare diseases such as IRDs, but also for various cancer types.
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The aim of this study was to identify high-quality substrates for PKG1 and PKG2, and use
this information to identify critical PKG targets in the retina. Since a kinase has multiple
substrates, we used a peptide microarray with 142 serine/threonine containing peptides
to determine preferred PKG1 or PKG2 substrates. PKG activity was modulated by known
PKG specific inhibitors and activators that bind to the regulatory sites of cGMP-dependent
protein kinases to identify novel and bona fide substrates for PKG1 and PKG2. We then
applied the knowledge on modulation of PKG activity to investigate the role of endogenous
PKG1 and PKG2 in 661W retinal cells that are also used as model for retinal degeneration
[17,18]. We show that in a complex cellular environment, the PKG modulators only modestly
increase the activity of cGMP-dependent kinases but strongly increase the activity of cAMP-
dependent protein kinase A (PKA), a close relative of PKG.

Results

Modulation of PKG Activity and Substrate Identification

To identify substrates for PKGs, the effect of modulators (ATP, cGMP, cAMP, PKG activator and
PKG inhibitors) on recombinant PKG1 and PKG2 was tested in a high throughput setting, using
PamChip® 96 array plates. Each array comprises of 142 serine/threonine containing peptides
which are derived from putative phosphorylation sites in the human phosphoproteome
[19]. The peptide names consist of the protein they are derived from and the amino acid
positions in that protein. First, incubations with or without ATP were performed to establish
that the phosphorylation reaction for PKG1 and PKG2 is ATP-dependent (Supplementary Fig.
S1). Next, a concentration series of recombinant PKG1 and PKG2 was tested on PamChip®
arrays to determine the desired PKG input for this study (Supplementary Table S1). We found
that the assay is linear with enzyme input; however, at a high concentration, the linearity is
lost. Based on the results, we chose 0.5 ng PKG1 and 5 ng PKG2 per array as protein input
concentration in all the following experiments.

Effect of cGMP and cAMP on PKG Activity

The phosphorylation activity of PKG1 and PKG2 on the peptides as a function of cGMP or
cAMP concentration is shown in Fig. 1. PKG1 and PKG2 show a big overlap in substrate
preference, although there are also differences. The phosphorylation signal intensity of four
peptides each for PKG1 and PKG2 (ERF_519_531 and VASP_232_244 as substrates for both
PKG1 and PKG2, CFTR_761_773 and F263_454_466 as substrates for PKG1 and CENPA_1_14
and H32_3_18 as substrates for PKG2) as a function of cGMP or cAMP concentration is
shown in Fig. 1. Signal intensity for PKG1 and PKG2 started to increase around 100 nM cGMP
and 1 uM cAMP.
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Figure 1. Effect of cGMP and cAMP concentrations on signal intensity of (a) PKG1 or (b) PKG2 on selected peptides.
The signal intensity is the mean of triplicate measurements.

At saturating cGMP concentrations, the kinase activity increased about 30 times for PKG1 and
16 times for PKG2. Higher concentrations of cAMP were required to achieve a stimulation
of activity. Maximal activity for cAMP-activated PKG1 was about half the value found with
cGMP. For PKG2, the difference between the maximal activities with cGMP and cAMP was
smaller (Fig. 1). Variation of cGMP and cAMP concentrations allowed the determination of
the activation constants (Ka) for both PKG1 and PKG2 (Table 1). Ka values obtained for PKG1
(0.26 uM for cGMP and 22.4 uM for cAMP) were in good agreement with the data reported
in the literature, but for PKG2, the measured Ka is higher than the reported values, which
varied 20-fold for cGMP.

Table 1. Comparison of experimentally determined Ka values of cGMP and cAMP for PKG1 and PKG2 with literature
values.

cXMP PKG1 Ka (uM) PKG2 Ka (uM)

Measured Literature Measured Literature
cGMP 0.26 0.1-0.2 [20-24] 1.6 0.04-0.8 [20,24-26]
cAMP 224 7.6-39 [20,21] 27 ~12 [20]

The response of PKGs to cGMP and cAMP also permits us to eliminate the effect of kinases
that could be present as contaminants in the enzyme preparations. The activity of such
kinases would not respond to the addition of these modulators. We excluded the peptides
which already showed high signal intensity in the absence of cGMP or cAMP, with the signal
either remaining constant or increasing further with elevated concentrations of cGMP or
cAMP.
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Effect of PKG Activator and Inhibitors on PKG Activity

To further classify the substrate preferences of PKG1 and PKG2, the effect of PKG activator
8-Br-cGMP, pan-PKG inhibitor Rp-8-pCPT-cGMPS (for both PKG1 and PKG2) and the PKG1
specific inhibitor Rp-8-Br-PET-cGMPS on the kinase activity was tested for three compound
concentrations in the presence of cGMP. The modulation of PKG1 or PKG2 activity by these
compounds is shown for the same four peptides (Fig. 2).

The addition of PKG activator resulted in a concentration-dependent increase in
phosphorylation (Fig. 2a). The activator leads to a doubling of kinase activity for PKG1
and on average a 50% increase for PKG2. The effect was most prominent for the peptide
ERF_519_531 (an ETS domain-containing transcription factor ERF). The addition of PKG1-
specific inhibitor Rp-8-Br-PET-cGMP resulted in the inhibition of PKG1 kinase activity only,
with no effect on PKG2 activity (Fig. 2b). On the other hand, the addition of pan-PKG
inhibitor Rp-8-pCPT-cGMP resulted in a decrease in the kinase activity of both PKG1 and
PKG2 for all four peptides (Fig. 2c). These data show that the PKG activity can be modified by
the addition of PKG activity modulators and this change can be read out by phosphorylation
changes on the peptides of the peptide microarray.

PKG1 and PKG2 Substrate Identification

First, peptides were selected for ATP-dependency—only those that showed a significant
increase in signal upon addition of ATP at the highest concentrations of cGMP and cAMP were
included in the analysis. Out of 142 peptides, 81 peptides showed statistically significant (p <
0.05) ATP-dependent phosphorylation by PKG1 and 92 by PKG2.

For substrate identification for the kinases, we devised a scoring system that included
signal dependency on cGMP and cAMP concentration, phosphorylation induced by the
PKG activator, and phosphorylation inhibited by PKG inhibitors (see Substrate Identification
section of Materials and Methods and Supplementary Table S3 for assignment of scores).
For PKG1, data for the specific PKG1 inhibitor, Rp-8-Br-PET-cGMPS were assessed and for
PKG2, data for the pan-PKG inhibitor Rp-8-pCPT-cGMPs were used. The combined results
obtained with the modulators amounted to a maximal value of ten and yielded a score
indicating the preference of the kinases for each substrate. The substrates, their sequence,
UniProt ID and scores for PKG1 and PKG2 are indicated in Table 2.
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Figure 2. The effect of modulators on the activity of PKG1 (left) and PKG2 (right) for selected peptides: (a) PKG
activator (8-Br-cGMP), (b) PKG1 Inhibitor (Rp-8-Br-PET-cGMPS), and (c) pan-PKG inhibitor (Rp-8-pCPT-cGMPS). The
concentration of the modulators was varied as indicated in the legend in the presence of 0.2 uM cGMP. Relative
signal intensity was measured in triplicate and expressed with respect to the condition without the modulator. The
significant changes with modulators were determined with one-way ANOVA with significance indicated as * (p <

0.05), ** (p < 0.01), *** (p < 0.001) or **** (p < 0.0001).
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Table 2. Peptide substrates for PKG1 and PKG2, their sequence, protein name, UniProtID and score. Scores for
PKG1 and PKG2 range from 1 to 10. For sites already known to be phosphorylated by PKG1 or PKG2, the database
containing this information is added. A—PhosphoSitePlus’, B—Human Protein Reference Database, C—UniProt.

Color scheme according to the score—10-8: Good, 7-4:

and 3-0: Poor substrate.

Peptide ID UniProt Peptide Sequence Description PKG1 PKG2 Ref.
ID Score  Score
ERF_519 531 P50548 GEAGGPLTPRRVS ETS domain-containing 10 9
transcription factor ERF
VASP_232_244 P50552 GAKLRKVSKQEEA Vasodilator-stimulated 10 8 A (PKG1)
phosphoprotein
CREB1_126_138 P16220 EILSRRPSYRKIL cAMP response element- 10 A, B, C
binding protein (PKG1)
CSF1R_701_713 P07333  NIHLEKKYVRRDS Macrophage colony- 10
stimulating factor 1
receptor precursor
EPB42_241_253 P16452 LLNKRRGSVPILR Erythrocyte membrane 9
protein band 4.2
GBRB2_427_439 P47870 SRLRRRASQLKIT Gamma-aminobutyric 10
acid receptor subunit
beta-2 precursor
GPSM2_394_406 P81274 PKLGRRHSMENME G-protein-signaling 10
modulator 2
GRIK2_708_720 Q13002 FMSSRRQSVLVKS Glutamate receptor, 10
ionotropic kainate 2
precursor
PDE5A_95_107 Q76074 GTPTRKISASEFD cGMP-specific 3’,5’-cyclic 10
phosphodiesterase
PTN12_32_44 Q05209 FMRLRRLSTKYRT Tyrosine-protein 10
phosphatase non-
receptor type 12
RS6_228 240 P62753 IAKRRRLSSLRAS 40S ribosomal protein S6 10
RYR1_4317_4329 P21817 VRRLRRLTAREAA Ryanodine receptor 1 9
VTNC_390_402 P0O4004 NQNSRRPSRATWL Vitronectin precursor 10
CFTR_761_773 P13569 LQARRRQSVLNLM Cystic fibrosis 10 3 A B
transmembrane (PKG1)
conductance regulator
F263_454_466 Q16875 NPLMRRNSVTPLA  6-phosphofructo-2- 10 3
kinase/fructose-2,6-
biphosphatase 3
KPB1_1011_1023 P46020 QVEFRRLSISAES Phosphorylase b kinase 9 3
regulatory subunit alpha,
skeletal muscle isoform
MYPC3_268_ 280 Q14896 LSAFRRTSLAGGG Myosin-binding protein 10
C, cardiac-type
TY3H_65_77 P07101 FIGRRQSLIEDAR Tyrosine 9 3
3-monooxygenase
VASP_271_283 P50552 LARRRKATQVGEK Vasodilator-stimulated 8 3 A (PKG1)
phosphoprotein
ANXA1_209_221 P04083 AGERRKGTDVNVF Annexin Al
GPR6_349_361 P46095 QSKVPFRSRSPSE Sphingosine 9
1-phosphate receptor
GPR6
KIF2C_105_118_S106G Q99661 EGLRSRSTRMSTVS Kinesin-like protein 9
KIF2C
ADDB_706_718 P35612  KKKFRTPSFLKKS Beta-adducin 8
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Peptide ID UniProt Peptide Sequence Description PKG1 PKG2 Ref.
ID Score  Score
CAC1C_1974_1986 Q13936 ASLGRRASFHLEC Voltage-dependent 9
L-type calcium channel
subunit a-1C
KAP2_92_104 P13861 SRFNRRVSVCAET cAMP-dependent
protein kinase type II-
alpha regulatory subunit
KCNA2_442_454 P16389 PDLKKSRSASTIS Potassium voltage-gated 9
channel subfamily A
member 2
NCF1_296_308 P14598 RGAPPRRSSIRNA Neutrophil cytosol 9
factor 1
MPIP1_172_184 P30304 FTQRQNSAPARML M-phase inducer 9
phosphatase 1
ART_025_ Na GLRRWSLGGLRRWSL Peptide based on 8
CXGLRRWSLGGLRRWSL kemptide sequence
CDN1A_139_151 P38936 GRKRRQTSMTDFY Cyclin-dependent kinase 3
inhibitor 1
KCNA6_504_516 P17658 ANRERRPSYLPTP Potassium voltage-gated 9 3
channel subfamily A
member 6
ERBB2_679_691 P04626 QQKIRKYTMRRLL Receptor tyrosine- 8 A (PKG2)
protein kinase erbB-2
precursor
DESP_2842_2854 P15924 RSGSRRGSFDATG Desmoplakin
KCNA3_461_473 P22001 EELRKARSNSTLS Potassium voltage-gated
channel subfamily A
member 3
RAF1_253_265 P04049 QRQRSTSTPNVHM RAF proto-oncogene 8
serine/threonine-protein
kinase
RAP1B_172_184 P61224 PGKARKKSSCQLL Ras-related protein Rap-
1b precursor
KAP3_107_119 P31323 NRFTRRASVCAEA cAMP-dependent 8
protein kinase type II-
beta regulatory subunit
TOP2A_1463_1475 P11388 RRKRKPSTSDDSD DNA topoisomerase 6
2-alpha
ADRB2_338_350 P07550 ELLCLRRSSLKAY Beta-2 adrenergic 8
receptor
ANDR_785_797 P10275 VRMRHLSQEFGWL Androgen receptor
REL_260_272 Q04864 KMOQLRRPSDQEVS C-Rel proto-oncogene
protein
VASP_150_162 P50552 EHIERRVSNAGGP Vasodilator-stimulated 8 A (PKG1)
phosphoprotein
PTK6_436_448 Q13882 ALRERLSSFTSYE Tyrosine-protein kinase 1
6
KPCB_19_31_A25S P05771 RFARKGSLRQKNV Protein kinase C 8
PLM_76_88 000168 EEGTFRSSIRRLS Phospholemman
precursor
FRAP_2443 2455 P42345 RTRTDSYSAGQSV FKBP12-rapamycin

complex-associated
protein (mTOR)
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Peptide ID UniProt Peptide Sequence Description PKG1 PKG2 Ref.

ID Score  Score
LIPS_944_956 Q05469 GFHPRRSSQGATQ Hormone-sensitive A (PKG1)
lipase
PPR1A_28_40 Q13522 QIRRRRPTPATLV Protein phosphatase 1
regulatory subunit 1A
GYS2_1_13 P54840 MLRGRSLSVTSLG Glycogen synthase, liver
STK6_283_295 014965 SSRRTTLCGTLDY Serine/threonine- 3
protein kinase 6 (Aurora
A)
PDPK1_27_39 015530 SMVRTQTESSTPP 3-phosphoinositide- 3 9
dependent protein
kinase 1
BAD_69_81 Q92934 IRSRHSSYPAGTE Bcl2 antagonist of cell 8 A
death (PKG1)
H2B1B_27_40 P33778 GKKRKRSRKESYSI Histone H2B type 1-B 3
NMDZ1_890_902 Q05586 SFKRRRSSKDTST Glutamate [NMDA]
receptor subunit zeta-1
precursor
NOS3_1171_1183 P29474  SRIRTQSFSLQER Nitric oxide synthase, 8 A(PKG1)
endothelial
PLEK_106_118 P08567 GQKFARKSTRRSI Pleckstrin
H32_3_18 Q71DI3  RTKQTARKSTGGKAPR Histone H3.2
CENPA_1_14 P49450 MGPRRRSRKPEAPR  Histone H3-like 3
centromeric protein A
RBL2_655_667 Q08999 GLGRSITSPTTLY Retinoblastoma-like 1 8
protein 2
KAPCG_192_206 P22612 VKGRTWTLCGTPEYL cAMP-dependent 0
protein kinase catalytic
subunity

We checked the Human Protein Reference Database (www.hprd.org), UniProt Knowledge
base (www.uniprot.org), and PhosphoSitePlus® (www.phosphositeplus.org) for known PKG
phosphorylation sites. Several peptides in Table 2 have already been reported as substrates
for PKG1 and/or PKG2 such as VASP (5153, T278, S399), PDE5SA_95_107 (cGMP-specific
3', 5'-cyclic phosphodiesterase), RYR1_4317_4329 (ryanodine receptor 1), CFTR_761_773
(cystic fibrosis transmembrane conductance regulator), ERBB2_679_691 (receptor tyrosine
kinase precursor), LIPS_944 956 (hormone-sensitive lipase) and BAD_69_81 (Bcl2 antagonist
of cell death). In addition to these known substrates, novel PKG1 and PKG2 substrates were
identified. PKG1 and PKG2 showed an overlap in substrate preference but also displayed
differential preferences for substrates, as indicated by the scores. Fig. 1 and Fig. 2 show
examples of good substrates for both PKG1 and PKG2 (ERF_519_531, VASP_232 244),
substrates preferred by PKG1 (CFTR_761_773, F263_454_466) and substrates preferred by
PKG2 (CENPA_1_14, H32_3_18).

The peptide sequences on PamChip® arrays can be present in more than one protein.
Selection of only the UniProt ID of named peptide leads to loss of relevant biological
information. To identify proteins that correspond to the peptides, the peptide sequences
were blasted against the UniProt database of human proteins (see Materials and Methods,
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Blast section). Only peptides with identical sequences (all amino acids identical) or similar
sequences (having only conservative substitutions) were included (Table 3). Blasting yielded
phosphosites with identical sequences in proteins such as the PKA subunits a and {3 proteins
for KAPCG peptide, but also led to the identification of proteins with similar sequences, as
for the PPR1A peptide. The threonine residue in this peptide was replaced by the serine
residue in the protein phosphatase 1 regulatory subunit 1C.

Table 3. Extended list of proteins phosphorylated by PKG1 and or PKG2, (similarity = 1) after blasting of the peptides
in Table 2.

Peptides on STK PamChip® Hits after Blasting
ID UniProt Sequence Protein Name UniProt Sequence
ID ID

KAPCG_192_206 P22612 VKGRTWTLCGTPEYL cAMP-dependent P17612  VKGRTWTLCGTPEYL
protein kinase catalytic  P22694 VKGRTWTLCGTPEYL
subunit a
cAMP-dependent
protein kinase catalytic

subunit
KPCB_19 31_ P05771 RFARKGSLRQKNV Protein kinase C a type  P17252 RFARKGSLRQKNV
A25S

H32_3_18 Q71DI3 RTKQTARKSTGGKAPR Histone H3.1 P68431  RTKQTARKSTGGKAPR
Histone H3.3 P84243  RTKQTARKSTGGKAPR
Histone H3.3C Q6NXT2  RTKQTARKSTGGKAPR
Histone H3.t Q16695 RTKQTARKSTGGKAPR

RAF1_253_265 P04049 QRQRSTSTPNVHM Serine/Threonine- P10398 QRIRSTSTPNVHM

protein kinase
A-Raf

PPR1A_28 40 Q13522 QIRRRRPTPATLV Protein phosphatase 1  Q8WVI7 QIRKRRPTPASLV
regulatory subunit 1C

NCF1_296_308 P14598 RGAPPRRSSIRNA Putative neutrophil ASMVU1 RGAPPRRSSIRNA
cytosol factor 1C

ADDB_706_718 P35612 KKKFRTPSFLKKS a-adducin P35611 KKKFRTPSFLKKS

RAP1B_172_184 P61224 PGKARKKSSCQLL Ras-related protein A6NIZ1 PGKARKKSSCQLL
Rap-1-b-like protein

CREB1_126_138 P16220 EILSRRPSYRKIL cAMP-responsive Q03060 EILSRRPSYRKIL
element modulator
DESP_2842_2854 P15924 RSGSRRGSFDATG Plectin Q15149 RAGSRRGSFDATG

Among the high scoring peptides identified, both PKG1 and PKG2 can phosphorylate the
protein kinase PKCa and the regulatory subunit of protein kinase A (PKA). It was interesting
to find that PKG2 but not PKG1, is able to phosphorylate the catalytic subunit of PKA, notably
T198 in the PKA activation loop. This residue is conserved in the PKA o, B and y catalytic
subunits (www.phosphosite.org). PKG2 is also able to phosphorylate histones which play
a prominent role in DNA repair and chromosomal stability [27]. On the other hand, PKG1
targets the serine/threonine-protein kinase A-Raf which regulates the mTOR signaling
cascade, which is activated in tumors, insulin activation and in many other cellular processes
[28]. mTOR (also known as FRAP) itself can be phosphorylated by both PKG1 and PKG2 on
$2448, a site known to be phosphorylated by AKT1 and p70S6K (www.phosphosite.org).
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As an additional check for the substrate quality, substrate motifs for PKG1 and PKG2 were
determined (Supplementary Fig. S2). PKG1 showed a preference for substrates containing
an R/K-R/K-X-S/T- motif. The R/K-R/K-X-S/T motif is also common to other members of the
AGC kinase family, such as PKA [19]. PKG2 showed a preference for peptides with more
positively charged amino acids at the N-terminal side, reflected in a G/R/K-X-K/G/R-X-R/K-
R/K-X-S/T motif.

These experiments show that PKG1 and PKG2 respond differently to the addition of
modulators with an increase or decrease in signal intensity. Furthermore, PKG1 and PKG2
have different substrate preference, which can be used to distinguish the two enzymes in a
lysate, which is a complex mixture of many kinases. Knowledge of PKG1 and PKG2 substrates,
in combination with their response to the modulators was used further to study the activity
of PKGs in the retinal murine cell line 661W. 661W immortalized cone photoreceptor
precursor cells are derived from the retinal tumor of a mouse expressing SV40 T antigen
under the control of a photoreceptor specific promoter [29] and have been used as a cell
model for retinal ciliopathies such as retinitis pigmentosa [17,18]. The role of PKG1 and
PKG2 in retinal degeneration has not been elucidated yet.

Modulation of Kinase Activity in Retinal 661W Cells

Effect of Modulators on Kinase Activity in 661W Cells

To study the effect of elevated cGMP on endogenous PKG1 and PKG2 activity and its
downstream effects, we investigated PKG activity in the photoreceptor cell line, 661W. Cells
were grown and lysed as described in Materials and Methods. The addition of modulators to
a lysate ex vivo in an on-chip assay is expected to assess the effect on endogenous PKG1 and
PKG2 activity and determine their contribution to kinase activity in the lysate.

We first compared the kinase profile of 661W cell lysate with those of the recombinant PKGs
at 100 uM cGMP, as is visualized in a scatter plot (Fig. 3a, 3b). The correlation coefficient
between the kinase activity profile of the cells and recombinant PKG1 and PKG2 was 0.75
and 0.71, respectively. This is a relatively low correlation and it suggests a prominent role for
kinases other than only the PKG family in the cells.

The kinase activity in the cells was analyzed as function of the concentration of cGMP and
cAMP, resulting in increased phosphorylation signal intensities on many peptides. The
kinases in the lysate showed a stronger response to cAMP than to cGMP. Relative increases
in phosphorylation signal intensities for three peptides with the highest signals in 661W cells
at 1 uM concentration of cGMP or cAMP are shown in Fig. 3¢, as well as for VASP_150_162.
The peptide VASP_150_162 is one of the three VASP peptides that is phosphorylated by
PKGs and frequently used as a read out for PKG activity in studies on retinal degeneration
[9]. The peptide phosphorylation increased at lower concentrations of cAMP than of cGMP.
The Ka of cGMP in the 661W cell lysate was found to be around 10 uM for peptides that
responded to these compounds, as is illustrated with the peptide VASP_150_162 in Fig.
3d. For recombinant PKG1 and PKG2, the Ka was 0.2 and 1.6 uM, respectively (Table 1).
For cAMP, the Ka in cell lysate was around 0.1 uM (Fig. 3e), whereas for recombinant PKG1
and PKG2, Ka values of 7.6 and 39 uM, respectively, were found (Table 1). These results
indicate that the kinase activity in the cell lysate was more responsive to cAMP than to
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cGMP. Addition of increasing concentrations of PKG activator resulted in increased kinase
activity starting from 0.1 uM with a Ka of about 2.6 uM (Fig. 3f). The value of PKG activator
reported to activate PKGs is between 0.01 and 1 pM [20], much lower than the value found
in the 661W cell lysate. The addition of PKG inhibitors (PKG1 specific and pan—PKG) at
concentrations where recombinant PKG1 and/or PKG2 activity was strongly inhibited did
not lead to statistically significant inhibition of the kinase activity in the 661W lysate on any
of the peptides on the array.
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Figure 3. (a,b) Scatter plot of signal intensities of 661W cell lysate and the recombinant kinases PKG1 (a) and PKG2
(b) at 100 uM cGMP. (c) Modulation of kinase activity by 1 puM cGMP and cAMP in 661W cell lysate for selected
peptides. Relative signal intensity was measured in triplicate and expressed with respect to the condition without the
modulator. The significance of changes with cGMP and cAMPs was determined by Unpaired T-test with significance
indicated as * (p < 0.05), ** (p <0.01) and *** (p < 0.001), **** (p < 0.0001). (d,e) Modulation of phosphorylation of
the peptide VASP_150_162 for recombinant PKG1 and 661W cell lysate with an increase in cGMP (d) and cAMP (e)
concentrations. The relative signal intensity of VASP_150_162 is plotted against log concentration of cGMP (left) or
cAMP (right). Data points are the mean of three replicates. (f) Modulation of kinase activity for peptide VASP_150_162
in 661W cell lysate with increasing concentrations of PKG Activator 8-Br-cGMP (n = 1). (g,h) Kinases predicted by
upstream kinase analysis to be activated in 661Wcells at 1 uM cGMP (g) or cAMP (h).
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Not PKG but PKA Is Modulated in 661W Cells

Since the concentrations of cGMP, cAMP, and PKG activator where modulation of kinase
activity in 661W lysate is observed are not in line with the concentrations required to
activate recombinant PKG and the inhibitors have no effect on signal intensity, this may
indicate that a different (or additional) cyclic nucleotide binding kinase is activated in the
cells. Therefore, to assess the type of kinases differentially activated in the cells, upstream
kinase analysis was performed comparing cell lysate with and without cGMP or cAMP. In the
upstream kinase analysis, the kinases most likely to be able to phosphorylate the peptide
sequences on the array are identified (see Materials and Methods section). The kinases
hypothesized to be activated in cGMP and cAMP condition in 661W cells in comparison
with untreated control are shown in Fig. 3g, 3h. In both analyses, Pim1 ranked highest.
Although this kinase is able to phosphorylate many peptides, it does not respond to cyclic
nucleotides, and therefore was excluded. Among the cyclic nucleotide binding kinases, the
upstream kinase analysis suggested the kinases PKA, PKG1 and PKG2 as most likely affected
in both cGMP and cAMP conditions. A possible activation of PKA is substantiated by the fact
that the Ka values of cGMP, cAMP, and PKG activator obtained in 661W lysate match those
reported for PKA activation [20].

To check the hypothesis that PKA rather than PKG is activated in 661W cells with the
addition of PKG activity modulators, we first performed a substrate identification for the
recombinant PKA catalytic subunit o on the STK PamChip®. This was done both in the
presence and absence of PKA inhibitor peptide (PKAi). The substrates were identified on
the basis of their activation and inhibition in the presence of ATP and PKAI, respectively.
The set of PKA substrates showed a big overlap with the PKG substrates (Supplementary
Table S2). All peptides shown in Fig. 3c were found to be good PKA substrates, and also
VASP_150_162. To investigate whether PKA is active in the 661W lysate, we added the PKAi
to the cell lysate supplemented with cGMP or cAMP. The addition of PKAI to the lysate
decreased phosphorylation of the PKA substrates when compared with the control (lysate
without PKA inhibitor) (Fig. 4a, 4b). However, the addition of PKAi did not result in significant
inhibition of the signal intensity on peptides ERF_519 531 and H32_3_18, which are not
PKA substrates.
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Figure 4. Phosphorylation of selected peptides by 661W cell lysate in the presence of either (a) cGMP (10 uM) or
(b) CAMP (0.1 uM) with and without PKAi (1 uM). The significance of changes in cGMP and cAMPs was determined
by unpaired T-tests with significance indicated as * (p < 0.05), ** (p <0.01), *** (p <0.001) and **** (p <0.0001).
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We also checked the possibility that PKAi inhibits PKG1 and PKG2 activity by incubating
the recombinant PKGs with 1 uM PKAi. Neither PKG1 nor PKG2 were inhibited by PKAi
(Supplementary Fig. S3). We checked the effect of the modulators on the peptide
VASP_232 244, ERF_519_531 and H32_3_18 that are good substrates for PKG1 and or
PKG2 (Table 2). The peptide VASP_232_244 had no signal in 661W lysates, and addition of
modulators did not have any effect. These data too are in agreement with a low activity of
PKG1 and PKG2 in the 661W lysate. However, phosphorylation signals are present on the
peptides ERF_519_531 and H32_3_18. Since PKG activity is low in the 661W lysate, the
phosphorylation of these peptide must be due to activity of other kinases. S10 site of H32 is
also known to be phosphorylated by AuroraA (www.uniprot.org).

The Ka values for cGMP, cAMP and 8-Br-cGMP and the lack of inhibition by PKG inhibitors,
in addition to the strong inhibitory effect by PKAi, confirm that PKA is present at high
concentrations in 661W cells.

Discussion

The genetic heterogeneity in the IRD group of diseases severely limits the development
of mutation-specific treatments [2]. Therefore, it is imperative to identify targets where
several disease-associated pathways convene for the design of treatments addressing an
extended group of IRD patients. PKG has emerged as a promising target for the treatment
of IRDs as its inhibition leads to photoreceptor preservation [8,9]. Therefore, identification
of PKG substrates and their downstream signaling pathways in photoreceptors might help
to find generic, new targets for the treatment of IRDs. More insight on the effect of PKG
modulators on PKGs will not only be beneficial in IRDs but also for cancer research, as PKG
activators have been shown to reduce cell proliferation, activate cell death and limit cell
invasion in different cancer cell models [11-16].

Here, we identified novel substrates for PKG1 and PKG2 in a multiplex assay using a peptide
microarray, which allowed investigation of the phosphorylation of the 142 peptides present
on one array. The substrates for PKG1 and PKG2 were selected on the basis of a series of
strict criteria: response to ATP, cGMP, cAMP, PKG activator and inhibitors, as assessed by
statistical analysis, quality of the fit for cAMP and cGMP, and effect size and direction for the
activators and inhibitors. Peptides were scored for each criterion. This approach resulted
in the confirmation of several known PKG substrates such as VASP (S153, T278, S399),
CREB, PDE5A, CFTR (see Table 2) for PKG1 and PKG2 and identification of novel substrates,
that, to the best of our knowledge, have not been described before. We identified good
substrates for PKG1 and PKG2 (e.g., VASP_232 244, ERF_519_531, GPR6_349 361) and
substrates preferred by either one of the kinases (e.g., CFTR_761_773, F263_454_466 for
PKG1, and H32_3_18 and RBL2_655_667 for PKG2) (Table 2). Data obtained on the peptide
micro-array confirmed the Ka values for cGMP and cAMP reported for the two enzymes.
Comparison of PKG substrates with substrates for PKA revealed also differences in substrate
preference between the PKG’s and PKA. The response to cyclic nucleotides, 8-Br-cGMP, and
PKG inhibitors is also different for the PKGs and PKA [20]. Furthermore, we confirmed that
PKAi is a nM inhibitor for PKA, and showed that it does not inhibit PKG1 and PKG2 at uM
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concentrations. These compounds, in combination with a peptide microarray were shown to
be valuable tools to distinguish PKG1 and PKG2 from PKA activity in a complex environment
like a cell lysate.

Role of PKG Activation in Retinal Cells

In the 661W cell lysate, a multitude of kinases are present. Peptides on the microarray can
be phosphorylated by many serine-threonine kinases, which makes elucidation of the role
of PKG complicated. To overcome this limitation, we decided to make use of specific PKG1
or PKG2 modulators that can be added to the cell lysate, to activate or inhibit the protein
kinase G family. In 661W retinal cell lysate, addition of both cGMP and cAMP resulted in
an increase in the overall kinase activity (Fig. 3c). As compared to studies using purified,
recombinant PKGs, a higher cGMP concentration was required in the cell lysate to activate
these kinases. The Ka of cGMP in the cell lysate was determined to be around 10 pM, which
is close to the Ka for cGMP reported for the PKA family [20]. The Ka for cAMP in the cell
lysate was reached at a much lower concentration level, i.e. 0.1 uM, but, again, this is also
closer to the cAMP concentration required to activate PKA [20, 21]. Activation by 8-Br-cGMP
also occurred at a concentration more likely to activate PKA than PKGs [20]. Furthermore,
we found that PKG inhibitors did not significantly change kinase activity of the lysates,
whereas the addition of a PKA inhibitor resulted in a pronounced inhibitory effect of the
kinase activity on the peptide micro array. From the recombinant PKGs study, the three VASP
peptides on PamChip® were found to be substrates for PKG1 and PKG2. VASP_232 244,
which is not phosphorylated by PKA but is phosphorylated by PKGs, had a very low signal
intensity in the lysate. These observations suggest that with the addition of PKG modulators
in the cell lysate, PKA activity is affected. These experimental data indicate that the main
body of PKA in 661W lysate is present in an inactive form, and it becomes activated by the
addition of kinase modulators. Gene expression studies show that a high concentration of
PKA catalytic subunit a is present in 661W cells [17]. Our experimental data suggest that
PKG is present at a low concentration in the cell lysate, because it is hardly activated or
inhibited by these modulators, or at least is effectively shielded (and thus not exposed) to
these modulators. Previous studies reported that both PKG1 and PKG2 are present in the
661W cells [30] and the gene expression analysis of the cone receptor cells has shown a high
expression of PKG2 [17]. The expression of PKA catalytic subunit 3 and PKG1 is low in this
cell line [17]. Our experiments indicate that PKG activity in 661W can only be modulated to
a limited extent, whereas PKA activity responds highly to all PKG modulators tested. This
may prompt us to reconsider the role of PKA in retinal degeneration and in future research
investigate putative interactions between PKA and PKG.

PKG inhibitors and knockdown of PKG have been shown to delay retinal degeneration and
therewith indicate a clear role for PKG. The role for PKG in retinal degeneration is based
on its high affinity for cGMP. However, our data show that PKA can also be activated by
cGMP, albeit at higher concentrations, in the range of those needed to open CNG channels
[31]. Evidence for involvement of PKG comes from quite a number of studies. In RD mouse
models, Paquet-Durand et al. showed, using immunofluorescence, co-localization of cGMP
and PKG, inferring a role for PKG in retinal degeneration [8]. Phosphorylation of VASP at
S238 is used as read out for PKG activity in several murine RP model-based studies [8,9].
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However, our cell line studies revealed that the addition of PKG modulators can also affect
the activity of PKA. Substrate identification showed that PKG2 (Table 3), and not PKG1, is able
to activate PKA catalytic subunits a, 3, and y by phosphorylating T198 in the activation loop,
which is conserved in all three PKA subunits. It has also been shown that PKG phosphorylates
PKA regulatory subunit | a, which activates PKA in eukaryotic cells [32]. The addition of PKAi
to the cell lysate confirms the interrelationship between PKG and PKA and the key function
of PKA. Therefore, the cross talk between PKG and PKA, i.e., PKG is activated by cGMP and
activates PKA, might provide a plausible explanation for the predominant effect of PKA via
the cGMP axis. In such an environment, the conventional route of PKA activation through
the cAMP stimulus might be bypassed by the cGMP route. Based on our novel finding
revealing the prominent PKA activity, the interplay of PKG and PKA axis in retina cells should
be taken into account when studying the molecular events during retinal degeneration, and
optimized conditions where PKA is not activated should be considered.

Conclusion

PKG has emerged as a crucial target to design treatment for a highly heterogeneous group of
IRDs. Here, we used peptide microarrays with PKG modulators for high throughput substrate
identification of PKG1 and PKG2. We were able to determine substrates specific for each
kinase, and found a large overlap between substrates for both PKGs. We also showed that
these modulators stimulate PKA activity in retinal cells.

Materials and Methods

Materials: PKG1la (full length human recombinant protein type «) was obtained from
Millipore and PKG2 (full length human recombinant protein) was obtained from Thermo
Fischer Scientific. PKA catalytic subunit alpha and PKA inhibitor peptide (PKAi) were from
Merck. PKG activator (8-Br-cGMP) and PKG inhibitors (Rp-8-Br-PET-cGMPS, Rp-8-pCPT-
cGMPS) were provided by BIOLOG Life Science Institute (Bremen, Germany). cGMP and
cAMP sodium salts were purchased from Sigma-Aldrich. The immortalized murine retinal
photoreceptor precursor cells 661W [31,32] were generously provided by Dr. Muayyad Al-
Ubaidi (University of Houston, Houston, Texas, USA). Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco.
Mammalian protein extraction reagent (M-PER™) buffer, Halt™ protease and phosphatase
inhibitor cocktails and the Coomassie Plus (Bradford) assay kit were purchased from Thermo
Fischer Scientific.

Cell Culture and Lysis: 661W cells were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin. The cells were maintained at 37 °Cin a
humidified atmosphere of 5% CO,. At 80% confluency (passage number 19), the medium
was removed and cells were washed with ice cold PBS. The cells were lysed with lysis buffer
(MPER with 1:100 phosphatase inhibitor cocktail and protease inhibitor cocktail) for 15 min
on ice. The lysate was centrifuged at 16,000x g for 15 min at 4 °C. The supernatant was
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immediately aliquoted, flash-frozen, and stored at —80 °C. The protein content of the lysate
was determined using the Bradford Protein Assay [33].

Kinase Activity Measurements: Kinase activity of recombinant kinases and cell lysates was
determined on STK PamChip® arrays (product # 87,102), each comprising 142 peptides
derived from human proteins, according to the instructions of the manufacturer (PamGene
International B.V., ‘s-Hertogenbosch, North Brabant, The Netherlands). An antibody mix
detects the phosphorylated Ser/Thr amino acid residues, which is confirmed by addition of
FITC-conjugated secondary antibody [19].

The assay mixconsisted of proteinkinase buffer (PamGene International BV. ‘s-Hertogenbosch,
North Brabant, The Netherlands), 0.01% BSA, STK primary antibody mix and recombinant
protein or lysate. The protein amount used in the assays was 0.5 ng/array for PKG1, 5ng/
array for PKG2, 1 ng/array for PKA and 0.5 pg/array for 661W cell lysate, unless indicated
otherwise. The cyclic nucleotide concentration range varied from 3.3 nM to 1 mM for cGMP
or to 3.3 mM for cAMP. For PKG activator or inhibitors, a concentration range from 0.025 to
2.5 pM was used [20]. The effect of PKG activator or inhibitors was tested in the presence
of 0.2 uM cGMP. In all experiments, 400 uM ATP was present. A total assay volume of 40 pL
was applied per array.

Instrumentation: All experiments were performed in triplicate on a PamStation® on
which up to 96 assays can be performed simultaneously (PamGene International B.V.,,
‘s-Hertogenbosch, North Brabant, The Netherlands). To prevent aspecific binding to the
arrays, the PamChips® were blocked with 2% BSA by pumping it up and down 30 times
through the array. The chips were then washed 3 times with Protein Kinase buffer and assay
mix was applied. The assay mix was pumped up and down the arrays for 60 min. The arrays
were washed 3 times and the detection mix comprising of FITC labeled secondary antibody
was applied on the PamChips’. The signals were recorded at multiple exposure times by a
CCD camera [34].

Data Analysis: Signals on all peptides at all exposure times were quantified by BioNavigator®
software version 6.3.67.0 (PamGene International B.V., ‘s-Hertogenbosch, North Brabant,
The Netherlands). For each peptide on the array, the software calculates a single value
for images obtained at multiple exposure times (exposure time scaling) [34]. Statistical
methods such as T-tests and one-way ANOVA were used to compare two or more groups.
Bionavigator® software was used for data visualization and statistical analysis. The graphs
were made with GraphPad Prism 9 software (GraphPad Software, San Diego, California,
USA).

To identify kinases that are able to phosphorylate the peptide sequences on the array,
upstream kinase analysis was performed [34]. The phosphorylation changes between two
groups were compared and linked to kinases known to phosphorylate these sites (upstream
kinases). The knowledge base is compiled from experimental data from several databases
and theoretical interactions (PhosphoNet). The result provides a list of kinases that might
be differentially active.
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Blast: Peptide sequences were blasted in UniProt against human proteins using the PAM30
substitution matrix [35]. Similarity was defined as the ratio of the PAM30 score for a
retrieved sequence and the original sequence. Peptides with a similarity score equal to 1
were included.

Substrate Identification: Results obtained in experiments with the different modulators
were assessed using a scoring system for each experiment. The 142 peptides were first
scored on the basis of statistically significant (p < 0.05) ATP-dependent phosphorylation by
PKG1 or PKG2 in the presence of cGMP. In the next step, the peptides were scored for a
statistically significant increase in phosphorylation by PKG1 or PKG2 with increasing cGMP
or cAMP concentration (p £ 0.05 between lowest and highest concentrations). The quality of
the fit (R?> 0.8) for cAMP and cGMP for each peptide was also included in the scoring. Next,
the peptides were scored for statistically significant activation or inhibition in response to
PKG activator or PKG inhibitors, respectively. Noise on signals was eliminated by checking for
the expected direction of change and size of the fold change. To identify the best substrates
for PKG1 and PKG2, all scores were combined in one value. Based on the score, the peptides
were classified as good, intermediate, or poor substrates for PKG1 and or PKG2 (see Table
S3).

Substrate Motifs: Seq2Logo 2.0 was used to generate substrate motifs based on the
sequences listed in Table 2. For this purpose, the peptide sequences from Table 2 were
aligned relative to the target Ser residue and only residues from position -5 to +5 were
considered. To account for differences in signal intensity, a weight corresponding to the
relative signal intensity was applied when entering sequences into the program.
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Supplementary Materials

Fig. S1- Phosphorylation of peptide microarray by PKG1 as function of ATP and cGMP. ATP (OuM, left and 400 uM,
right) and cGMP (0 uM, left and 400 pM, right)

Table S1- Relative signal intensity of peptide substrates as function of enzyme (PKG1 or PKG2) concentration

VASP_232_244

PKG1 (ng/array) F263_454_466
0.5 100 100
1 170 217
25 275 282
5 297 323

F263_454_466 VASP_232_244

PKG2 (ng/array)
5 100 100
10 186 122
20 321 141
30 134 75
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Bits

Fig. S2- Substrate Logo of PKG1 (left) and PKG2 (right)

Table S2: List of PKA substrates

Bits

CFTR_761_773 100
F263_454_466 63
KCNA6_504_516 <1
GBRB2_427_439 16
MYPC3_268_280 43
GRIK2_708_720 a1
KAP3_107_119 36
TOP2A_1463_1475 29
VTNC_390_402 27
TY3H_65_77 26
STK6_283_295 20
CFTR_730_742 18
NCF1_296_308 17
CDN1A_139_151 16
RS6_228_240 16
SCN7A_898_910 16
CAC1C_1974_1986 15
PTN12_32_44 14
KAP2_92_104 13
KPB1_1011_1023 13
VASP_150_162 12
ADRB2_338_350 10
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Fig S3- Effect of PKA inhibitor (PKAi) in the kinase activity of recombinant PKA, PKG1 and PKG2. PKA inhibitor
reduced kinase activity of recombinant PKA but not of recombinant PKG1 and PKG2.

Table S3 PKG1 and PKG2 substrate scoring

p value Log Fold Change EC, Fit
cGMP 1 1 1
cAMP 1 1 1
8-Br-cGMP 1 1
Rp-8-Br-PET-cGMPS 1 1
Rp-8-pCPT-cGMPS 1 1

All the experiments were performed on PamChip® 96 plate. The PamChip® 96 contains 96
identical arrays grouped on 24 strips each containing 4 arrays. Every array consists of 142
serine/threonine containing peptides. To minimize the variation between experiments
performed on different days and on different PamChip® 96 plates, the experiment setup
comprised of a control on each strip with variable concentrations of the modulators on
the remaining three arrays of every strip. The effect of modulators was analyzed within
each strip and paired with One-Way ANOVA. First, the peptides were selected for ATP
dependency. Only the peptides that showed significant increase in phosphorylation with
ATP were included in the scoring. The scoring of the peptides for PKG1 or PKG2 was based on
the following parameters with 1 point assigned for every condition met (p value < 0.05 for
all the conditions, Log fold change> +2 for cGMP or cAMP, > +0.5 for PKG activator and > -0.5
for PKG Inhibitors, and EC, fit R>> 0.8). For PKG1, the inhibitor Rp-8-Br-PET-cGMPS which is
more specific for PKG1 was used and for PKG2, the Rp-8-pCPT-cGMPS inhibitor was used.
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Abstract

Inherited retinal diseases (IRDs) are a group of neurodegenerative disorders that lead to
photoreceptor cell death and eventually blindness. IRDs are characterised by a high genetic
heterogeneity, making it imperative to design mutation-independent therapies. Mutations
in a number of IRD disease genes have been associated with a rise of cyclic 3’,5’-guanosine
monophosphate (cGMP) levels in photoreceptors. Accordingly, the cGMP-dependent
protein kinase (PKG) has emerged as a new potential target for the mutation-independent
treatment of IRDs. However, the substrates of PKG and the downstream degenerative
pathways triggered by its activity have yet to be determined. Here, we performed kinome
activity profiling of different murine organotypic retinal explant cultures (diseased rd1
and wild-type controls) using multiplex peptide microarrays to identify proteins whose
phosphorylation was significantly altered by PKG activity. In addition, we tested the
downstream effect of a known PKG inhibitor CNO3 in these organotypic retina cultures.
Among the PKG substrates were potassium channels belonging to the K 1 family (KCNAS3,
KCNAG®), cyclic AMP-responsive element-binding protein 1 (CREB1), DNA topoisomerase
2-a (TOP2A), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (F263), and the
glutamate ionotropic receptor kainate 2 (GRIK2). The retinal expression of these PKG targets
was further confirmed by immunofluorescence and could be assigned to various neuronal
cell types, including photoreceptors, horizontal cells, and ganglion cells. Taken together,
this study confirmed the key role of PKG in photoreceptor cell death and identified new
downstream targets of cGMP/PKG signaling that will improve the understanding of the
degenerative mechanisms underlying IRDs.

Keywords
cGK1, cGK2, apoptosis, retinitis pigmentosa, rd1 murine model, retinal explants, KCNAG,
F263



Introduction

Inherited retinal degeneration (IRD) relates to a genetically highly heterogeneous group
of neurodegenerative diseases causing photoreceptor cell death and eventually blindness
(1,2). To this day, in almost all cases, these diseases are untreatable. Causative mutations
have been identified in over 300 different disease genes (https://sph.uth.edu/retnet;
information retrieved October 2021), calling for the development of mutation-independent
therapies. Mutations in more than 20 IRD disease genes have been linked to increased levels
of cyclic 3’,5’-guanosine monophosphate (cGMP) in photoreceptors (3) and are thought to
affect at least 30% of IRD patients (4). A key effector of cGMP-signaling is cGMP-dependent
protein kinase (PKG), the overactivation of which may trigger photoreceptor cell death (5,6).

Mammals possess two different genes encoding for PKG, prkgl and prkg2 (7). Splicing
of prkg1 leads to two distinct isoforms — PKG1la and PKG1p — which differ in first 80 to
100 amino acids in their N-terminal. The prkg2 gene gives rise to only one isoform called
PKG2. PKGs exist as a homodimer and binding of cGMP to one of the four cGMP binding
sites induces a conformational change which activates the kinase (7). Activated PKG
phosphorylates numerous cellular proteins at serine/threonine amino acid positions, which
in turn regulates numerous cellular pathways. In mammals, PKG1 regulates smooth muscle
contraction (8), platelet activation and adhesion (9), cardiac function (10), feedback of the
NO-signaling pathways (11), and various processes in the central nervous system, such as
hippocampal and cerebellar learning (12). PKG2 is involved in translocation of CFTR channels
in jejunum (13) and regulation of bone growth by activation of kinases such as MAPK3/ERK1
and MAPK1/ERK2 in mechanically stimulated osteoblasts (14).

Intriguingly, PKG also plays an important role in cell death, which has been ascertained,
for instance, through studies where PKG activation inhibited tumour progression in colon
cancers, breast cancers, ovarian cancers and melanoma (15,16). Furthermore, PKG seems
to play a central role in photoreceptor degeneration (17-19). In the rd1 mouse retina, a
well characterised model for IRD, photoreceptor cell death is triggered by abnormally high
concentrations of retinal cGMP. This event is linked to dysfunction of phosphodiesterase
6 (PDE6) — involved in the regulation of intracellular cGMP levels — caused by a nonsense
mutation in the rod Pde6b gene (20). Increased cGMP signaling has been found in several
other models for IRDs (4,17) and is likely to over-activate PKG (3). In vitro and in vivo
pharmacological inhibition of PKG showed strong photoreceptor protection in rd1 retina as
well as in the retina of rd2 and rd10 mouse models (3,21). Together, these studies suggest
a key role for PKG activity in cGMP-mediated cell death and highlight PKG as a potential
common target for strategies aiming to reduce photoreceptor degeneration.

The pathways downstream of PKG in degenerating photoreceptors are nonetheless still
poorly understood. Increased cGMP/PKG signaling has been associated with increased
activity of poly-ADP-ribose-polymerase (PARP), histone deacetylase (HDAC), and calpain
proteases, all known to be involved in photoreceptor cell death (17). However, to date
there is no evidence that directly links these events to PKG. Intracellular changes of known
PKG targets such as vasodilator-stimulated phosphoprotein (VASP) and cAMP response
element-binding protein (CREB) have been observed in dying photoreceptors (19,22,23).
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While this can be a direct consequence of excessive cGMP/PKG signalling, these targets may
also be phosphorylated by or have phosphorylation sites for other kinases, including cAMP-
dependent protein kinase (PKA), characterised by substrate motifs similar to those of PKG
(24). A better insight into the downstream effects of PKG and its phosphorylation targets is
needed to understand the mechanisms of photoreceptor cell death and to, furthermore,
guide the development of both new neuroprotective strategies and biomarker applications.

Using multiplex peptide microarrays, PamChips®, we measured PKG1- and PKG2- mediated
phosphorylation of specific peptides by kinases in the lysates of murine retinal explant
cultures treated or not with the PKG inhibitor CNO3 (21). We identified several new PKG
substrates potentially connected to IRD and confirmed their retinal expression in murine
tissue. This study thus provides the groundwork for future studies aimed at the elucidation
of cGMP/PKG-dependent cell death pathways.

Results

PKG inhibition reduces photoreceptor cell death in rd1 retinal explants

To investigate potential targets of PKG and their possible role in photoreceptor cell death,
we used the PKG inhibitor CNO3 on rd1 organotypic retinal explant cultures. CNO3 is a cGMP
analogue, and as such is able to bind to cGMP binding sites on PKG, without inducing the
conformational changes required for kinase activation (25). This culminates in reversible
and competitive inhibition of PKG. In previous studies, CNO3 showed marked protection of
photoreceptors in retinal explants derived from the rd1 mouse model (21,26). We therefore
collected wild-type (WT) and rd1 retinal explants treated or not with 50 uM CNO3, using a
treatment paradigm based on the aforementioned studies. Thus, retinas were explanted
at postnatal (P) day 5 when photoreceptor degeneration had not yet started. The CNO3
treatment was given at P7 and P9 and cultures were terminated at P11. The latter time-
point corresponds to the beginning of rd1 photoreceptor cell death (27), and is thus well
suited to assess the protective effects of a given compound and to study events downstream
of abnormal cGMP/PKG signalling. We confirmed the protective effects of CN03, by
characterising the degree of cell death using the TUNEL assay (Fig. 1). CNO3-treated retinas
showed marked photoreceptor protection as previously reported (21).
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Retina cross-sections

Retina explant cultures

Figure 1: CNO3-mediated photoreceptor protection in rd1 P11 retinal explants. a) Diagram showing retinal
layers: RPE=retina pigment epithelium, IS=inner segment, OS=outer segment, ONL=outer nuclear layer, OPL=outer
plexiform layer, INL=inner nuclear layer, IPL=inner plexiform layer, GCL=ganglion cell layer, NFL=nerve fibre layer. b)
Retina cross-sections derived from WT and rd1 P11 mice. c) Sections derived from WT and rd1 P11 retinal explant
cultures untreated or treated from P7 to P11 with 50 uM CNO3. In both b and c: TUNEL assay (red) indicated dying
cells, DAPI (grey) was used as nuclear counterstain. P=postnatal day.

Serine/Threonine Kinase (STK) activity in rd1 retinal explants

To evaluate possible differences in kinase profiles of the murine retinal explant samples
(rd1, n=8; WT, n=5), we used PamChip® peptide microarray-based Serine/Threonine Kinase
(STK) activity assays (24). The overall STK activity between the samples is represented as
heatmap (Supplementary Fig. S1a). A violin plot was used to visualize the phosphorylation
signal intensity of the peptides and its distribution within the same sample groups (Fig. 2a).
Increased phosphorylation was observed for 43% of the total 142 peptides in rd1 retinal
explants, indicating higher kinase activity in rd1 NT when compared to WT (Fig. 2b). The
peptides, SRC8_CHICK_423_435, RBL2_959_971, CDN1B_151_163 and RADI_559_569
showed significantly higher phosphorylation (p<0.05) in rd1 explants than in wild type
controls. Using the upstream kinase analysis tool of the BioNavigator® software, the peptides
with increased phosphorylation were linked to kinases that are most likely to be responsible
for phosphorylation of these peptides (See Data Analysis, Materials and Methods Section).
The kinase statistics and kinase score were calculated as a metrics for identifying highly
active kinases. The kinases that were predicted to be more active in rd1 explants include
CaMK4, PKG1, PKG2, PKAa, and Pim1 (Table 1). In order to present relative kinome activity
profiles of retinal explants (rd1 vs. WT), kinase score and kinase statistics were used in color
coding branches and nodes on the phylogenetic tree of protein kinase families (Fig. 2 c).
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Figure 2. Serine/Threonine Kinase (STK) activity in untreated retinal explants. Organotypic retinal explants
derived from wild-type (WT) and rd1 mice (WT, n=5; rd1, n=8) were maintained in culture medium from PS5 till
P11. The kinase activity of their lysates was measured on PamChip® Serine/Threonine kinase (STK) arrays. a) Violin
plot showing the global phosphorylation of the peptides on PamChip® STK array as Log, signal intensity and their
intensity value distribution, when comparing WT to rd1 explants. The thick line connects the average values of each
group. b) Volcano plot representing Log Fold Change (LFC) and -Log, , p-value for peptide phosphorylation. Red dots
indicate significantly changed phosphopeptides (p-value < 0.05), black dots represent peptides with no significant
alteration in phosphorylation. c) The high-ranking kinases were visualized in a kinome phylogenetic tree, where
branch and node color are encoded according to the kinase statistic, with values > 0 (in red) representing higher
kinase activity in rd1 retinal explants. The node size is encoded by the kinase score, that ranks kinases based on
their significance and specificity in terms of sets of peptides used for the corresponding kinase.
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Table 1. Upstream kinase analysis results for rd1 vs. WT (top) and rd1 CNO3 vs. rd1 (bottom). The Kinase Statistic
shows the overall change of the peptide set that represents a given kinase. Positive values indicate higher kinase
activity in rd1, while negative values indicate lower activity, e.g., in rd1 CN03. The Kinase Score includes the sum of
significance and specificity scores (Scores > 1.5 shown in the table).

rd1 vs. WT retinal explants

Rank Kinase Name Kinase Score Kinase Statistic
1. CaMK4 3.39 0.46
2. PKG1 3.23 0.32
3. PKG2 3.16 0.30
4. PKAa 3.09 0.26
5. Pim1 2.02 0.19
6. p70S6KpB 1.78 0.24
7. CaMK2a 1.92 0.46
8. RSK1/p90RSK 1.92 0.42
9. MSK2 1.89 0.52
10. PKD1 1.95 0.43
11. PKCa 1.77 0.23
12. Pim2 1.70 0.21
13. PRKX 1.82 0.23
14. ROCK2 1.69 -0.37
15. MSK1 1.71 0.36
16. Pim3 1.68 0.18
CNO3-treated rd1 vs. control rd1 retinal explants
Rank Kinase Name Kinase Score Kinase Statistic
1. PKAa 3.60 -0.40
2. Pim1 3.50 -0.40
3. PKG2 3.70 -0.40
4. PKG1 3.20 -0.40
5. CaMK4 3.30 -0.50
6. PKCa 3.10 -0.40
7. Pim3 3.00 -0.40
8. PRKX 3.00 -0.40
9. p70S6KPB 2.90 -0.40
10. PKCS 2.70 -0.40
11. CK2a2 3.70 -0.60
12. RSK3 2.80 -0.50
13. RSK2 2.90 -0.50
14. PKCOB 2.30 -0.40
15. MSK2 2.40 -0.60
16. PKCe 2.10 -0.40
17. MAPKAPK3 2.20 -0.40
18. PKCy 2.10 -0.40
19. MSK1 2.20 -0.50
20. PKD1 2.20 -0.50
21. CHK2 2.10 -0.40
22. Pim2 1.90 -0.30
23. MAPKAPK2 2.10 -0.40
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CNO3-treated rd1 vs. control rd1 retinal explants

Rank Kinase Name Kinase Score Kinase Statistic
24. SGK2 1.90 -0.40
25. AMPKal 1.80 -0.40
26. PKN1 2.10 -0.40
27. PKCn 1.80 -0.40
28. CK2a 2.30 -0.40
29. RSK1 1.80 -0.40
30. AurA/Aur2 1.70 -0.50
31. PRKY 1.80 -0.40
32. Aktl 1.70 -0.30
33. DCAMKL1 1.70 -0.50
34, PKCB 1.70 -0.40
35. Akt2 1.70 -0.30
36. coT 2.60 -0.40
37. PKCI 1.60 -0.40
38. RSKL1 1.60 -0.40

STK activity in rd1 retinal explants treated with PKG Inhibitor CNO3

As we found a higher phosphorylation of peptides in rd1 explants, when compared to WT
explants, and with a clear role for PKGs observed, we sought to investigate the effect of
the PKG inhibitor CNO3 on the STK activity. The PKG inhibitor CNO3 significantly decreased
photoreceptor cell death (cf. Fig. 1). The overall STK activity profiles for treated and
untreated rd1 retinal explants are shown in a heatmap (Supplementary Fig. S1b). The
distribution of phosphorylated peptides for both the samples is represented by a violin plot
(Fig. 3a). Phosphorylation decreased for approximately 80% of the 142 peptides present on
the STK PamChip®. Fourteen peptides were identified whose phosphorylation decreased
significantly (p<0.05) in rd1 CNO3 as compared to untreated rd1 (Fig. 3b). Table 2 shows
peptides that displayed lower phosphorylation (22 peptides, p<0.1) in CNO3 treated rd1
retina than untreated controls, p-value, names of the proteins they are derived from, with
their UniProt IDs, substrate score of PKG1 and PKG2, and localization within the retina.

The designation of the peptides as PKG1- or PKG2- substrates is based on our recent
studies where we ranked the peptides on the STK PamChip® according to their preference
for PKG1 and or PKG2 (24). This preference was based on the substrate phosphorylation
by recombinant PKG1 or PKG2 in response to PKG activity modulators (ATP, cGMP, cAMP,
PKG activator, PKG inhibitors). In the present study, fourteen of the peptides in Table 2,
are substrates for both PKG1 and PKG2 and three for PKG1 only. Among those peptides,
KCNA6_504_516, NCF1_296_308, GRIK2_708_720, VTNC_390_402, ADRB2_338_350,
BRCA1_1451_1463, RYR1_4317_4329, KCNA3_461_473 and VASP_150_162 have been
verified to be present in the retina based on literature data.

We subsequently linked the phosphorylated peptides to the putative upstream kinases and
found that kinase activity of particularly PKAa, Pim1, PKG1, PKG2, CaMK4 was suggested
to be reduced by CNO3 treatment (Table 1, Fig. 3c,). Notably, these were the same kinases
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that were predicted to be more active in the diseased rd1 explants in comparison to WT
explants, indicating specific targeting by CNO3 (Fig. 2c).
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Figure 3. Serine/Threonine Kinase (STK) activity in response to PKG inhibition in retinal explants. Retinal explant
cultures were either non-treated (NT) or treated with 50 uM CNO3 (rd1 NT, n=8; rd1 CN03, n=10). The kinase
activity of retinal explant lysates was measured on PamChip® Serine/Threonine kinase (STK) arrays. a) Violin plot
showing the global phosphorylation of peptides on the PamChip® STK array as Log, signal intensity and their
intensity value distribution, when comparing rd1 NT to rd1 CNO3 treated explants. The thick line is connecting
the average values of each group. b) Volcano plot representing Log Fold Change (LFC) and -Log, p value for
peptide phosphorylation. Red dots indicate significantly changed phosphopeptides with p value < 0.05 and black
dots represent phosphopeptides with no significant alteration in phosphorylation. ¢) The high-ranking kinases
are visualized in a kinome phylogenetic tree, where branch and node color are encoded according to the kinase
statistic, with values < 0 (in blue) representing lower kinase activity in rd1 retinal explants treated with CNO3. The
node size is encoded by the kinase score, that ranks kinases based on their significance and specificity in terms of
sets of peptides used for the corresponding kinase.
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Putative biological pathways involved in retinal degeneration

To identify possible associations of the kinases with biological pathways that are activated in
retinal degeneration as represented by rd1 explants, we performed an analysis of relevant
biochemical pathways using the Kyoto Encyclopedia of Genes and Genomes database
(KEGG; Version 2021).

Pathway analysis of kinase activity in rd1 vs. WT explants yielded as the major associated
pathways Neurotrophin signaling pathway, proteoglycans in cancer, circadian entrainment,
insulin resistance, HIF-1 signaling pathway, long-term potentiation, FMAPK signaling (Fig.
4a). After treatment of rd1 explants with CNO3, the high scoring pathways i.e., insulin
resistance, mTOR, MAPK signaling, long-term potentiation, circadian entrainment, and HIF-
1 signaling (Fig. 4b) were the same as found in Fig. 4a.

To identify the putative kinases involved in retinal degeneration, based on the rd1 model and
PKG inhibitor CNO3 treatment, we compared the kinase list derived from each comparison
as represented in a Venn diagram (Fig. 4c). Here, almost 77% of kinases with high activity in
rd1 as compared to WT were overlapping with the kinases showing reduced activity in rd1
retinal explants treated with CN0O3.
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Figure 4. Biological pathways involved in retinal degeneration. Key biological pathways with potentially higher
activity in rd1 (a) and lower activity in rd1 treated with CNO3 (b). Pathways are ranked according to their p-values
and colored by their g-values. A g value is the p-value adjusted for multiple testing using the Benjamini-Hochberg
procedure (36,37). The node size indicates the gene ratio, i.e., the percentage of total genes or proteins in the given
KEGG pathways (only input genes or proteins with at least one KEGG pathway were included in the calculation). c)
The overlap between kinases changed in rd1 NT vs. WT and vs. rd1 treated with CNO3 respectively (Fig. 2c, 3c), is
visualized in a Venn Diagram. Here, increased or reduced activity of a kinase is indicated by arrows pointing up- or
down-wards, respectively.

PKG target validation for retinal localization

Next, we tested whether the proteins corresponding to the peptides that were differentially
phosphorylated in the three retinal explant groups (i.e., WT, rd1, and rd1/CN03) were
present in the retina. While some of these proteins had already previously been shown
to be present in mouse retina (Table 2), we performed immunostaining on retinal tissue
sections derived from P11 WT mice to assess the retinal expression and cellular localization
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for six proteins with high PKG preference (Table 2), that might potentially be connected to
photoreceptor degeneration.
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Figure 5: Presence and localisation of PKG target proteins in the retina. (a) The panel shows retinal cross-sections
derived from P11 WT mice and stained with secondary antibody for negative control (neg. ctrl.), anti-CREB1,
anti-KCNA3, anti-KCNA6, anti-TOP2A, anti-F263, or anti-GRIK2. (b) The localisation of CREB1, KCNA3, KCNAG,
TOP2A, F263, and GRIK2 in the retina of WT mice is illustrated by a signal distribution plot along vertical sections
across the retina. Antibody labelling obtained on stained retinal tissue sections from three different animals is
represented in different shades of green, while the negative control is represented in grey. OS/IS=outer segment/
inner segment, ONL=outer nuclear layer, OPL=outer plexiform layer, INL=inner nuclear layer, IPL=inner plexiform
layer, GCL=ganglion cell layer, NFL=nerve fiber layer.

The analysis of the WT retinal sections immunostained for cyclic AMP-responsive element-
binding protein 1 (CREB1) showed abundant expression in the INL as well as the GCL (Fig.
5). The potassium voltage-gated channel subfamily A, member 3 (K 1.3; KCNA3) was found
to be localised in the ONL, possibly in photoreceptor axons, and in two discrete sublamina
of the IPL (38), where the synapses between bipolar cell axons and ganglion cell dendrites
reside. The potassium voltage-gated channel subfamily A, member 6 (K 1.6; KCNAG) was
prominently expressed in the ganglion cell layer (GCL) and the nerve fibre layer (NFL). DNA
topoisomerase 2-a (TOP2A) expression was restricted to the GCL. 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (F263) — an enzyme involved in the control of glycolytic
flux (39) appeared to be present in the OPL, likely in horizontal cells, as well as in the GCL.
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Finally, staining with the antibody directed against glutamate ionotropic receptor kainate
2 (GRIK2) confirmed its presence in the INL and GCL, in line with previous findings (31).
Taken together, the immunostaining data as well as the signal intensity in the distribution
plots confirmed the retinal expression of several of the discovered PKG targets (24) (Fig. 5a,
5b). Furthermore, the differences in phosphorylation of these targets between WT, rd1, and
rd1/CNO3 retinas (Fig. 2, Fig.3) may suggest a potential role for these PKG substrates in the
mechanism leading to photoreceptor cell death.

Discussion

Excessive activity of PKG has been directly linked to retinal degeneration and its inhibition
has been shown to provide photoreceptor protection in several in vivo IRD models (3,21).
Yet, at present it is still unclear how PKG exerts its detrimental effects and what are the
protein targets that, when phosphorylated by PKG, mediate photoreceptor cell death. Here,
we combined PKG inhibitor treatment with multiplex peptide microarray technology and
immunohistochemistry to identify novel PKG phosphorylation targets in the retina.

PKG inhibition mediates photoreceptor neuroprotection

Over-activation of PKG has been connected to neuronal cell death in different experimental
settings and conditions, including in human neuroblastoma derived cell cultures (40),
peripheral nerve injury (41), and in photoreceptor degeneration in IRD (6,42). For
photoreceptor degeneration an excessive accumulation of cGMP was already established
in the 1970s and while it had already then become evident that high cGMP-levels were
cytotoxic (43,44), it was unclear how cGMP would exert its negative effects. Research initially
focussed on a proposed detrimental role of cyclic-nucleotide-gated (CNG) channels (45,46),
however, in recent years it has become increasingly obvious that PKG-signaling plays a major
role in photoreceptor degeneration (3,47). Our study, showing that the inhibitory cGMP
analogue CNO3 reduces photoreceptor cell death, is in line with earlier studies in which
PKG inhibitors were found to preserve photoreceptor viability and functionality in a variety
of models for inherited photoreceptor degeneration (3,21). Nevertheless, what protein
targets of PKG exactly are responsible for its cell death promoting effects is unclear. Since
PKG may phosphorylate hundreds of substrates it is important to identify those relevant for
degeneration in a tissue and cell type specific context (48).

PKG inhibition and peptide microarray technology for the prediction of PKG
phosphorylation targets

To identify the biological pathways leading to photoreceptor cell death, the kinase activity
of retinal samples was studied on the PamChip® microarray platform, which allowed
investigating the phosphorylation status of 142 peptides simultaneously. The rd1 retinal
explants showed an overall increased phosphorylation of peptides, indicating a higher
kinase activity and the possible involvement of kinases from the AGC and CAMK families.
Substrates to both isoforms of PKG; PKG1 and PKG2 showed higher signals in rd1 retina
indicating increased phosphorylation (Table 2). The specific inhibition of PKG activity with
the inhibitor CNO3 in organotypic retina explants allowed to profile kinase activity and
response to PKG inhibition using PamChip® technology. CNO3 treatment showed a decrease
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in peptide phosphorylation with significantly reduced signal on seventeen peptides. Among
the significantly regulated peptides, CREB1_126_38 has already been reported as PKG1
substrate (24). VASP, another well-known PKG substrate (21,24), was also affected, but
ranked much lower on our substrate list (rank 22), suggesting that in a retinal context PKGs
may prefer other substrates.

Recent studies identified additional cGMP-interacting proteins such as PKAs, PKCs,
and CaMKs as upregulated in IRD retinas, which might be interesting in developing new
therapeutic targets (49,50). These recent findings corresponded well with our results
where we identified these same kinases as activated in rd1 diseased retinal explants and
repressed by the PKG inhibitor CNO3. The significant difference in phosphorylation between
untreated rd1 and CNO3-treated rd1 retinal explants indicates that PKG inhibition influenced
phosphorylation of these peptides, whose corresponding proteins are therefore candidate
PKG targets in situ and may play a role in the mechanism of photoreceptor cell death. We
focused on those peptides for which PKG has a high preference, i.e., peptides with a high
PKG score (Table 2), and confirmed the presence of the corresponding proteins in the retina
by either literature data or by additional immunofluorescence analysis.

Novel targets for PKG in the neuroretina

One of the identified targets in our analysis was KCNAG6, which, together with KCNA3 (rank
20 based on p value, Table 2), belongs to the K 1 family of voltage-dependent potassium
channels. The K 1 family mainly consists of channels with a slow and delayed activation.
Immunoreactivity studies revealed expression of both KCNA3 and KCNAG6 in the mouse
retina (29), which is in line with our immunofluorescence results. The K 1 family is involved
in the regulation of progression through cell cycle checkpoints by defining the membrane
potential and ensuring the driving force for calcium and chloride entry. Surprisingly, these
proliferation-related channels also appear to play a role in regulating cell death, making
them interesting for our study (51). It has been shown that within a few minutes of
apoptosis induction KCNA3 is inhibited by the cluster of differentiation 95 (CD95) via tyrosine
phosphorylation (52). Other studies have shown the activation of KCNA3 at an early stage
of apoptosis, as well as its contribution to a decrease in apoptotic volume, also known as
‘cell shrinkage’ in lymphocytes (53). In the retina, inhibition of KCNA1 and KCNA3 in vivo was
protective for retinal ganglion cells (RGCs) after optic nerve axotomy (54). The localization
of KCNAG6 and KCNA3 in the WT mouse retina and their differential phosphorylation by PKG
in rd1 and CNO3 treated rd1 retinal explant cultures suggest a role in photoreceptor cell
death. Past studies on the involvement of K 1 channels in cell death, although conflicting,
strengthen this idea (51-53). Establishing whether PKG-mediated phosphorylation of K 1
channels involves activation or inhibition of these channels would help shed light on their
contribution to photoreceptor death.

Among the various differentially phosphorylated substrates located in the retina of both rd1
and WT, CREB1 is a known target of PKG (55,56). CREB1 is a transcription factor implicated
in neuronal survival (57) and constitutively expressed in different types of human cancer
(58). As shown by the ex vivo results, CREB1 is widely distributed in the mouse retina.
Furthermore, through upstream kinase analysis we predicted the activation of several
other kinases such as CaMK4, PKC theta, and PKA, known to target CREB (59-61). Thus,
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the abnormal activity of PKG as well as that of the other kinases can lead to increased
CREB1 phosphorylation, in contrast to previous studies in which downregulation of CREB1
was associated with photoreceptor degeneration in both rd1 and rd10 mice (22,62). The
increase in activity of kinases that phosphorylate CREB combined with an increase in CREB
peptide phosphorylation in rd1 may be due to the activation of parallel signals after the
cellular insult: the induction of cell death and the activation of a CREB1-directed survival
program (63).

Other PKG targets that we have identified and localized in the retina include vitronectin
(VTNC) and F263. VTNC is a cell adhesion protein, upregulated in inflammation and
traumatized tissues (64) and a major component of extracellular deposits specific to age-
related macular degeneration (AMD) (65). In the same study, VINC mRNA expression has
been found distributed in the various layers of the human retina. Its high phosphorylation
in rd1 explants might be linked to increased inflammation, which is an early phenomenon
observed for degenerative retinal disorders such as RP, AMD, and diabetic retinopathy (DR)
(66). If so, VTINC would have the potential to be a predictive biomarker for certain retinal
degenerative diseases.

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 or F263 is a pro-glycolytic enzyme.
Its activation following excitotoxic stimulation has been associated with neuronal cell death
(67). Furthermore, dysregulation of the HIF-1 - F263 pathway has been proposed as crucial
for two key aspects of the pathogenesis of DR, namely angiogenesis and neurodegeneration
(68). With ex vivo analysis we localized F263 in GCL and INL while it was not detected in ONL.
The identification of F263 as a target of PKG and its high phosphorylation in rd1 compared
to WT may suggest a change in retinal energy metabolism during degeneration and may
also help to understand the mechanism of aerobic glycolysis in the retina, which remains
relatively poorly understood to date (69).

Metabolic pathways in the retina regulated by PKG

The pathway analysis showed insulin resistance and mTOR as important pathways inhibited
by CN03. mTOR is a serine/threonine kinase which regulates protein synthesis, cellular
metabolism and autophagy (70). The mTOR pathway regulates neurogenesis in the eye
and is crucial to normal development of retina and the optic nerve (71). Activated mTOR
signaling has been shown to be involved in retinal neurodegenerative diseases such as DR
and AMD (72,73). Treatment with the mTOR inhibitor rapamycin, improved mitochondrial
dysfunction and provided neuroprotection to 661W cells, a cellular model that shares certain
features with photoreceptors (74). Similarly, inhibition of the mTOR/PARP-1 axis leads to
photoreceptor protection against light-induced photoreceptor cell death (70). However, the
targeting of this pathway axis in IRD as treatment strategy is still contentious as there are
also studies that show mTOR stimulation delays cone cell death in IRD (75,76).

Among the peptides whose phosphorylation was high in untreated rd1 retinal explants and
significantly decreased in CNO3-treated rd1 retinal explants was F263. The protein F263 is a
key regulator of glycolysis (77). Photoreceptors metabolize glucose through aerobic glycolysis
(the ‘Warburg effect’) to satisfy their very high energy demand for the maintenance of the
dark current, as well as for the recycling of visual pigments and the renewal of photoreceptor
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OS (78,79). As a consequence of the high energy demand, the retina has an elevated
oxygen consumption, probably the highest in the body, and is therefore particularly prone
to oxidative stress and reactive oxygen species (ROS)-induced mitochondrial damage (80).
The high phosphorylation of F263 found in the rd1 retina may be linked to an abnormal
increase in metabolic activity in the retina resulting in mitochondrial damage. Considering
that mitochondrial dysfunction has been associated with RP (80), the identification of F263
as a substrate of PKG and its possible role in the degeneration process could help to clarify
the metabolic state of the diseased retina.

Conclusion

Using multiplex peptide microarray technology, we provide further evidence for the likely
involvement of PKG in degenerating rd1 photoreceptors in vitro and confirmed the already
known neuroprotective effects of the PKG inhibitor CNO3 (21). Importantly, we identified
several novel downstream PKG targets that might play a role in cGMP/PKG-mediated
photoreceptor degeneration. This will form the basis for future studies, which may further
elucidate the role of PKG target phosphorylation, as well as the beneficial effects of CN03. Our
work could likewise be employed to develop novel diagnostic and therapeutic biomarkers
for retinal degenerative diseases. For example, the use of phospho-specific antibodies may
allow to confirm a reduction of target phosphorylation and in situ studies may allow to
localize in which cellular compartment such changes occurred. Finally, our results further
connect several metabolic pathways with retinal degeneration, including insulin, mTOR, and
HIF-1 signaling, which in future studies may help to understand the complex mechanisms
behind photoreceptor cell death.

Materials and Methods

Animals: C3H Pde6b™/! (rd1) and congenic C3H wild-type (WT) mice were housed under
standard light conditions, had free access to food and water, and were used irrespective of
gender. All procedures were performed in accordance with the law on animal protection
issued by the German Federal Government (Tierschutzgesetz) and approved by the
institutional animal welfare office of the University of Tibingen.

cGMP analogues synthesis. Synthesis of the cyclic nucleotide analogue CNO3 was performed
by Biolog Life Science Institute GmbH & Co. KG according to previously described methods
(21) (https://patentscope.wipo.int/search/en/detail.jsf?docld=W02018010965)

Organotypic retinal explant cultures: Preparation of organotypic retinal cultures derived
from rd1 (n = 10) and C3H (n= 5) animals chosen randomly out of three different litters
was performed as described previously (26,81). Animals were sacrificed at postnatal day
(P)5. Eyes were rapidly enucleated and incubated in R16 serum-free, antibiotic-free culture
medium (07491252A; Gibco) with 0.12% proteinase K (21935025; ICN Biomedicals Inc.)
for 15 min at 37°C. Subsequently, eyes were incubated in 20% foetal bovine serum (FCS)
(F7524; Sigma) in order to block proteinase K activity. This step was followed by rinsing
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in R16 medium. Under a laminar-flow hood and sterile conditions, the anterior segment,
lens, vitreous, sclera, and choroids were removed from the eyes. The retina with the
RPE still attached was cut in four points resembling a four-leaf clover and transferred to
a culture membrane insert (3412; Corning Life Sciences) in a six-well culture plates with
completed R16 medium with supplements (26). The retinal explants were incubated at
37°Cin a humidified 5% CO2 incubator and left undisturbed for 48h. At P7 and P9 medium
was changed i.e. with replacement of the full volume of the complete R16 medium, 1mL
per dish, with fresh medium. In this context, half of the retinal explants were treated with
CNO3 at 50 uM (dissolved in water), while the other half was kept as untreated control. For
retinal explant lysis, culturing was stopped at P11, retinal explants were snap frozen in liquid
nitrogen and stored at -80 °C. For retinal explants cross-sectioning preparation, culturing
was stopped at P11 by 45 min fixation in 4% paraformaldehyde (PFA), cryoprotected with
graded sucrose solutions containing 10, 20, and 30% sucrose, embedded in optimal cutting
temperature compound (Tissue-Tek) and then cut into 12pum sections.

TUNEL assay: Representative results showing the protective effects of CNO3 on photoreceptor
cell death at a concentration of 50 uM, were obtained using terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay (82) (based on in Situ Cell Death Detection
Kit, 11684795910, red fluorescence; Sigma-Aldrich) on sections derived from rd1 and C3H
retinal explant cultures. DAPI (Vectashield Antifade Mounting Medium with DAPI; Vector
Laboratories) was used as blue fluorescence nuclear counterstain. Images were captured
using 7 Z-stacks with maximum intensity projection (MIP) on a Zeiss Axio Imager Z1 ApoTome
Microscope MRm digital camera (Zeiss, Oberkochen, Germany) with a 20x APOCHROMAT
objective. The excitation (A, ) / emission (4, .) characteristics of the filter sets used for the
fluorophores were as follows: DAPI (A, . =369 nm, A_ . = 465 nm) and TMR red (4, _= 562
nm, A__ =640 nm). Adobe Photoshop (CS5Adobe Systems Incorporated, San Jose, CA) was
used for image processing.

Materials for retinal explant lysis: Mammalian protein extraction reagent (M-PER™), Halt™
protease and phosphatase inhibitor cocktails and the Coomassie Plus (Bradford Assay) kit
were purchased from Thermo Fischer Scientific.

Retinal explant Lysis: The retinal explant samples were lysed with lysis buffer (MPER with
1:100 phosphatase inhibitor cocktail and protease inhibitor cocktail reagents) for 30 mins
on ice. The lysate was centrifuged at 16 000 x g for 15 min at 4 °C. The supernatant was
immediately aliquoted, flash frozen, and stored at -80 °C. The protein content of the lysate
was measured using the Bradford Protein Assay (83).

Kinase activity measurements: The kinase activity for the retina lysates was determined
on STK PamChip® with four arrays, each array comprising of 142 peptides derived from the
human phosphoproteome, according to the instructions of the manufacturer (PamGene
International B.V., ‘s-Hertogenbosch, North Brabant, The Netherlands). The peptide names
consist of the protein they are derived from and the first and last amino acid positions in
that protein. The phosphorylated Serine/Threonine amino acid residues are detected by a
primary antibody mix, which is then made visible by addition of FITC-conjugated secondary
antibody (84). The assay mix consisted of protein kinase buffer (PamGene International BV.
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‘s-Hertogenbosch, North Brabant, The Netherlands), 0.01% BSA, STK primary antibody mix,
ATP (400 uM) and retina tissue lysate (0.25 g protein/array).

Instrumentation for kinase activity measurements: All experiments were performed
on PamStation12® where up to 12 assays can be performed simultaneously (PamGene
International B.V., ‘s-Hertogenbosch, North Brabant, The Netherlands). To prevent unspecific
antibody binding, the PamChips® were first blocked with 2% BSA, by pumping it up and
down 30 times through the arrays. The chips were then washed three times with Protein
Kinase Buffer and assay mix was applied. The assay mix was pumped up and down through
the arrays for 60 mins. Afterwards, the arrays were washed and FITC labelled secondary
antibody mix was applied on the arrays. The images of the arrays were recorded at multiple
exposure times (85).

Data analysis: The signal intensity of each peptide spot on the array for each time point
was quantified by BioNavigator® software version 6.3.67.0 (PamGene International B.V.,,
‘s-Hertogenbosch, North Brabant, The Netherlands). For each spot, the signal intensity at
the different exposure times was combined to a single value by exposure time scaling (85).
The resulting values were log, transformed and the overall differences in STK profile between
rd1 NT vs. WT or rd1 CNO3 vs. rd1 NT were visualized as heatmaps and violin plots which
were generated in R software (R version 4.0.2, The R Foundation for Statistical Computing).
For heatmaps, hierarchal clustering of peptides was performed using the average-linkage
method and clustering was shown as dendrograms on the y-axis of heatmaps. Unpaired
t-tests were used to determine significant differences (p < 0.05) in phosphorylation intensity
between the groups. Results were represented as volcano plots (GraphPad Prism version
9.2.0).

Upstream kinase analysis: Information on kinases that could be responsible for peptide
phosphorylation differences between the two sample groups was obtained through the
STK Upstream Kinase Analysis tool of BioNavigator® (85). This software integrates known
interactions between kinases and the phosphorylation sites as provided in databases such
as HPRD, PhosphoELM, PhosphositePLUS, Reactome, UniProt to provide a peptide set for
each kinase (fingerprint) and predicts the kinases differentially active between the groups.
The results of this analysis are described by two parameters: The Kinase Statistic, indicating
the size and direction of the change for each kinase and the Kinase Score, ranking the kinases
by the likelihood of this kinase being involved.

The Kinase Statistic depicts the overall change of the peptide set that represents a kinase.
For instance, a larger positive value indicates a larger kinase activity in either rd1 explants
in comparison to WT or CNO3 treated explants in comparison to untreated explants. The
Kinase Score is the result of two permutation analyses. The Kinase Score is calculated by
addition of the Significance Score and the Specificity Score. The Significance Score indicates
the significance of the change represented by the Kinase Statistic between two groups
(using 500 permutations across sample labels). The Specificity Score indicates the specificity
of the Kinase Statistic with respect to the number of peptides used for predicting the
corresponding kinase (using 500 permutations across target peptides).
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The kinases are ranked by the Kinase Score. The highest-ranking predicted kinases from the
significant STK peptide sets are represented on a phylogenetic tree of the human protein
kinase family generated in Coral, a web-based application http://phanstiel-lab.med.unc.
edu/CORAL/) (86).

Pathway analysis: Pathway analysis was performed in Enrichr (https://maayanlab.cloud/
Enrichr/), which is a comprehensive resource for curated gene sets and a search engine
that accumulates biological knowledge for further biological discoveries (36,37). We used
differentially phosphorylated peptides and predicted upstream kinases as input list for
Enrichr analysis. Visualization was performed in GraphPad Prism (version 9) using known
matrices from the analysis.

Histology: For retinal cross-section preparation, the eyes were marked nasally and cornea,
iris, lens, and vitreous were carefully removed. The remaining eyecups were fixed in 4%
PFA for 2 h at room temperature. Incubation with graded sucrose solutions was performed
for cryoprotection. Eyes were embedded in Tissue-Tek and cut into 14 um sections.
Immunostaining was performed on retinal cross-sections derived from 3 different mice
by incubating with primary antibody against CREB1 (1:200; Proteintech), KCNA3 (1:200;
Alomone labs), KCNA6 (1:300; Alomone labs), F263 (1:100; Abcam), TOP2A (1:500;
Proteintech), GRIK2 (1:100; Invitrogen) diluted in blocking solution at 4 °C overnight. The
negative control was obtained by incubating the retinal cross-sections at 4 °C overnight with
the blocking solution devoid of the primary antibody. Alexa Fluor 488 antibody was used
as secondary antibody. Sections were mounted with DAPI. Images were captured using
9 Z-stacks with maximum intensity projection (MIP) on a Zeiss Axio Imager Z1 ApoTome
Microscope MRm digital camera (Zeiss, Oberkochen, Germany) with a 20x APOCHROMAT
objective. The excitation (A, ) / emission (A, .) characteristics of the filter sets used for the
fluorophores were as follows: DAPI (A, . =369 nm, A, . =465 nm) and AF488 (A, =490 nm,
A__ =525 nm). Adobe Photoshop (CS5Adobe Systems Incorporated, San Jose, CA) was used

Em

for image processing.

Histological image analysis: Fluorescence intensity data were generated from images of
retinal sections derived from 3 different wild-type (WT) P11 mice, using the image profiling
function included in the Zen software (Zeiss). Based on the fluorescence intensity data, a
signal intensity distribution plot was generated in which each antibody was compared to its
corresponding negative control (Figure 5 b). To account for the high variability inherent to
immunostaining, the relative signal intensity was also calculated (Figure S 2). The bar graphs
represent the ratio of the mean signal intensity for a single antibody (antigen) in a given
retinal layer divided by the negative control value. The ratios obtained are expressed as
mean * SD. Graphs were prepared using Prism 8 for Windows (GraphPad Software).
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Figure S1. Heatmap representing the overall serine/threonine kinase activity in retinal explants. a) Comparison
of protein phosphorylation between rd1 vs. WT retinal explant cultures. b) comparison of CNO3 treated vs. non-
treated (NT) rd1 retinal explant cultures. The phosphorylated peptides are clustered hierarchically as explained in
‘Data Analysis’ section (red=high phosphorylation; yellow=low phosphorylation).
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Figure S2. Bar graph representing the relative signal intensity of individual antibodies in different retina layers.
The relative signal intensity was calculated as the ratio of the average intensity of the single antibody in a single
retina layer divided by the negative control. The analysis was performed from retinal cross-sections derived from
n=3 P11 WT mice. Mean with * SD. OS/IS=outer segment/inner segment, ONL=outer nuclear layer, OPL=outer
plexiform layer, INL=inner nuclear layer, IPL=inner plexiform layer, GCL=ganglion cell layer.
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Abstract

Inherited retinal degenerative diseases (IRDs) are a group of rare diseases that lead
to progressive vision loss due photoreceptor degeneration and eventual blindness.
Overactivation of cGMP-dependent protein kinase G (PKG), one of the key effectors of
cGMP-signalling, has been shown to be involved in photoreceptor cell death in IRD. This PKG
has been extensively studied in murine IRD models to assess the pathophysiology behind
the retina degeneration. However, there is currently very little insight into what happens
at the level of PKG based phosphorylation and downstream events in these IRD models,
including rd10. The fact that PKG is a serine/threonine kinase (STK) with several hundred
potential phosphorylation target provides for a complex cellular signaling pattern during
IRDs. In this study we carried out a parallel kinome activity analysis and a phosphoproteomic
profiling of rd10 retinal explant cultures. To enable a focus on PKG related events, rd10
explants treated with a PKG inhibitor (CN03). The kinome activity results showed that CNO3
treatment resulted in an overall decrease in phosphorylation of peptides with a significant
decrease in phosphorylation of seven peptides including CREB1 which is a known PKG
substrate. The Phosphoproteomics data showed both inhibited and activated peptides.
Integration of both datasets resulted in a common biological network altered due to PKG
inhibition and includes kinases predominantly from the AGC and CaMK families of kinases
(e.g. PKG1, PKG2, PKA, CaMKs, RSKs, AKTs, SGKs, and PKD1) as well as associated pathways
(e.g. Intracellular signaling by second messengers, Calcium-induced signalling, calmodulin-
induced events, MAPK targets and CREB phosphorylation). From the identified peptides
and pathways that showed reduced phosphorylating activity, 3 substrates (CREB, CaMK4
and CaMK2) were selected and validated for their presence, activity and localization by
immunohistochemical analysis and immunoblotting using ex vivo analysis of the rd10
retina. In summary, integrative analysis of the kinome activity and phosphoproteomic data
revealed known as well as several novel validated PKG substrates in murine IRD model
which will provide the basis for improved understanding of biological pathways involved in
cGMP-mediated photoreceptor degeneration. Moreover, these results merits exploration
of validated PKG targets like phopho-CREB and Phospho-CaMKs as novel (surrogate)
biomarkers for determining the effect of clinical PKG-targeted treatment for IRDs.

Keywords
rd10, PKG, CREB, CaMK, Phosphoproteomics, kinome activity profiling



Introduction

Inherited Retinal Degenerative diseases (IRDs) are rare neurodegenerative disorders
that are characterized by progressive vision loss, primarily due photoreceptor cell death.
Mutations in over 300 genes have been identifiedfor IRDs (https://sph.uth.edu/retnet;
information retrieved July 2022), making it imperative to design mutation-independent
therapies. Accumulation of cyclic 3',5’-guanosine monophosphate (cGMP) has emerged as
a potential and crucial link in more than 20 IRD disease genes affecting at least 30% of IRD
patients (1,2). Overactivation of cGMP-dependent protein kinase G (PKG), one of the key
effectors of cGMP-signalling, is likely to be involved in photoreceptor cell death (2-4). The
most frequently used murine model to study IRDs is rd1 with a point mutation in exon 7 of
the gene for the beta subunit of phosphodiesterase 6 (pde6b). The PDE6 enzyme is essential
for the proper functioning of the photoreceptor since it hydrolyses cGMP in response to
incoming light and as such governs phototransduction. The mutation renders PDE6 non-
functional, which results in accumulation of cGMP and subsequent photoreceptor death
(1,2,9-11). The rd1 cell death peaks at postnatal (P) day 12 - P14 (5), while in the rd10
mouse, another pde6b mutation based IRD model with a missense mutation in exon 13 and
an overall slower rate of photoreceptor degeneration, cell death peaks around P18 - P22.
This means that the retinal structure and function are kept over a longer period of time in
rd10 animals compared to rd1, and also that the rd10 photoreceptor degeneration does not
overlap with the retina’s developmental apoptosis (6). Together, this makes the rd10 mice a
very attractive model for studying the pathophysiology behind the degeneration, as well as
for testing of protective treatments (4).

Much is already known about the structural and functional aspects of the rd10 degeneration,
since this have previously been extensively characterized, including the activation of survival
pathways (7-10). Possible alterations to the rd10 retinal proteome proteome at pre-, peak-
and post-degenerative time points (P14, P21 and P28, respectively) have also been addressed
(6). A recent gene expression analysis of rd10 at peak cell death established cGMP-related
genes to be affected along with dysregulation of transcription factors that regulate stress
response, apoptotic factor production, ion channel activity, optic nerve signal transduction,
metabolism, and intracellular homeostasis (11). However, there is currently very limited
insight into what happens in the rd10 retina at the level of PKG based phosphorylation, in
spite of the clear degeneration involvement of this kinase in several IRD models, including
rd10 (1,2,4). An increased knowledge of these aspects would hence be most helpful when it
comes to describing and understanding the degeneration machinery.

The fact that PKG is a serine/threonine kinase (STK) with likely several hundred potential
phosphorylation target provides for a very complex cellular signaling during IRDs and makes
it difficult to find targets or biomarkers relevant for photoreceptor cell death. To overcome
this hurdle, we here performed a parallel kinome activity analysis and a phosphoproteomic
profiling of rd10 retinal explant cultures. To enable a focus on PKG related events, rd10
explants treated with a PKG inhibitor (CN03) were compared with untreated ones. Based on
the profiling of kinome activity and phosphoproteomic data, several novel PKG substrates
were identified and validated for their expression and location in both retinal tissues
and explants. This study not only increases our knowledge of the cGMP/PKG-dependent
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photoreceptor degeneration mechanism, including suggestions of markers for PKG-based
therapies, but also provides a strong foundation for future studies of this and other related
questions.

Results

PKG inhibition significantly reduces photoreceptor cell death in rd10 retinal explants

To establish the link of PKG inhibition and its protective effect on rd10 photoreceptors, rd10
retinal explants were treated with the well-established PKG inhibitor CNO3, which binds to
the cGMP-binding sites of PKG and competitively inhibits its activation (4, 5). The retinas
of wild type (WT) and rd10 mice were explanted at P8, when photoreceptor degeneration
had not yet started, and CNO3 treatment was given to the rd10 explants from P10 until
P18, when the culture was terminated. The photoreceptor cell death was characterized by
the TUNEL assay (Fig. 1a), which labels dead cells. There was a significant 20-fold increase
in TUNEL positive cells in rd10 outer nuclear layer (ONL) compared to that of WT explants,
proving the validity of the chosen model. Notably, CNO3-treatment significantly reduced
TUNEL positive cells up to 10-fold in comparison with untreated rd10, indicating a protective
effect of PKG inhibition against retinal cell death (Fig. 1b).
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Figure 1: CNO3-mediated photoreceptor protection in rd10 P18 retinal explants: a) Retinal cross-sections derived
from WT and rd10 P18 explant cultures untreated or treated from P8 to P18 with 50 uM CNO3. The TUNEL assay
(red) indicated dying cells, DAPI (grey) was used as nuclear counterstain. P = postnatal day; ONL = outer nuclear
Layer; INL = inner nuclear layer; GCL = ganglion cell layer b) Graph representing percentage of TUNEL positive
cells for WT and rd10 untreated or CNO3-treated retinal explants. n = 3 different retinal explants per genotype/
condition and error bars indicate SD. Significance levels were determined by one-way ANOVA with Dunnett multiple
comparisons and significance indicated as * (p < 0.05) and ** (p <0.01);
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PKG inhibition reduces Serine/Threonine Kinase activity in rd10 retinal explants

As PKG inhibition significantly decreased photoreceptor cell death in rd10 retinal explants,
the kinase activity profiles of P18 rd10 and P18 CNO3-treated rd10 retina were determined
on multiplex peptides microarrays, known as PamChip® STK arrays. The overall kinome
activity was decreased in CNO3 treated retinal explants (Fig. 2a). Phosphorylation decreased
by around 52% of the 142 peptides on the PamChip® STK arrays. Phosphorylation of seven
peptides, namely, CAC1C_1974_1986, ESR1_160_172, PLM_76_88, CREB1_126_138,
PTK6_436_448, TOP2A_1463_1475, RBL2_655_667, CGHB_109_121, and STK_283_295,
significantly (p < 0.05) decreased in rd10 treated with CNO3, whereas phosphorylation of
the peptide H2B1B_27_40 increased significantly in the untreated rd10 retinal explants
(Fig. 2b, 2c). Next, the changes in peptide phosphorylation between the two groups were
linked to kinases potentially involved in that change by the Upstream Kinase Analysis tool of
BioNavigator® software (for details, refer to ‘Kinase activity measurements by kinome array’
in the Materials and methods section). The Kinase Score and Kinase Statistic were calculated
as metrics to identify the kinases with potentially lowered activity. The majority of the linked
kinases came from the Ca?*/calmodulin-stimulated kinase (CaMK), casein kinase 1 (CK1) and
protein kinase A, G, and C (AGC) families, such as CaMK4, PKA«a, CK1g, CDKL1, PKD1, PKG1,
PKG2, and were suggested to have reduced activity by CNO3 treatment (Table 1). The relative
kinome activity profile of the retinal explants (rd10 vs. rd10 CN0O3) was represented on a
phylogenetic tree of the protein kinase families with color coding of the branches according
to Kinase Statistic (Fig. 2d). Here, blue color represents decreased kinase activity in rd10
CNOS3 treated retinal explants.
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Figure 2: Serine/Threonine Kinase (STK) activity in rd10 retinal explants in response to PKG inhibition. Retinal
explant cultures were either treated with 50 uM CNO3 or untreated. The kinase activity of retinal lysates was
measured on PamChip® Serine/Threonine Kinase (STK) arrays. a) Violin plot representing phosphorylation signal
intensity of all the peptides on PamChip® STK arrays as Log, signal intensity and their intensity value distribution
when comparing rd10 to rd10 CNO3 treated retinal explants. b) Volcano plot showing Log Fold Change (LFC)
and -Log,, p value of phosphorylated peptides. Red dots represent significantly phosphorylated peptides (p <
0.05) by Paired t-Test and black dots represent peptides with no significant phosphorylation. c) The significantly
phosphorylated peptides are represented as bar plot with their respective LFC. d) The predicted kinases whose
activities were most likely to be altered by the CNO3 treatment (refer Table 1) are visualized as a kinome
phylogenetic tree where the branch and node color are encoded by Kinase Statistic, with values < 0 (in blue)
representing decreased kinase activity in rd10 CNO3 treated retinal explants. The node size is indicated by Kinase
Score which is based on specificity and selectivity of that kinase for a particular peptide.
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Table 1: Upstream kinase analysis results for rd10 vs. rd10 CN03. The Kinase Score includes the sum of significance
and specificity scores (Score > 1.2 shown in the table). The Kinase Statistic shows the overall change of the peptide
set that represents a given kinase. Negative values of Kinase Statistic indicate lower activity in rd10 CNO3. For
details refer Material and Method section.

Rank Kinase Name Kinase Uniprot ID Kinase Score Kinase Statistic
1 CaMK4 Q16566 3.44 -0.43
2 PKAa P17612 3.26 -0.31
3 CKle P49674 3.24 -0.52
4 CDKL1 Q00532 2.72 -0.42
5 PKD1 Q15139 2.52 -0.42
6 PKG2 Q13237 2.32 -0.31
7 CK2a P68400 2.39 -0.47
8 PKG1 Q13976 2.27 -0.31
9 PFTAIRE1 094921 2.04 -0.44
10 IKKat 015111 2.00 -0.43
11 PRKX P51817 1.87 -0.30
12 RSK1/p90RSK Q15349 1.94 -0.39
13 Akt1/PKBa P31749 1.72 -0.30
14 P70S6K( Q9UBSO 1.72 -0.31
15 RSK3 Q15418 1.58 -0.34
16 mTOR/FRAP P42345 1.60 -0.37
17 CDK6 Q00534 1.47 -0.35

PKG inhibition alters the phosphoproteome of rd10 retinal explants

To investigate how PKG affected also proteins not represented by the peptides on the
chip, we undertook a global phosphoproteomics approach on retinal tissue in which the
PKG activity had been inhibited. Proteins from explants treated with CNO3 or untreated
were extracted after explant homogenization and precipitation of the soluble fraction,
followed by phosphorylated peptide enrichment (based on an Fe-NTA Phosphopeptide
Enrichment Kit; see Materials and Methods for all details), and then analysed with mass
spectrometry (MS). In this way 992 proteins with 597 phosphorylated peptides and 1002
phosphorylation sites were identified. After selection (details in Materials and Methods),
711 phosphorylated sites in 263 proteins were compared from CNO3 treated and untreated
counterparts, and 85 phosphorylated sites of 50 proteins were identified to be significantly
different between the two groups (Fig. 3a), with 28 and 66 phosphorylations being decreased
and increased, respectively (Fig. 3b). Some of these proteins, and particularly those with
reduced phosphorylation, could be potential cGMP-PKG dependent substrates. Tables 2 and
3 lists the proteins whose phosphorylation was either reduced or increased by the CNO3
treatment, respectively.

As several of the affected sites also may be linked to other kinases, we performed in addition
an upstream kinase analysis to reveal possible changes in kinome profiling. This identified
28 kinases with altered activities. For kinases with proposed lower activities by CNO3
treatment, the mitogen-activated protein kinase (MAPK) family took up the major part,
including MAPK1, MAPK3, and MAPK14, whereas calcium/calmodulin-dependent protein
kinase Il alpha (CaMK2a), MAPK14 and tyrosine-protein kinase ZAP-70 (ZAP70) decreased
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most. By contrast, we observed 20 kinases with higher activities from varied kinase groups,
among which ribosomal protein S6 kinase-1 (RPS6KB1 or p70S6 kinase), cyclin-dependent
kinase 2 (CDK2), and FYN proto-oncogene (FYN) increased most (Fig. 3c).
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Figure 3: Phosphorylated sites in rd10 retinal explants in response to PKG inhibition. Retinal explant cultures were
either treated with 50 pM CNO3 or untreated, followed by phosphopeptide enrichment and mass spectrometry
analysis. a) Heatmap representing proteins with significantly different phosphorylated sites as Log, signal intensity.
b) Volcano plot showing Log Fold Change (LFC) and -Log,, p value of phosphorylated sites. Red dots represent
significantly phosphorylated sites (p < 0.05) and black dots represent peptides with no significant phosphorylation.
c) The predicted kinases with significantly altered activities are visualized as a kinome phylogenetic tree, where the

110 CHAPTER 5



branch and node color are encoded by Fold Change, with values < 0 (in blue) and > 0 (in red) representing kinase
activity as decreased or increased respectively in rd10 CNO3 retinal explants.

Table 2: Proteins whose phosphorylation decreased after CNO3 treatment of rd10 retinal explants, as detected
by phosphoproteomics. The table shows selected proteins with decreased phosphorylation from rd10 retinal
explants after CNO3 treatment. The retinal explant cultures were either treated with 50 uM CNO3 or left untreated,
followed by phosphorylated peptide enrichment and mass spectrometry analysis (MS). For selection of proteins
refer to MS analysis in Materials and Methods section.

S.no |Uniprot ID |Gene symbollProtein description Position Fold Change|P value

1 P27816 MAP4 microtubule associated protein 4 352S, 354T -2.33 1.17E-05
2 QouQ35 SRRM2 serine/arginine repetitive matrix 2 1097S -2.04 7.04E-05
3 Q9uI15 TAGLN3 transgelin 3 163S -1.52 1.68E-04
4 P17600-1  SYN1 synapsin | 568S -1.32 4.17E-04
5 QouJUb DBNL drebrin like 278T -1.40 8.52E-04
6 Q9UJU6b DBNL drebrin like 277S -1.45 1.13E-03
7 Q13813 SPTAN1 spectrin alpha, non-erythrocytic 1 12178 -0.99 1.16E-03
8 Q9HCG8 cwcec22 CWC22 spliceosome associated protein homolog 903S -1.25 1.43E-03
9 Q13427 PPIG peptidylprolyl isomerase G 685S -1.44 5.69E-03
10 P27816 MAP4 microtubule associated protein 4 8415, 688S -1.03 1.03E-02
11 P20941 PDC phosducin 54S -1.74 1.08E-02
12 P46821 MAP1B microtubule associated protein 1B 22528 -2.22 1.42E-02
13 Q8wWY54 PPM1E protein phosphatase, Mg2+/Mn2+ dependent 1E  545S -0.79 1.43E-02
14  Q9P2E9 RRBP1 ribosome binding protein 1 786S -1.25 1.80E-02
15 P13637 ATP1A3 ATPase Na+/K+ transporting subunit alpha 3 108 -2.21 1.96E-02
16 Q9H3Q1l CDC42EP4  CDCA42 effector protein 4 64S -0.66 1.97E-02
17  P29692 EEF1D eukaryotic translation elongation factor 1 delta 133S -1.52 2.06E-02
18 000499 BIN1 bridging integrator 1 3328 -0.83 2.14E-02
19 Q9NQC3 RTN4 reticulon 4 344S -0.96 2.26E-02
20 Q92597 NDRG1 N-myc downstream regulated 1 356T -2.00 2.44E-02
21 Q15773 MLF2 myeloid leukemia factor 2 237S -0.75 2.53E-02
22 Q8IZPO ABI1 abl interactor 1 183S -0.98 2.55E-02
23 P46821 MAP1B microtubule associated protein 1B 2068S -1.09 2.62E-02
24  P61764 STXBP1 syntaxin binding protein 1 516S -0.64 2.76E-02
25 Q9ouQ35 SRRM2 serine/arginine repetitive matrix 2 1077S -1.17 3.85E-02
26  P46821 MAP1B microtubule associated protein 1B 1775S -0.75 4.65E-02
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Table 3: Proteins whose phosphorylation increased after CNO3 treatment of rd10 retinal explants, as detected by
phosphoproteomics. The table shows selected proteins with increased phosphorylation from rd10 retinal explants
after CNO3 treatment. The retinal explant cultures were either treated with 50 uM CNO3 or left untreated, followed
by phosphorylated peptide enrichment and mass spectrometry analysis (MS). For selection of proteins refer to MS
analysis in Materials and Methods section.

S no. |Uniprot 1D IGene symbol |Protein description Position Fold Change |P value

1 Q724V5 HDGFL2 HDGF like 2 635S 1.67 7.74E-05
2 P11137 MAP2 microtubule associated protein 2 1654S, 1650T 2.00 3.42E-04
3 P46821 MAP1B microtubule associated protein 1B 1934T 1.27 1.23€-03
4 Q9UEY8 ADD3 adducin 3 6795, 6818, 683S 1.09 1.91E-03
5 Q9UNS86-2 G3BP2 G3BP stress granule assembly factor 2 2277 1.83 2.92E-03
6 QouLus CADPS calcium dependent secretion activator 88S. 89S 1.57 3.33E-03
7 Q9uDY2 TIP2 tight junction protein 2 1136S 1.03 3.65E-03
8 Q8N111 CEND1 cell cycle exit and neuronal differentiation 1 9S, 10S 0.80 5.06E-03
9 075351 VPS4B vacuolar protein sorting 4 homolog B 102S 1.09 7.59E-03
10 Q02952 AKAP12 A-kinase anchoring protein 12 584S, 583T 0.90 8.04E-03
11 QO08J23 NSUN2 NOP2/Sun RNA methyltransferase 2 723S,717T 0.81 8.40E-03
12 Q9NXVe CDKN2AIP CDKN2A interacting protein 168S, 169S 1.37 1.04E-02
13 Q13576 IQGAP2 1Q motif containing GTPase activating protein 2 16S 0.98 1.13E-02
14 Q5VTR2 RNF20 ring finger protein 20 1365, 138S 0.95 1.17E-02
15 P17677 GAP43 growth associated protein 43 103S 1.00 1.30E-02
16 Q9UN36 NDRG2 NDRG family member 2 3328, 330T 1.27 1.40E-02
17 Q2m2i8 AAK1 AP2 associated kinase 1 936S 0.71 1.47E-02
18 Q9Y4F1 FARP1 FERM, ARH/RhoGEF and pleckstrin domain protein 1 373S 0.89 1.53E-02
19 Q5H9L2 TCEALS transcription elongation factor A like 5 1208, 124S, 1177 0.69 1.58E-02
20 Q8ND56 LSM14A LSM14A mRNA processing body assembly factor 1828, 183S 1.07 1.59E-02
21 000567 NOP56 NOPS56 ribonucleoprotein 543S 0.74 1.95E-02
22 P09651 HNRNPA1 heterogeneous nuclear ribonucleoprotein Al 4S, 6S 0.65 2.82E-02
23  Q9BVG4 PBDC1 polysaccharide biosynthesis domain containing 1 184S 1.43 2.96E-02
24 095907 SLC16A8 solute carrier family 16 member 8 4225, 428S 0.77 3.00E-02
25 QduQ3s SRRM2 serine/arginine repetitive matrix 2 454S 0.94 3.13E-02
26 014745 SLC9A3R1 SLC9A3 regulator 1 283S, 2855, 28685, 288T  0.65 3.47E-02
27  P46821 MAP1B microtubule associated protein 1B 1792y 0.55 3.48E-02
28 P08238 HSP90AB1 heat shock protein 90 alpha family class B member 1 2558 0.57 3.50E-02
29 Qo4637 EIF4G1 eukaryotic translation initiation factor 4 gamma 1 15975 1.17 3.52E-02
30 Q9HeZ4 RANBP3 RAN binding protein 3 578, 58S 0.58 3.57E-02
31 Q8ND76 CCNY cycliny 324S, 3265 0.99 3.83E-02
32 Q9BAQl5 SGIP1 SH3GL interacting endocytic adaptor 1 4097 0.52 4.07E-02
33 043432 EIFAG3 eukaryotic translation initiation factor 4 gamma 3 267S 0.82 4.08E-02
34 Q7z4V5 HDGFL2 HDGF like 2 3665, 367S 1.59 4.09E-02
35 P46821 MAP1B microtubule associated protein 1B 1788S, 17895, 1793S 0.53 4.25E-02
36 P21964 COMT catechol-O-methyltransferase 2608, 261S 0.76 4.42E-02
37 Q92597 NDRG1 N-myc downstream regulated 1 366T 1.86 4.45E-02
38 Q9uUQ35 SRRM2 serine/arginine repetitive matrix 2 9628, 964S, 963T 0.83 4.68E-02
39 P18206 VCL vinculin 2908 0.54 4.80E-02
40  P35579 MYH9 myosin heavy chain 9 1943S 0.64 5.00E-02

Potential biological pathways involved in retinal degeneration

Next, we integrated kinase activity profiling data with phosphoproteomics to identify
possible common networks of kinases and biological pathways. The predicted kinase list
from both datasets (Table S1, S2) were entered into STRING database (12) to find common
networks and their connections (Fig. 4). The highest-ranking network of kinases common to
both types of generated data were PKG1, PKG2, CaMK4, CaMK2A, MAPKs, AKTs, and RSKs
amongst others. In order to link this kinase-based network to a more biological context, we
performed a pathway analysis using the Reactome database; Version 2016. Here, the major
associated pathways with potentially altered activity after CNO3 treatment in rd10 explants
were intracellular signaling by second messengers, calcium induced signalling, calmodulin
induced events, MAPK targets, CREB phosphorylation, and RAS activation. Notably, we also
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observed pathways like cell cycle activation and suppression of apoptosis among the top
predicted ones, which supports the protective effect of PKG inhibitors in cGMP-mediated
retinal degeneration.
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Figure 4: Pathways and network analysis based on integrated kinase analysis of phosphoproteomics and kinome
activity profiles of CNO3 treated rd10 retinal explants. a) Network of kinases with potentially altered activity in
rd10 treated with CNO3. b) Key biological pathways with potentially altered activity in rd10 treated with CNO3.
False discovery rate (FDR) is the p value adjusted for multiple testing using the Benjamini Hochberg procedure
and measures significance of enrichment. Pathways are ranked according to their FDR values and colored by their
strength. Strength describes how large the enrichment effect is and is calculated as Log10(no. observed proteins/
no. of expected proteins). The node size indicates the gene ratio, i.e., the percentage of total genes or proteins in
the given Reactome pathways (only input genes or proteins with at least one Reactome pathway were included in
the calculation).
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Confirmation of CaMKs and CREB expression and activity in murine retina

Based on the kinome profiling and phosphoproteomics results as well as pathway analysis,
key proteins (CREB, CaMK2 and CaMK4) corresponding to the peptides that were differentially
phosphorylated in rd10 CNO3 compared with untreated rd10 retinal explants were tested.
Immunostaining was performed for retinal sections derived from WT and rd10 P18 mice
(Fig. 5). CaMK2 was found to be expressed in OPL, INL, IPL, and GCL (outer plexiform layer,
inner nuclear layer, inner plexiform layer, and ganglion cell layer, respectively) for both WT
and rd10, with perhaps slightly weaker signal intensity in rd10 INL. Phosphorylated CaMK2
(pCaMK2, at threonine 287) was located in INL and GCL in WT and rd10, with stronger
presence in rd10. The signal intensity of pCREB predominantly increased in OPL, INL, IPL,
and GCL and more so in rd10 than WT. In contrast, CaMK4 was more abundantly present
in OPL, INL, IPL and GCL of WT than rd10. Phosphorylated CaMK4 (pCaMK4, at threonine
196/200) showed increased signal intensity in the ONL of WT than rd10. Therefore, the
localization of the selected PKG targets was confirmed in WT and rd10 retina tissue with
much higher signal intensity of the proteins CREB and CaMK2 in rd10 as expected. Since
an abnormal high level of cGMP, as well as its dependent PKG activity, are mainly observed
in photoreceptors, a focused comparison of the fluorescence signal of these proteins was
performed within the ONL between these two strains. As seen in Fig. 5, there was no
difference for CaMK2, while the signals of pCaMK2 and phosphorylated CREB (pCREB, at
Serine 133) were stronger in rd10 than in WT. By contrast, a higher signal for CaMK4 and its
phosphorylation was observed in WT. Taken together, this shows that the rd10 degeneration
has differential effects on the selected players.
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Figure 5: Presence and localization of PKG target proteins in WT and rd10 retina by immunofluorescence. The
panels show retinal cross-sections derived from WT (top) and rd10 (bottom) P18 mice and stained with secondary
antibody for anti-CAMK2, anti-pCAMK2, anti-CAMK4, anti-pCaMK4 or anti-pCREB. ONL: Outer nuclear layer, OPL:
Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, and GCL: Ganglion cell layer.
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In order to further analyze and quantify the activation of the selected targets CaMK2, CaMK4,
and CREB, we performed immunoblotting of in vivo retinas and/or whole retinal explant
lysates was performed using antibodies for the activated variants, i.e. pCaMK2, pCaMK4,
and pCREB (Fig. 6). This allowed us to make strict WT - rd10 comparisons, as well as to see
what the CNO3 treatment did to the activation state in the rd10 explants. For the WT - rd10
comparisons, there was increased phosphorylation for both pCREB and pCaMK2 for rd10,
with a significant change for pCaMK2, whereas pCaMK4 was significantly higher in WT. In
the CNO3 treated vs. untreated comparisons, CNO3 treatment was found to decrease the
pCREB level, but increase that of pCaMK4. The WT vs. rd10 comparison therefore replicated
the ONL results for pCaMK4 from the corresponding immunostainings, where pCaMK4 was
higher in WT (Figure 5). The CNO3 treatment of the explants then appeared to have at least
to some extent normalized the pCaMK4 situation of the rd10, since the treated explants
displayed an increased presence of the pCaMKIV signal, i.e. being more like WT in the WT
vs rd10 comparison.
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Figure 6: Confirmation of PKG target proteins in retina by Western Blot. a) Representative Western blots showing
protein levels for the PKG targets pCREB (at 43 kD), pCMAK2 (at 54 kD), pCAMK4 (at 51 kD) in the retina. b)
Quantitative analysis with n > 3 tissues for each group. First row of each blot is marker lane. c) Protein levels for
PKG targets pCREB and pCAMK4 in retinal explants either untreated or treated with CNO3 (50uM). d) Quantitative
analysis of 2 5 retinal explants for each group. First row of each blot is marker lane. The significant differences
between the groups was determined by unpaired Student’s t-test with significance indicated as ** (p < 0.01) and
**%* (p £0.0001).

INTEGRATIVE KINASE ACTIVITY PROFILING AND PHOSPHOPROTEOMICS OF RETINAL EXPLANTS 115



Discussion

PKG has emerged as a common target to treat IRDs as its inhibition provides photoreceptor
protection in several in vivo and ex vivo IRD models (1,4,8). However, the proteins targeted
by PKG and the affected biological pathways are still unknown. Several mutations in IRDs
converge on common cGMP driven PKG signaling routes, suggesting that targeting PKGs
could provide a new, common treatment that may benefit a large number of IRD patients. But
since PKG as a kinase might have hundreds of substrates, the ones crucial in photoreceptor
degeneration need to be elucidated.

Studies into kinase signaling and the use of new potent cGMP inhibitors have
revealed incidental, new targets for IRD. For instance, in the work of Vighi et al. the
immunohistochemistry marker phospho VASP was used to look into the activity of PKG
in photoreceptor-like cells derived from rd1 mice (3). Addition of a PKG inhibitor CNO3
to photoreceptor-like cells, reduced phosphorylation at the Serine 239 position of PKG-
target VASP. Besides individual target specific approaches, more holistic approaches like
MS-centric proteome analysis or kinome substrate-specific peptide microarray has been
implemented to identify novel kinases and other enzyme targets simultaneously in the
retina (18, 28). With the help of the omics (kinomics and proteomics) approaches, several
new cGMP-interacting proteins were found such as CaMK2a, MAPK1/3, and Glycogen
synthase kinase 33 (18) as well as potential downstream signaling nodes such as calcium/
potassium channel and VASP axis (18, 28) in rd1 mice retina were identified. However, the
careful integration of such omics data generated from one and the same experimental
study has not been performed so far and such an integrative approach would offer several
advantages to investigate biological pathways in a more comprehensive manner. As such it
would provide better understanding of the molecular mediators at the protein level as well
as post-translational modifications like phosphorylation levels that regulate the underlying
cGMP-mediated retinal degeneration pathways. Therefore, in this study, we sought to
investigate the signaling routes downstream of PKG related to photoreceptor cell death
by combining kinase activity profiling and phosphoproteomics to identify potential novel
PKG targets which are relevant for the photoreceptor degeneration in IRD. In addition, such
identified kinases or proteins may serve as potential biomarkers for PKG targeted therapy
and its response.

Toxicity of increased cGMP has been linked to photoreceptor degeneration and is a common
feature of several IRD related genes (14,15). The cGMP targets of the photoreceptors
include cGMP gated ion channels (CNGCs) and PKG, although several other proteins are
likely to interact with cGMP (14). Knockdown of only CNGCs does not result in complete
photoreceptor protection, whereas down also the PKG provides a long-lasting protective
effect (16), which together with the protective effects of PKG inhibition (1,4,8) underlines
the importance of PKG in the degeneration process. Our study confirmed that PKG
inhibition leads to significant decrease in photoreceptor cell death for the rd10 model, so
to devise mutation-independent therapies for IRDs it is essential to identify the targets and
downstream pathways affected by PKG.
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The multiplex kinase activity profiling identified several peptides with decreased
phosphorylationafter PKGinhibition. Ofthese peptides, CAC1C_1974_1986,CREB1_126_138,
PLM_76_88, PTK6_436_448, RBL2_655_667, STK6_283_295 and TOP2A_1463_1475 have
been reported as PKG1 and/or PKG2 substrates (17). Interestingly, H2B1B_27_40, the only
peptide that had higher phosphorylation in rd10 untreated explants, was also identified as a
potential good PKG2 substrate in the same study. The decrease in peptide phosphorylation
due to CNO3 treatment was linked to potential kinases such as CaMK4, PKGs and PKA. These
kinases have been determined to be upregulated in rd retinas and are also identified as
potential cGMP-interacting proteins through MS-based proteomics analysis (18). It is thus
possible that the proteins corresponding to the mentioned peptides are important PKG
targets during the rd10 photoreceptor degeneration.

The kinase activity profiling makes use of 3D microarray chips with a number of defined
substrate peptides to known STK. To allow for the detection of also other, not yet defined
substrates, we in addition performed a phosphoproteomic analysis. Here we detected 28
phosphorylations (on 26 proteins) to be reduced after PKG inhibition. According to the kinase
profiling study, these decreased phosphorylations may link to reduced kinase activities that
were regulated by the cGMP-PKG system. We noticed that some kinases from the MAPK
family, including ERK1, ERK2 and p38 (Figure 3c), decreased under CNO3 treatment. The
MAPK family plays a key role in cell proliferation, differentiation and stress response and the
ERK kinases are involved in signaling cascades and transmission of extracellular signals to
intracellular targets (19). PKG mediated-signaling has been determined to be necessary e.g.
for prolonged activation of MAPK in invertebrate associative memory (20), and our finding of
PKG inhibitor-mediated reduction in ERKs and p38 MAPK therefore indirectly indicated that
cGMP-PKG upregulated the activities of these kinases, likely having detrimental effects during
degeneration. In turn this is consistent with a recent report that pharmacological ERK1/2
inhibition had protective effects towards photoreceptor degeneration (21). Interestingly,
our results regarding CaMK2a in rd10 are very compatible with previous work on the
likewise cGMP connected rd1 model, that was obtained by independent methods involving
2D-gel electrophoresis-based proteomics and which concluded increased CaMK2a activity
in rd1 compared to WT (22). Our kinome profiling suggested reduced CaMK2a activity after
PKG inhibition in rd10, and consequently this would fit with PKG being responsible for the
increased CaMK2a activity in rd1 (22). Moreover, the previous work showed that phosducin,
a photoreceptor specific CaMK2a substrate, had increased phosphorylation in rd1, whereas
we here demonstrated by our phosphoproteomics approach that PKG inhibition reduces
phosducin phosphorylation. Time events to describe the (de) phosphorylation of phosducin
are therefore needed to shed some more light on its interplay with CaMK targets and their
phenotypic readouts in the mice models. However, both the studies indicate that these data
make a strong argument for a CaMK2a involvement downstream of PKG in photoreceptor
degeneration.

In addition to proteins with reduced phosphorylation, we identified 66 phosphorylated
sites that were upregulated when PKG was inhibited, suggesting that the cGMP-PKG system
could also negatively regulate other kinases. For the kinases with higher activities under
CNO3 treatment as suggested by the kinome profiling, some of them have been proven
to promote cellular survival, such as three members of ribosomal S6 kinase (RSK) family,
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including Ribosomal Protein S6 Kinase B1 (RPS6KB1, highest activity), Ribosomal Protein S6
Kinase B2 (RPS6KB2) and Ribosomal Protein S6 Kinase Al (RPS6KA1). These kinases prolong
cellular wellbeing in a manner of constitutive Bcl-2-associated death promoter (BAD)
phosphorylation and protection from BAD-modulated cell death (23). Also, AKT Serine/
Threonine Kinase 1 (AKT1) (24) and Glycogen synthase kinase-3f3 (GSK-3[3) (25), with known
survival effects, showed higher activities after PKG inhibition. It is noteworthy that GSK-3f3
was recently shown to be a potential cGMP interacting protein in the proteomics analysis of
the retina in rd models (18), and future investigations may reveal whether such interactions
entail a PKG mediated regulation of the GSK-3[3 activity. One general interpretation of the
kinase activation data could be that the cGMP dependent photoreceptor death involves PKG
inhibition of kinases with anti-cell death function during retinal degeneration.

Based on integration of results from kinase activity profiling and phosphoproteomics, CREB1,
CaMK2 and CaMK4 were selected as targets for further analyses. CREB1 is a known PKG
substrate (17) and it stimulates transcription on binding to DNA cAMP response element
and is involved in neuronal survival (26) and different cancers (27). In our previous study,
CREB1 was identified to have increased phosphorylation activity in rd1 retinal explants
and was confirmed as one of the potential PKG targets (28). Based on the in vitro studies
shown in the present report, phosphorylation of CREB1 is decreased by CNO3 treatment,
supporting further the idea that this step is PKG mediated. CREB1 is targeted by the kinase
CaMK2, which is a downstream effector of Ca? signaling and is activated by increased levels
of intracellular Ca?* (29). PKG has also been shown to a activate calmodulin and CaMK2
dependent intracellular mechanism, which stimulates the cardiac ATP-dependent potassium
channels in cardiomyocytes (30). As mentioned above, CaMK2 has been demonstrated to
have increased activity in rd1 photoreceptors (22) and reactivation of CAMK2 has been
reported to have a protective effect on retinal ganglion cells in glaucoma (32). ‘Calmodulin
induced events’ was identified as one of the major biological pathways potentially affected
by CNO3 treatment, and calmodulin is a major Ca? binding protein which activates CaMK2.
Calmodulin is also involved in cell death, as its inhibition has been reported to prevent
apoptosis in neuronal cells (33,34). CREB1 is also targeted by another kinase, CaMK4, which
is in alignment with the results of our upstream kinase analysis and where CaMK4 is one
of the kinases with potentially decreased activity due to PKG inhibition. However, both
immunofluorescence, which showed a presence mainly in the photoreceptor segments as
in a previous study (35), and our immunoblotting results suggested CaMK4 to have higher
expression and activity in the WT retina as compared to the rd10 retina, which was matched
by an increased phosphorylation by PKG inhibition in rd10 explants. CaMK4 promotes
neural survival (36) and is reduced in neurodegenerative diseases, such as amyotrophic
lateral sclerosis (37). It is thus possible that CaMK4 exerts some neuroprotective effects,
that may involve activation of anti-apoptotic gene expression via its substrate NF-kappa
B (38). Since CaMKs and CREB1 were also identified as potentially proteins with reduced
phosphorylation after CNO3 treatment in the rd1 model (28), the PKG-meditated CaMKs-
CREB1 signaling appears as a promising target to develop potential biomarkers for retinal
disease progression and therapy response.

In summary, the effect of PKG inhibitor treatments showed a significant overlap in both rd10
models and previously reported data in rd1. The major common peptides with significantly
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decreased phosphorylation were CREB1 and TOP2A and kinases potentially involved in
differential phosphorylation were PKG1, PKG2, and CaMKa4. Still for the rd10 model reported
here, it seems that the CNO3 treatment resulted in a lower number of peptides affected
when compared to its treatment in rd1 (28). The difference in number of differentially
phosphorylated peptides in both models could be attributed to a distinctive rate of
photoreceptor degeneration in rd1 or rd10 and the fact that the time point chosen for CNO3
treatment was not identical in both models. A straightforward head-to-head comparison of
PKG targets in both rd models is advised to investigate the expression of these potential PKG
targets with time in degenerating rd1 and rd10 retinas. Since, for rd10 at day 18 still some
residual PDE6 activity is left, this might be the reason why there were no significant changes
observed in differential phosphorylation of peptides with CNO3 treatment in rd1 (harvested
around day 10) and rd10 (harvested around day 20). These time events should be addressed
in future studies assessing retinal degeneration.

In the present study we combined multiplex peptide microarray technology and
phosphoproteomics, to identify novel targets downstream of cGMP/PKG signaling, and a
selection of these were then confirmed by immuno-based techniques. Our results therefore
provide new insights in understanding cGMP-mediated retinal degenerative diseases and
could also be employed in designing new therapies as well as biomarkers for their treatment.

Materials and Methods

Organotypic retinal explant cultures: Retinas from P8 rd10 and wt mice were used to
generate explants following the standard protocol as previously described (13). Mice were
euthanized and eyes rapidly enucleated and incubated in R16 medium (07491252A, Gibco,
Waltham, MA) and treated for 15 min with 0.12 % proteinase K (21935025, ICN Biomedicals
Inc, Irvine, CA), the activity of which was subsequently blocked by 10% fetal bovine serum
(F7524, Sigma, Darmstadt, Germany) followed by rinsing in R16 medium. In a sterile
environment under a laminar-flow hood, the retina with the retinal pigment epithelium
(RPE) attached was separated from the eyes and the anterior segment, lens, vitreous, sclera
and choroids were removed. The retina was then incised to give a four-leaf clover shape
and transferred to a culture membrane insert (3412; Corning Life Sciences, Corning, NY),
with the RPE directly facing the inserts. The inserts with the explants were then put into
six-well culture plates (83.3920, Sarstedt, Niimbrecht, Germany) with 1.5 mL serum-free
R16 medium with supplements added to each well (Paquet-Durand et al., 2009), incubated
at 37°C with a CO, level of 5%, and with the medium replaced every second day. Retinas
were selected randomly for either treatment or control. For the rd10 retinas, the first 2
days in culture were without any treatment, and after this, i.e. at a time that equals P10,
the cultures were exposed to 50 pM Rp-8-Br-PET-cGMPS (a.k.a. CNO3 [4], PKG inhibitor;
Cat. No.: P 007, Biolog, Bremen, Germany), respectively, with their corresponding untreated
controls receiving an equal amount of solvent (water). The end point of the whole culturing
procedure was after another eight days of culture, i.e. equivalent to P18. The same paradigm
(P8 + 10 days) was applied to the wt without any treatments. All retinal explant samples
were collected for kinome activity microarray measurements or phosphoproteomic based
analyses, or fixed, sectioned and used for microscopy-based analyses.
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Cryosection and immunohistochemistry: Retinal tissues from rd10 and wt in vivo at P18, as
well as P18 cultured explants, were treated with 4% formaldehyde for 2 h, washed 4 x 15
min in phosphate-buffered saline (PBS), cryoprotected in PBS + 10% sucrose for overnight
at 4 °C and subsequently with PBS + 25% sucrose for 2 h. After embedding, 12 pm thick
retinal cross-sections were cut and collected from a HM560 cryotome (Microm, Walldorf,
Germany). The sections were stored in -20 °C for later usage. Cryosections were used for
immunohistochemistry as described before (15). Briefly, the cryosections were dried in
room temperature for 15 minutes and rehydrated in PBS. They were then blocked with 1%
BSA +0.25% Triton X100 + 5% goat serum in PBS in room temperature for 45 min. Primary
antibodies were diluted with 1% BSA and 0.25% Triton X100 in PBS (PTX) and incubated at
4°C for overnight; a no primary antibody control ran in parallel. After the incubation the
sections were washed 3 x 5 min each in PTX and incubated with a goat anti-rabbit 1gG (H+L)
cross-adsorbed secondary antibody with Alexa Fluor 594 (#A11037, ThermoFisher) at 1:400
dilution in PTX. After 3 x 5-min PBS washes the sections were mounted with Vectashield
DAPI (Vector, Burlingame, CA, USA).

TUNEL assay: To evaluate the neuroprotective effects of CNO3 on photoreceptor death a
fluorescent terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay
(#11687495910, Roche Diagnostics, Basel, Switzerland) was performed following the
manufacturer’s instructions, and used on cryosections generated from rd10 and wt retinal
explant cultures.

Microscopy and image processing: A Zeiss Imager Z1 Apotome Microscope (Zeiss,
Oberkichen, Germany), with a Zeiss Axiocam digital camera was used for the microscopy-
based observations. In the further processing image generation and contrast enhancement
were performed identically for all images via use of the ZEN2 software (blue edition). The
immunostaining and TUNEL was analysed for staining differences via three sections from
three to six animals for each condition, after which the fluorescent intensities of positive
cells randomly distributed within in the selected area of interest (outer nuclear layer,
ONL, i.e. the photoreceptor layer) was assessed. Fluorescence intensity was captured and
analysed by the ImageJ software (version 1.53a, NIH, Maryland, USA), where the freehand
selection function was used to target the ONL, with the fluorescence intensity calculated
with the measure function. The values of all sections from the same animal were averaged
before further use.

Materials for retinal explant lysis: Mammalian protein extraction reagent (M-PER™), Halt™
protease and phosphatase inhibitor cocktails and the Coomassie Plus (Bradford Assay) kit
were all purchased from Thermo Fischer Scientific.

Retinal explant lysis: Whole retinal explant lysates were prepared in Lysis Buffer (M-PER
with 1:100 Protease and Phosphatase Inhibitor cocktails), such that the samples were
lysed for 30 minutes on ice followed by centrifugation (16 000 x g for 15 min at 4°C). The
supernatant was subsequently divided into aliquots, snap frozen and stored a -80°C until
further processing. Protein quantification was performed with Bradford Assay as per the
manufacturer’s instructions
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Kinase activity measurements by kinome array: Kinase Activity profiling was performed
on Serine/Threonine Kinase (STK) PamChips®, where each chip comprises of four arrays
with 142 Serine/Threonine containing immobilized-peptides which are derived from human
phosphoproteome, according to instructions of the manufacturer (PamGene International
B.V., ‘s-hertogenbosch, The Netherlands). Briefly an assay mix was prepared with 0.25 pg
of protein lysate, protein kinase buffer (proprietary, PamGene), 0.01% BSA, STK primary
antibody mix (proprietary, PamGene), and 400 uM ATP. Firstly, the PamChips® were placed in
PamStation12® system and blocked with 2% BSA. Subsequently, assay mix containing active
kinases was added and pumped back and forth through PamChip® wells in order to facilitate
interactions between the active kinases and the 142 immobilized consensus phospho peptide
sequences. The presence of peptides phosphorylated by kinases present in the retinal lysate
and their extend of phosphorylation were assessed with an FITC-conjugated secondary
antibody targeting towards the primary STK antibody cocktail (40,41). The images of the
arrays were recorded at multiple exposure times and the signal intensity of each peptide
was quantified by BioNavigator® software version 6.3.67.0 (PamGene International B.V.,,
‘s-Hertogenbosch, North Brabant, The Netherlands). The signal intensity at multiple time
points was combined to a single value and log2 transformed. The overall differences in the
rd1 untreated (rd1 NT) and CNO3-treated (rd1 CNO3) samples STK peptide phosphorylation
profiles were visualized as violin plots (GraphPad Prism version 9.2.0). Significant differences
(p < 0.05) in phosphorylation intensity between the two groups were determined by
Paired t-test and results represented as volcano plots (GraphPad Prism version 9.2.0). The
kinases that might be responsible for differences in the peptide phosphorylation between
the treated and untreated retinal samples were ascertained by the STK Upstream Kinase
Analysis tool of BioNavigator®. This software combines information of kinase interaction
with phosphorylation sites from databases such as HPRD, PhosphoELM, PhosphositePLUS,
Reactome, UniProt (41). The highest-ranking predicted kinases based on their Kinase Score
(Significance and Specificity Score) were represented on a phylogenetic tree of the human
protein kinase family (Coral, http://phanstiel-lab.med.unc.edu/CORAL/) (42).

Sample preparation for MS: Each retinal explant was homogenized separately in a buffer
(50 mM Tris-HCI, 50 mM NaCl, 1 mM EDTA, 5 mM NaH2PO4, 1 mM DL-Dithiothreitol [DTT]),
supplemented with phosphatase inhibitors (Lot No, 33041800, Roche, Basel, Switzerland,
1 tablet per 10 mL buffer) using a homogenizer (Knotes Glass Company, Vineland, NJ). The
homogenate was then centrifuged at 10000 x g for 5 min at 4°C, after which the soluble
fraction was collected, with the concentration measured by Bio-Rad Protein Reagent Assay
Kit (Cat. No.: #5000113, #5000114, #5000115, Bio-Rad, Hercules, CA).

For each separated sample, 150 pg of proteins were reduced with DTT to a final concentration
of 10 mM and heated at 56°C for 30 min followed by alkylation with iodoacetamide for 30
min at room temperature in the dark, to a final concentration of 20 mM. Subsequently,
samples were precipitated with ice cold ethanol for overnight at -20°C, followed by
centrifugation at 14000 x g for 10 min, after which the pellets were resuspended in 100
mM ammonium bicarbonate and sonicated for 20 cycles of 15 sec on, 15 sec off, using
a Bioruptor (Diagenode, Denville, NJ). A digestion was then performed by adding trypsin
(Sequencing Grade Modified Trypsin, Part No. V511A, Promega, Madison, WI) at a ratio
of 1:50 to the samples and incubated for overnight at 37°C after which it was stopped
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by 5 uL 10% trifluoroacetic acid (TFA). The Pierce High-Select Fe-NTA Phosphopeptide
Enrichment Kit (Cat. No.: A32992; Thermo Fischer Scientific, Waltham, MA) was used to
enrich phosphopeptides according to the manufacturer’s protocol. The phosphopeptides
were run to dryness in a Speed Vac and resolved in 2% acetonitrile (ACN) and 0.1% TFA to a
peptide concentration of 0.25 pg/pL.

MS acquisition and analysis: LC-MS detection was performed on a Tribrid mass spectrometer
Fusion (Thermo Fischer Scientific) according to Rasmussen et al (18). Briefly, for each sample,
1 pg of the peptides was injected into the LC-MS. Peptides were concentrated on an Acclaim
PepMap 100 C18 precolumn (75 pm x 2 cm, Cat. No.: 164941, Thermo Fischer Scientific)
for subsequent separation on an Acclaim PepMap RSLC column (75 pm x 25 cm, C18, 2 um,
100 A, nanoViper, Cat. No.: 164941, Thermo Fischer Scientific) at a temperature of 45°C
and a flow rate of 300 nL/min. Solvent A (0.1% formic acid in water) and solvent B (0.1%
formic acid in ACN) were used to create a nonlinear gradient for elution of the peptides. The
gradient was constructed such that the percentage of solvent B was maintained at 3% for 3
min, increased from 3% to 30% for 90 min and then increased to 60% for 15 min and then
increased to 90% for 5 min to be kept at 90% for another 7 min to wash the column.

The Orbitrap Fusion was operated in the positive data-dependent acquisition (DDA) mode.
The peptides were introduced into the LC-MS via stainless steel Nano-bore emitter (OD 150
pum, 1D 30 um) with the spray voltage set to 2 kV and the capillary temperature to 275°C.
Full MS survey scans from m/z 350-1350 with a resolution of 120,000 were performed in
the Orbitrap detector. The automatic gain control (AGC) target was set to 4 x 105 with an
injection time of 50 ms. The most intense ions (up to 20) with charge states 2-5 from the full
scan MS were selected for fragmentation in the Orbitrap. The MS2 precursors were isolated
with a quadrupole mass filter set to a width of 1.2 m/z. Precursors were fragmented by
high-energy collision dissociation (HCD) at a normalized collision energy (NCE) of 30%. The
resolution was fixed at 30000 and for the MS/MS scans, the values for the AGC target and
injection time were 5 x 104 and 54 ms, respectively. The duration of dynamic exclusion was
set to 45s and the mass tolerance window was 10 ppm.

The raw DDA data were analysed with Proteome Discoverer™ Software (Version 2.5,
Thermo Fisher Scientific). Peptides were identified using both SEQUEST HT (Tabb, 2015)
and Mascot (Perkins, Pappin, Creasy and Cottrell, 1999) against UniProtkKB mouse database
(UP0O00000589 plus isoforms). The search was performed with the following parameters
applied: static modification: cysteine carbamidomethylation and dynamic modifications:
N-terminal acetylation. Phosphorylation (S, T, Y) was set as variable for the phosphopeptide
analysis. Precursor tolerance was set to 10 ppm and fragment tolerance was set to 0.05 ppm.
Up to two missed cleavages were allowed and Percolator was used for peptide validation at
a g-value of maximum 0.05. Extracted peptides were used to identify and quantify them by
label-free relative quantification. The extracted chromatographic intensities were used to
compare peptide abundance across samples.

The MS results were processed via Perseus software (version 1.6.0.7, Tyanova et al., 2016).
The protein intensities were log2 transformed and the missing values were replaced from a
normal distribution was performed though data imputation by using the following settings:
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width 0.3 and downshift 0. The further bioinformatics analysis of these processed data was
done via the web-based tool Phosphomatics (https://phosphomatics.com/, Hornbeck et
al., 2014; UniProt: a worldwide hub of protein knowledge, 2018). A two-sample Student’s
t-test (two-tailed) was performed to compare phosphorylated site levels between the rd10
explants with PKG inhibition and their counterparts. A p-value of 0.05 was defined as the
cut-off.

Integrative kinome network and Pathway analysis: to Performing integrative network
analysis we use String database (https://string-db.org/), which is a comprehensive resource
for curated organism-wide protein associations and implement to integrate all known and
predicted associations between proteins, including both physical interactions as well as
functional associations (44). We used differentially predicted upstream kinases from kinome
activity microarray data (n=17 from Table 1) and MS-centric phosphoproteome data (n=28
from Supplementary table S1) as input for String DB network analysis. For network analysis,
only medium confidence (0.04 for interaction score) and Markov cluster algorithm (MCL)
was applied with default settings.

The biological pathways that might be affected between untreated and CNO3-treated
rd10 samples were determined in Reactome Pathways analysis (https://reactome.org/)
(45), where same differentially predicted upstream kinases were used as input list as that
of network analysis. Visualization was performed in GraphPad Prism (version 9.2.0) using
known matrices from the analysis.

Western Blot: 20 ug of retinal explant lysate per sample per lane were loaded and separated
on 4-20% Mini-PROTEAN® TGX Stain-Free® Protein Gels (Bio-Rad, Cat. #4568096) at 150V
and 40A for 50-60 minutes in 1x Tris/Glycine/SDS (TGS) buffer (Bio-Rad, #1610732). All
proteins were transferred to Trans-Blot Turbo Mini 0.2 um PVDF Membrane (Bio-Rad, Cat.
#1704156) using the Trans-Blot Turbo Transfer System (Bio-Rad). Trans-Blot system was set
torun for 7 minutes at 1,3A and 25V per blot. For staining, the membrane was blocked for 1 h
at room temperature (RT) with 5% low-fat milk (ELK, Campina) in PBST (Phosphate buffered
saline with 0.1% Tween-20) or with 5% BSA in PBST for phospho-proteins. Before adding
primary antibody, the membrane was washed 3x times PBST. The membrane was incubated
overnight at 4°C with primary antibody dilutions in 5% skim milk in PBST according to
Suppletmentary table S2. The membrane was washed extensively with PBST in the following
day. Subsequently the membranes were re-probed with appropriate HRP-conjugated
secondary antibodies (refer supplementary table S2) for 1 h at RT. The chemiluniscence
HRP signal was detected with SuperSignal™ West Festo Maximum Sensitivity Substrate kit
(Thermo Fisher, Cat. #34094) using a ChemiDoc™ Touch Imaging System (Bio-Rad) equipped
with Quantity One/ChemiDoc XRS software. The ratio of the optical density of the protein
to the internal control (B-actin or HSP-90) was obtained and was expressed as ratio or
percentage of the control value in the Figures.
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Supplementary Data

Supplementary table S1: Kinase analysis from MS-based phosphoproteomics results for rd10 vs rd10 CNO3

Rank Kinase Name Kinase Uniprot ID Log(fold change) -log10(p-val)
1 MAPK14 Q16539 -1.68 3.91
2 AKT1 P31749 0.76 3.41
3 RPS6KA1 Q15418 0.79 3.00
4 AURKB Q96GD4 0.73 2.96
5 ZAP70 P43403 -1.43 291
6 PRKCA P17252 0.59 2.55
7 PNCK Q6P2M8 0.69 2.54
8 CDK2 P24941 1.11 2.45
9 FYN P06241 1.01 2.18
10 ATR Q13535 0.90 2.10
11 GSK3B P49841 0.57 2.04
12 CSNK1A1 P48729 0.57 2.04
13 PLK3 Q9H4B4 0.57 2.04
14 PRKACA P17612 0.95 1.91
15 PRKCG P05129 -0.64 1.89
16 RPS6KA3 P51812 0.58 1.88
17 MKNK1 Q9BUBS 0.65 1.80
18 RPS6KB2 Q9UBSO 0.65 1.80
19 ATM Q13315 0.95 1.77
20 GRK6 P43250 0.65 1.61
21 RPS6KB1 P23443 1.27 1.47
22 CAMK2A Qouam?7 -1.74 1.46
23 MAPKAPK2 P49137 -0.96 1.41
24 MAPK1 P28482 -0.98 1.34
25 MAPK3 P27361 -0.98 1.34
26 ABL1 P00519 -0.98 1.34
27 TRPM7 Q96QT4 0.64 1.33
28 CSNK2B P67870 0.64 1.33
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Supplementary table S2: List of antibodies used in Western blotting

Molecular

Target protein Antibody weight Supplier Catalogue no.  Dilution
HSP90 HSP 90a/b (F08) 90 kD Santa cruz sc-13119 1:500
biotechnologies

pCREB Phospho-CREB 43 kDa ThermoFisher MA5-11192 1:1000
(Ser133; F.959.4) Scientific

pCAMK2 Phospho-CaMKiII 54/60 kDa  ThermoFisher PA5-37833 1:1000
beta/gamma/delta Scientific
(Thr287)

pCaMK4 Anti-phospho-CaMK4 51 kDa Sigma Aldrich SAB4504122 1:500
(pThr196/200)

secondary Anti-mouse-HRP Santa cruz SC-2005 1:50000

antibody: HSP90 biotechnologies

secondary Anti-Rabbit-HRP Cell Signaling 7074S 1:50000

antibody: pCREB, Technology

pCaMK2 and

pCaMK4
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Abstract

Hereditary retinal degeneration (RD) is often associated with excessive cGMP-signaling in
photoreceptors. Previous research has shown that inhibition of cGMP-dependent protein
kinase G (PKG) can slow down the loss of photoreceptors in different RD animal models. In this
study, we identified a novel PKG inhibitor, the cGMP analogue CN238, with strong protective
effects on photoreceptors in retinal degeneration rd1 and rd10 mutant mice. In long-term
organotypic retinal explants, CN238 preserved rd1 and rd10 photoreceptor viability and
function. Surprisingly, in explanted retinae, CN238 also protected retinal ganglion cells from
axotomy-induced retrograde degeneration and preserved their functionality. Furthermore,
analysis of kinase activity-dependent protein phosphorylation patterns in rd10 retinal
explants after CN238 treatment revealed a reduced phosphorylation of the PKG target
Kv1.6. Using calcium imaging on rd10 acute retinal explants, we showed that CN238 inhibits
Kv1.6 suggesting a possible role in retinal ganglion cell degeneration. Together, these results
confirm the strong neuroprotective capacity of PKG inhibitors for both photoreceptors and
retinal ganglion cells, thereby significantly broadening their potential applications for the
treatment of retinal diseases and possibly neurodegenerative diseases in general.

Keywords
Apoptosis, neuroprotection, retinitis pigmentosa, cGMP, cGK1, Kv1.3, Kv1.6, functional
vision preservation, microelectrode array recording, ERG



Introduction

Photoreceptor degeneration is a hallmark of retinal degenerative diseases (RD), a group of
retinal dystrophies characterized by primary dysfunction and degeneration of photoreceptor
cells, leading to visual loss and eventually blindness [1] . Because of the genetic heterogeneity
of RD-type diseases, no effective therapies are currently available [2]. While the mechanisms
causing photoreceptor degeneration are far from being fully understood, high levels of cyclic
guanosine monophosphate (cGMP) are known to trigger non-apoptotic photoreceptor cell
death in many RD disease models [3,4]. Two commonly used models for studying RD are
rd1 and rd10 mice, which are characterized by a nonsense (rd1) and a missense (rd10)
mutation in the gene encoding for the B-subunit of rod phosphodiesterase (PDE) 6 [5]. Lack
of PDEG activity leads to an accumulation of cGMP in photoreceptors [6,7] and emerging RD
neuroprotection strategies include targeting pathways downstream of cGMP [3,4].

The prototypic cellular target of cGMP is protein kinase G (PKG), a serine/threonine kinase
that exists as a homodimer of two subunits, each consisting of an N-terminal dimerization
domain, an auto-inhibitory sequence, two cGMP binding sites, and a C-terminal kinase
domain. Three isoforms of PKG have been identified in mammals: PKG1a, PKG1 and PKG2.
Binding of cGMP to PKG induces the release of the C-terminal catalytic domain from the
auto-inhibitory sequence, activating PKG [8]. cGMP-signaling activates PKG, which, when
over-activated, is likely to play a key role in triggering cell death [4,9-13]. In the retina,
exceedingly high cGMP levels, as well as strong PKG activation were causally linked to
photoreceptor cell death [6,7,14], highlighting PKG as a target for the treatment of RD-type
diseases.

In an effort to develop new drugs for the treatment of RD, a number of cGMP analogues
designed to inhibit PKG have been synthetized [15,16]. These compounds bear an Rp-
configured phosphorothioate, which enables them to antagonize the activation of PKG by
binding to the cGMP binding sites in the regulatory domain, without liberating the catalytic
domain [17]. A previous study showed that the in vivo treatment with the cGMP analogue
CNO3, rescued photoreceptor viability and function in the genetically distinct rd1, rd2,
and rd10 animal models [16]. These results confirmed cGMP/PKG-signaling as a common
target for the mutation-independent treatment of different RD-type diseases. Since then,
a 2" generation of promising and potent cGMP analogues have been developed, but their
biochemical properties and neuroprotective efficacy have not been examined thus far.

Here, we identified a novel cGMP analogue with strong photoreceptor-protective effects
in organotypic retinal explant cultures derived from rd1 and rd10 mice. When long-term
rd10 and wild-type (WT) retinal cultures were studied using micro-electrode arrays (MEAs),
this compound revealed a preservation of photoreceptor responses and, surprisingly,
also showed increased retinal ganglion cell (RGC) activity. Increased photoreceptor and
RGC viability in treated specimens was confirmed by histological analysis. Furthermore,
combination of PamChip® multiplex peptide microarray analysis, MEA recording, and
calcium imaging experiments identified the outward rectifying K*-channel Kv1.6 as a possible
mediator of PKG-dependent cell death. Given the important functions of KV-type channels
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for neuronal repolarization, these findings provide a rationale for the use of PKG-inhibitors
as novel neuroprotective drugs with possible applications beyond the retina.

Results

Novel PKG inhibitors protect rd1 photoreceptors

Cyclic nucleotide (CN) analogues of cGMP (Fig. S1) were previously generated in the context
of the EU project DRUGSFORD (HEALTH-F2-2012-304963) and amongst others tested for
their protective effects in primary rod-like cells. Here, we selected cGMP analogues that
shared structural similarities with the retinoprotective compounds CN003 and CN004 [16],
which served as reference compounds. Structure wise all compounds featured a cGMPS
backbone containing a sulfur-modified phosphate function with Rp-configuration, which
confers PKG inhibitory properties [17]. Further modifications were introduced on the
nucleobase moiety at positions 8 (R ) and 1, N* (R,, R,). While both reference compounds
contain a so-called PET-group (B- phenyl- 1, N%- etheno) at 1, N, this group is either lacking
(CN226), substituted with an additional methyl-group (CN238), or replaced through the
heteroaromatic furan ring (CN0O7). At position 8 the residue in CN226 contains a phenyl
ring as present in reference compound CN004, however, a different, slightly larger linker has
been introduced and said phenyl ring is unsubstituted. CN0O07 and CN238, in turn, share the
same bromide function as in the reference compound CN003. A compound concentration of
50 uM was used, based on previous in vitro results obtained with the reference compounds
[16].

We initially tested the cGMP analogues on organotypic retinal explant cultures derived from
rd1 mouse. The loss of function of PDE6 in rd1 results in primary loss of rods already during
development, with a peak around P13 and almost complete loss at P18 [28]. Therefore,
in rd1 explants treatment with cGMP analogues started at P7 and ended at P11, i.e., at
the onset of manifest retinal degeneration [29], a time-point well suited for establishing
possible protective effects.
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Figure 1: Retinoprotective effects of novel PKG inhibitors on rd1 P11 organotypic retinal explant cultures. (A) Post-
natal (P) day 11 rd1 retinal explant cultures treated for four days with 50 uM of different cGMP analogues. TUNEL
assay (red) indicated dying cells, DAPI (grey) was used as nuclear counterstain. (B) Quantification of TUNEL positive
cells in the outer nuclear layer (ONL) of sections from A. Cell death rate in NT WT retina shown for comparison.
A cell death rate lower than in the non-treated (NT) rd1 retina was interpreted as evidence for photoreceptor
protection. Compounds CNOO3 and CN0O4 had previously been established as photoreceptor protective [16] and
were used for reference. Testing was performed on n = 4 to 12 different retinae from different animals. Error
bars: mean with SD. Statistical analysis was performed using one-way ANOVA followed by the Dunnett’s multiple
comparison test; significance levels were: **P < 0.01, ***P < 0.001. INL = inner nuclear layer, GCL = ganglion cell
layer.

As a readout for the effects of cGMP analogue treatments, we performed TUNEL assays on
sections obtained from treated and non-treated (NT) specimens (Fig. 1A). We considered
any reduction in the percentage of TUNEL positive cells in the ONL as indicative of a decrease
in photoreceptor degeneration. When compared to rd1 NT (100%), retinae treated with the
compounds CNOO7, CN226, and CN238 (NT=7.03 + 1.61; CNOO7 =5.04 + 1.26; CN226 =6.18
+ 0.66; CN238 = 4.39 + 0.50) showed a relative reduction of TUNEL positive cells of =32%,
=17%, and =40%, respectively. The reference compounds CN0O03 and CN00O4 (CN0OO3 = 4.79
+0.50; CN0OO4 = 4.49 £+ 0.45) confirmed their previously seen protective effects [16] (Fig. 1B).

We then assessed the efficacy of the most promising compound CN238 to inhibit the PKG
isoforms PKG1la, PKG1[3, and PKG2. As references in this characterization, we included the
previous lead compound CNO03, as well as the compound CN226 as a “negative control”
since it had not shown protection in rd1 retinal explants (Supplementary Fig. S3). This
analysis indicated a slightly increased potency of CN238 towards PKG1 and PKG2 and
furthermore revealed this compound to have partial agonistic effects on PKG1la at high
concentrations. This suggests that CN238 was modulating or dampening PKG1la activity
rather than completely blocking it. On the other hand, analysis of the efficacy of CN226
showed that it was only weakly inhibiting PKG13 and PKG2, and that it did, in fact, activate
PKG1q, in line with our results on rd1 retinal explants (cf. Supplementary Fig. S1).
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PKG inhibition preserves viability and function of photoreceptors in rd10 retinal explants
To assess the validity of these results across different animal models, we further tested
the most promising compound CN238 and the reference compound CN0OO3 on organotypic
retinal explant cultures derived from rd10 mice. As in rd1 animals, the rd10 mutation affects
the gene encoding for the $-subunit of rod PDE6, however, in rd10 photoreceptors the PDE6
enzyme retains some residual activity, delaying the onset of photoreceptor degeneration
until P18 [3,4]. The culturing and treatment paradigms were adjusted accordingly, and rd10
retinae were cultured from either P9 to P17 or P19, or from P12 till P24. As in the rd1
situation, and to allow the retinal explant to adapt to culture conditions, drug treatments
were begun two days after explantation.

While the TUNEL assay gives a count of the number of dying cells at a given age, the number
of mutant photoreceptors still surviving compared to the number of photoreceptors in an
age-matched NT retina, gives the integral of cells preserved until a given time-point (Fig. 2A).
We therefore analyzed the number of photoreceptor rows to assess the long-term effects
of the compounds. When CN0O03 and CN238 were tested on rd10 retina in treatments
reaching until P17 or P19 there was no statistically significant rescue, likely because of the
comparatively late onset of rd10 degeneration around P18. At P24, however, a clear and
highly significant rescue of rd10 photoreceptors was observed, with an increase in the
photoreceptor row counts of =55% and =46% in samples treated with CNOO3 and CN238
(NT=3.86+1.01; CNOO3 = 6.01 + 0.87; CN238 = 5.64 + 0.32), respectively (Fig. 2B).

To determine whether the increased photoreceptor survival seen with PKG inhibition also
translated into improved retinal function, we performed electrophysiological recordings
of rd10 retinal explants employing a micro-electrode array (MEA) system and white
light LED stimulator to apply 500 ms full-field light flashes. The method allowed for the
selective assessment of photoreceptor functionality by recording light-elicited micro-
electroretinograms (LERG). In this analysis, we included the compound that performed best
in the retinal cell death assay, CN238 (cf. Fig. 1), along with the previous lead compound
CNO003, as well as CN226, which served as additional “negative” control.
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Figure 2: CN238 preserves photoreceptor viability and function in rd10 retina: Organotypic retinal explant
cultures derived from rd10 mice were treated with cGMP analogues at 50 UM concentration. (A) Representative
sections of post-natal (P) day 24 rd10 retinal cultures treated or non-treated (NT) and stained with DAPI (grey).
(B) rd10 retinal explants were treated for varying times until either P17, P19, or P24, and photoreceptor rows
were quantified. Row counts above NT were interpreted as evidence for photoreceptor protection. Testing was
performed on n =5 different retinae from different animals. (C) Representative LERG traces of NT and treated rd10
retinal explants. The single-electrode data represents the integrated signal of multiple photoreceptors above a
given electrodes recording field. The strength of the light-evoked photoreceptor hyperpolarization is indicated by
the initial negative deflection (neg.-wave) of the UERG (arrow). (D) Activity map of representative UERG recordings
across the 59 electrodes of the MEA, indicating the reactivity to light in spatial context. Each pixel corresponds to a
recording electrode and the color from blue to red (i.e., 0 to 100) encodes the increasing intensity of the negative
deflection of the recorded LERG. (E) Quantification of retinal light responsiveness as percentage of MEA electrodes
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displaying LERG negative deflections > 1.75-fold average baseline. Testing was performed on n =5 different retinae
from different animals. (F) Average amplitudes of negative deflection in LERG recordings. Error bars: mean with
SD. Statistical testing: one-way ANOVA with Dunnett’s multiple comparison test; significance level: **P < 0.01.
INL = inner nuclear layer, Phr = photoreceptor, LERG = micro-electroretinogram, GCL = ganglion cell layer, MEA =
micro-electrode array.

As shown in representative HUERG traces (Fig. 2C), after 12 days of in vitro culture the PKG
inhibitors CNOO3 and CN238 strongly increased the amplitudes of light-induced retinal
responses, when compared to NT and CN226. In particular, the initial negative deflection of
the WERG (Figure 2C, arrow), indicated a light-induced hyperpolarization of photoreceptors
(i.e., the a-wave in a conventional ERG) and thus their functional preservation with drug
treatment. For each retina, recordings were obtained from two different areas located
dorsally and ventrally from the center and averaged (each recording area: 340 X 280 um; 59
electrodes at 40 um spacing). Since each of the MEA electrode captured the integrated signal
of multiple photoreceptors within an electrode’s recording range, the total span of the MEA
recording field allowed an estimation of the overall light-sensitivity of a given retinal explant.
We considered a light-induced negative WERG deflection exceeding respective threshold
(1.75-fold > calculated average control baseline) to indicate light-responsiveness and drew
activity maps for the MEA electrodes showing light responses (Fig. 2D). We then expressed
the number of electrodes showing such a response as percent of the total (Fig. 2E). This
analysis revealed that NT retina, and CN226 treated retina, displayed almost no response to
light (NT =3.3% £ 3.9; CN226 = 9.5% + 11.2), while CNOO3 (56.4% + 13.5), and even more so
CN238 (81.7% + 15.7), strongly and significantly increased light responsiveness of treated
retinal explants (Fig. 2E). In other words, treatment with CNOO3 or CN238 dramatically
increased the retinal area responding to light by = 17- or = 25- times, respectively, when
compared to NT. Compared to CNOO3, CN238 increased retinal responsiveness by yet
another = 45%, suggesting a further improvement of photoreceptor function and/or the
density of the photoreceptors activating a given MEA electrode.

As an additional measure of photoreceptor functionality, we quantified the amplitudes
of the initial negative LERG deflection, as a measure for the light-induced photoreceptor
hyperpolarization. When compared to NT, retinal explants treated with CNOO3 or CN238
on average displayed a significantly stronger hyperpolarization response to light (NT: -13.6
MV £ 4.6; CNO03: -42.1 pV £ 18.0; CN238: -41.5 pV £ 16.1). In contrast, CN226 treatment
had only a minor effect on response amplitudes (-22.7 pV + 14.3) and/or the density of the
photoreceptors activating a given MEA electrode (Fig. 2F).

Taken together, we have established that the PKG inhibitors CNO03 and CN238 preserved not
only the viability of photoreceptor cells but also their functionality. In these comparisons the
effects of the novel compound CN238 were at least equal, if not superior, to the previous
lead compound CNOO3.

CN238 prevents axotomy-induced degeneration of retinal ganglion cells

The MEA recordings of treated rd10 retinal explants revealed another feature that was
entirely unexpected: During the retinal explantation procedure the optic nerve is transected,
and this axotomy leads to rapid degeneration and loss of most RGCs within 4-7 days of in
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vitro culture [30-32]. Accordingly, in NT rd10 retinal explants, cultured for 12 days in vitro,
RGC spiking activity was virtually extinguished, and this was also true for CN226 treated
explants. Yet, explants treated with CNOO3 or CN238 showed a very remarkable preservation
of light-stimulus correlated RGC spiking activity (Fig. 3A).

Similar to the analysis shown above for photoreceptor responses (LERG), we assessed the
light responsiveness of RGCs across the entire surface of the MEA chip, from two different
central recording areas. Here, light-induced RGC spike responses were considered to be
stimulus correlated, if post stimulus activity (600 ms) exceeded the average of pre stimulus
activity (500 ms, 100 ms bin, see methods for details). While RGC light responsiveness in
NT and CN226 treated cultures was nearly absent (NT = 3.3% + 4.9; CN226 = 1.5% + 1.4), it
was strongly and highly significantly increased in CNOO3 and CN238 treated retina (CNOO3
= 53.6% + 15.5; CN238: 49.2% * 8.8) (Fig. 3B). Thus, in comparison to NT the area of the
retina showing light responses at the RGC level was = 16- or = 15-times larger after CNO03
or CN238 treatment, respectively.
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Figure 3: CN238 improves RGC viability and function in rd10. (A) Representative light-correlated RGC spike MEA
recordings performed on P24 rd10 retinal explants. rd10 retinas were treated from post-natal day (P) 14 to P24
with 50 uM of CN0O3, CN238, or CN226, and compared to non-treated (NT) retinal explants. (B) Quantification of
light-evoked rd10 RGC activity in NT and treated explants (percentage of MEA electrodes detecting light-correlated
spike-activity). (C) Sections derived from recorded rd10 retinal explant cultures were stained with DAPI (grey)
and RBPMS (green). (D) Quantification of RBPMS positive cells in rd10 P24 retinal explant sections. Error bars
indicate SD; statistical analysis in B, D: one-way ANOVA followed by Dunnett’s multiple comparison test; levels
of significance: *P < 0.05, **P < 0.01, ***P < 0.001. ONL = outer nuclear layer, INL = inner nuclear layer, Phr =
photoreceptor, LERG = micro-electroretinogram, GCL = ganglion cell layer, MEA = micro-electrode array.
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We then used the very same retinal explants from which the MEA recordings were obtained
for a histological workup, to assess the survival and physical presence of RGCs. To this end,
we employed labelling for the RNA-binding protein with multiple splicing (RBPMS), a protein
that is expressed in about 60% of RGCs [33] (Fig. 3C). The quantification of RBPMS positive
cells per mm?in the four experimental groups yielded very low RGC counts in NT and CN226
treated retina (NT = 134.1/mm? + 117.3; CN226 = 184.1 + 81.06), while CNOO3 and CN238
treated explants displayed significantly larger numbers of RGCs (CN0O03 = 514.4 + 187.7;
CN238 = 460.3 + 153.6). Compared to NT, retinal explants treated with CNOO3 and CN238
showed 3.8- and 3.4-fold higher numbers of RBPMS positive cells, respectively. In line with
the previous experiments, the compound CN226 did not preserve the viability of RGCs (Fig.
3D).

The magnitude of the rescue effect on axotomized RGCs raised the question whether this
was a direct effect on RGCs or whether perhaps the preservation of rd10 photoreceptors
had indirectly enhanced the survival of rd10 RGCs. To address this question, we extended
our investigation to WT retinal explants, cultured for 12 days in vitro, from P12 to P24,
treated or not with CN238. The light-induced hyperpolarization response in the HERG
obtained from P24 WT explants did not seem to differ between NT and CN238 treated
retina, however, the RGC spiking activity was virtually absent in NT, but present after CN238
treatment (Supplementary Fig. S4A). The overall photoreceptor activity was obviously
higher in WT than rd10 explants, yet even in the WT situation CN238 treatment improved
light responsiveness somewhat (NT = 61.7 £ 45.9 %; CN238 = 98.9 + 2.6 %) (Supplementary
Fig. S4B). In line with this, the light-response amplitude in terms of negative deflection of
the WERG was also increased in CN238 treated explants compared to NT (NT =-26.2 + 20.5
MV; CN238 = -79.0 + 36.9 uV) (Supplementary Fig. S4C). The most striking effect of CN238
on WT retina was, however, observed at the level of RGC light-responsiveness: While NT
retina showed nearly no light correlated activity, CN238 treatment largely preserved RGC
light-induced spiking activity across the whole retinal explant (NT = 0.8 + 2.0 %; CN238 =
78.3 £ 30.6 %) (Fig. S4D). In relative terms CN238 had thus increased WT RGC functionality
by a striking = 95-times.

Further confirmation came from an investigation of WT RGC viability with RBPMS staining,
which showed RGCs survival 2.3-fold higher in retinae treated with CN238 (NT = 163.9/
mm?t 96.4; CN238 = 379.3 + 97.7) (Supplementary Fig. S4E and S4F). In addition, we
assessed photoreceptor survival in NT and CN238 treated samples, without detecting
significant photoreceptor loss (Supplementary Fig. S4G). These findings thus confirmed the
formidable capacity of CN238 to preserve RGC activity despite the axotomy caused by the
explantation procedure. This data on WT retina also demonstrated that the RGC protection
was independent of photoreceptor degeneration.
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Effects of cGMP-mediated inhibition of PKG in retinal ganglion cells

In a recent study, we measured the ability of active serine/threonine kinases (i.e., PKG1 and
PKG2) to phosphorylate specific peptides on lysed samples of explant cultures either treated
with the PKG inhibitor CNOO3 or untreated [34]. When compared to WT, several voltage-
dependent potassium channels belonging to the Kvl family (i.e., Kv1.3 and Kv1.6) showed
increased phosphorylation in untreated rd1 retinal explant cultures. This phosphorylation
was significantly reduced in retinas treated with CN0O03.

The K 1 family consists mainly of slow-activating and inactivating delayed rectifier channels
[35]. Immunoreactivity studies revealed the expression of Kv1.2, Kv1.3 and Kv1.6 in mouse
[36] and rat [35] RGCs. An In vivo study showed that a few members of the Kvl family
contribute to degeneration of RGCs after optic nerve axotomy [36].

Considering these findings and recent studies identifying Kv1.3, and Kv1.6 as PKG targets [37],
we evaluated possible differences in Kv1 channel phosphorylation in rd1 P11 retinal explant
samples treated with CNOO3 or CN238 using PamChip® peptide microarray-based Serine/
Threonine Kinase (STK) activity assays. This analysis showed decreased phosphorylation for
approximately 56% of the 142 peptides on STK PamChip® (Figure 4A). Twenty-one peptides
were identified whose phosphorylation significantly decreased in rd10 CN238 compared
to untreated rd10, with a significant decrease in the phosphorylation of Kv1.3 and Kv1.6
(p<0.05) in treated retinae, indicating reduced kinase activity (Fig. 4B).

We then mapped the localization of Kv1.3 and Kv1.6 channels in the adult mouse retina. To
this end we stained retinal cross-sections and flat mounted retinas of P24 WT mice for anti-
Kv1.3 and anti-Kv1.6 antibodies. This procedure revealed intense Kv1.3 staining in the ONL,
inner plexiform layer (IPL) and nerve fiber layer (NFL). Kv1.6 immunoreactivity was detected
in the photoreceptor OS, IPL, and NFL. Furthermore, both Kv1.3 and Kv1.6 antibodies co-
localized with anti-SMI32, recognizing non-phosphorylated epitopes of neurofilament
proteins (Fig. 4C).
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Figure 4: Localization and phosphorylation status of Kv1.3 and Kv1.6 in the mouse retina at P24. (A) Volcano
plot representing Log Fold Change (LFC) and -Log,  p-value for peptide phosphorylation. Red dots indicate
significantly changed phosphopeptides (p-value < 0.05), black dots represent peptides with no significant alteration
in phosphorylation. (B) Bar graph showing the phosphorylation of Kv1.1, Kv1.2, Kv1.3, and Kv1.6 peptides on the
PamChip® STK array as signal intensity in rd10 NT and rd10 treated with CN238 treated explants with significant
difference (p < 0.05) determined by Unpaired t-test. (C) Retina cross-sections and Flat mounted retinas derived
from WT P24 mice stained with DAPI (grey), anti-SMI32 (magenta) anti-KCNA3 and anti-KCNAG6 (all green). OS =
outer segment, IS = inner segment, ONL = outer nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer,
IPL = inner plexiform layer, GCL = ganglion cell layer, NFL = nerve fiber layer, P postnatal day.

CN238 inhibits Kvl-mediated calcium extrusion

To investigate a correlation between the reduction of Kv1.6 phosphorylation (PamChip®
data) in CN238-treated cultures and the impact of CN238 on retinal function, we performed
MEA-based LERG recordings on acute retinal explants of WT mice in the presence of CN238,
its corresponding PKG-activator CNO56, and the selective inhibitor of Kv1.3 and Kv1.6
Margatoxin (Fig. 5A).

The light-induced hyperpolarization in HERG (negative a-wave deflection, Fig. 5A, 5B) of
acute retinal explants exposed to Margatoxin did not differ from control (ctr: -88.76 + 14.08
and Mrg: -79.59 £ 10.91 pV). In contrast, in explants exposed to CN238 (-16.18 + 8.6 pV)
and CNO56 (-39.46 + 10.73 V), light-induced hyperpolarization significantly decreased
5.5- and 2.4-fold compared with control (Fig. 5B). In addition, we evaluated the correlated
response of RGCs to retinal light stimulation. While the light-correlated responses of RGCs
in the CNO56 groups were almost identical to those in the control groups (CN056: 77.53 +
40.46 and ctr: 75.14 + 34.29 spike count), they were significantly reduced in the Margatoxin
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(4-fold) and CN238 (7-fold) groups (Fig. 5C, Mrg: 19.02 + 9.86 and CN238: 10.54 + 8.51 spike
count), suggesting an abolition of spike generation due to Kv antagonization.

To validate the light-induced responses of RGCs (retinal network mediated RGC responses),
we evaluated RGC responses directly elicited by potassium chloride (KCI) stimulation
(calcium-imaging recordings) on acute retinal explants of an adult blind rd10 mouse in
the presence of CN238, the PKG activator CNO56, the selective Kv1.3 and Kv1.6 inhibitor
Margatoxin or in the absence of a compound as control (Fig. 5D). The Margatoxin and CN238
data revealed a significant decay in the clearance of the intracellular Ca?* (at 90 s: mrg 2.04-
fold and CN238 1.84-fold higher than ctr (4.28 + 0.30); at 180 s: Mrg 4.81-fold and CN238
2.34-fold higher than ctr (1.26 + 0.13)), intruded upon KCI-stimulus, while CNO56 mediated
similar responses to those found in the control groups (Fig. 5E), suggesting an inhibition of
Kv-mediated calcium extrusion.
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Figure 5: Effects of PKG-modulators on retinal photoreceptors and ganglion cells. Multi-electrode array recordings
of light-stimulation induced retinal responses (wild type mouse, n = 5 retina) under control condition and in
presences of Margatoxin (Mrg, 50 nM), CN238 (50 uM) and CNO56 (50 uM): representative micro-electroretinogram
(LERG) traces (A), LERG a-wave amplitude (B) and ganglion cell spike (C). Calcium-imaging recording of KCl-induced
ganglion cells responses (blind rd10 mouse, n = 4 retina, 200 cells per retinal recording) under control condition and
in presences of Mrg, CN238 and CN056 (same concentrations as A-C): representative KCL-evoked (50 mM) ganglion
cell traces (D) and values of intracellular calcium clearance at respective five time points (30, 90, 180, 270 and 420
s) post stimulation (E). Error bars indicate SD; statistical analysis: one-way ANOVA followed by Dunnett’s multiple
comparison test; levels of significance: *P < 0.05, **P < 0.01, ***P <0.001.
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Discussion

The excessive accumulation of cGMP in photoreceptors has long since been established
as a trigger for the loss of photoreceptors in rare, RD-type diseases [6,14]. Here, using the
novel inhibitory cGMP-analogue CN238, we validate PKG as the critical effector of cGMP-
dependent cell death. Unexpectedly, the protective effect of PKG inhibition extended
beyond photoreceptors to axotomized retinal ganglion cells, neurons whose degeneration is
underlying common retinal diseases such as glaucoma and diabetic retinopathy. Importantly,
a drug-mediated rescue of axotomized RGCs of the magnitude seen in this study has not
been reported before. This emphasizes the general importance of PKG for neuronal cell
death and highlights PKG inhibition as a new therapeutic approach for the treatment of
neurodegenerative diseases in general.

cGMP analogues as PKG inhibitors

Analogues of cGMP carrying an Rp-configurated phosphorothioate modification were first
described as exceptionally potent and selective PKG inhibitors in the early 1990s [15,38].
While clinically used kinase inhibitors typically block the ATP-binding site present on all
kinases [39,40], cGMP analogues target the cGMP-binding site present only on PKG, i.e., its
physiological activation mechanism, thereby affording an extraordinary selectivity for PKG.

With CN238, we identified a cGMP analogue PKG inhibitor that preserved photoreceptor
viability and function in rd1 and rd10 retina. This novel compound was found to have
improved potency when compared to the reference compound CNOO3, a known PKG
inhibitor with protective effects in rd1, rd2, and rd10 mice in vivo [16].

Both cGMP analogues are characterized by the B-phenyl-1, N?-etheno (PET) group [41] and
differ only by the additional methyl group in CN238. Interestingly, the compound CNOO7
which carried a similar N-etheno modification was moderately photoreceptor protective,
while CN226, which lacked such a R -R, modification (Figure 1), did not afford photoreceptor
protection in rd1 retina. This lack of efficacy was corroborated by the studies on rd10 retina
where CN226 showed significantly less preservation of photoreceptor function than CNO03
or CN238.

The PET-group enhances the lipophilicity of Rp-cGMPS analogues, making it easier for the
compounds to reach their target site inside the cell. In addition, the PET-group may bestow
the ability to inhibit cyclic nucleotide gated ion (CNG) channels, albeit with an efficacy that
is = 2-3 log units lower than for PKG inhibition [41]. Although, CNG channel activity was for
many years considered to be a driver of photoreceptor degeneration [42,43], numerous
studies in the last two decades explored the use of CNG-channel blockers, essentially
without tangible results. Moreover, a recent study found that the selective block of CNG
channels with L-cis-diltiazem increased rather than prevented photoreceptor cell death
[44]. These conflicting results would suggest that while CNG channels inhibition alone did
not slow the rate of cell death, the presence of the PET- group in cGMP inhibitory PKG
analogues appears to play a role in the efficacy of the compounds. This could imply both
that PET modification and thus large lipophilic substituents may contribute to the inhibitory
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effect of the compounds, but also that synergistic action on multiple events downstream of
cGMP signaling is promising for RD treatment development.

Effect of PKG inhibitors on photoreceptor function

The PKG inhibitors CN0O03 and CN238 robustly preserved the function of rd10-mutant
photoreceptors as assessed via retinal recording of MEA UERG field-potentials. Each of the
59 MEA electrodes covered an area of approx. 80 um?, meaning that the field potentials
recorded likely originated from thousands of photoreceptors [22]. Likewise, the amplitude
of the initial negative deflection in the LERG represents the sum response of a large number
of photoreceptors in a given recording field. Moreover, the recording of LERGs at different
retinal locations allowed the creation of spatial activity maps for light responsiveness, both
for treated and untreated tissues. The comparison of such maps of rd10 retina revealed
large differences between CNOO3/CN238 treated and untreated specimens, not only in
terms of amplitudes of negative LERG deflections but also in terms of the areas of the
retina showing responses to light flashes. This in turn demonstrates the magnitude of the
photoreceptor protection over a large retinal area, an effect that was corroborated by the
histological examination of the retina.

PKG inhibition affords multilevel neuronal protection

The deleterious effects of high cGMP on photoreceptor viability were established already
in the 1970s [6,14]. Yet, the role of PKG as a necessary and sufficient mediator of cGMP-
dependent photoreceptor cell death was recognized only more recently [4,7]. Accordingly, a
systematic screening of PKG targeting cGMP analogues in various in vitro and in vivo models
identified CNOO3 as a compound that afforded strong functional protection of rd1-, rd2-,
and rd10- mutant photoreceptors [16].

The finding that PKG inhibition with either CNO0O3 or CN238, in addition to photoreceptor
protection, also prevented the demise of RGCs in both WT and rd10 long-term retinal
explant cultures was entirely unexpected. The transection of the optic nerve is a massive
insult, known to cause rapid RGC function loss and degeneration [31,32]. Instead, our MEA
recordings indicated striking preservation of RGC function, concomitant with a marked and
significant increase in morphological RGC survival. A recent MEA study on retinal explant
cultures found that in WT retina RGC activity gradually decreased to essentially zero within
a culture period of 14 days. More importantly, RGC responses to light stimulation were no
longer observed beyond 7 days of culture [30], a result that corresponds to our observations
on both WT and rd10 retina.

To investigate whether RGCs survival was somehow related to photoreceptor rescue, WT
retinal explant cultures were treated with CN238 and compared with untreated specimens.
Also, in treated WT retina the MEA recordings revealed strong RGC responses correlated
to light stimuli. Immunohistochemical analysis, using the RGC marker RBPMS [33,45]
and performed on the recorded retinal explants, demonstrated the strongly improved
RGC survival after CN238 treatment. Remarkably, the number of RBPMS positive RGCs in
both rd10 and WT untreated retinal explants were approximately equal. Furthermore, in
WT retina, the comparison of the number of photoreceptors in a row did not show any
difference between the CN238-treated and untreated groups. These results suggest that in
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both the WT and the rd10 situation, long-term retinal explant cultures display a loss of RGCs
over time and that their rescue by CN238 is independent of photoreceptor survival. The
failure of the cGMP analogue CN226 to preserve RGCs viability and function in rd10 retinal
explants indicates that RGC survival is connected to PKG inhibition.

The very marked RGC protection seen with CNOO3 and CN238 makes these compounds
attractive for therapy development beyond photoreceptor diseases. Indeed, RGC
degeneration is a hallmark of several retinal diseases with only limited treatment options to
date. This includes glaucoma [46], diabetic retinopathy [47], exudative age-related macular
degeneration [48], and non-exudative age-related macular degeneration [49]. How exactly
PKG inhibition may afford RGC neuroprotection is not clear at present, yet numerous earlier
studies have invoked detrimental effects of nitric oxide synthase and nitric oxide (NO) on
RGCs [50,51] also in optic nerve injury [52]. Since, NO activates soluble guanylyl cyclase
to produce cGMP and activate PKG [53] increased NO production in injured RGCs will
likely also cause overactivation of PKG, providing a rationale for the use of PKG inhibitors
for RGC neuroprotection. The axotomy-induced degeneration of ganglion cells resembles
a Wallerian-like retrograde degeneration [54,55]. The fact that PKG inhibition significantly
reduces this type of degeneration thus indicates that PKG inhibitors may be applicable even
more broadly in neurodegenerative conditions characterized by axonal damage, such as
spinal cord injury or multiple sclerosis.

PKG inhibition and RGC survival: a possible link

Whether in vivo or in vitro, optic nerve damage triggers a degeneration process that results
in RGC death accompanied by a gradual loss of RGC activity [30,56]. Several in vivo studies
reported that inhibition of the voltage-dependent potassium channels Kv1l.1 and Kv1.3
rescued RGC after optic nerve axotomy [36,57,58]. It is intriguing that recently, Roy and
collaborators identified some members of the Kv1l family (i.e., Kv1.3, Kv1.2, and Kv1.6) as
potential substrates of PKG1 and PKG2 in 661W cells [37]. Furthermore, in a parallel study,
we measured the ability of PKG1 and PKG2 to phosphorylate certain substrates in retinal
explant samples derived from rd1 and WT, treated or not with CNO03. Among the different
substrates highly phosphorylated in rd1 but not in WT were Kv1.3 and Kv1.6 channels.
Interestingly, treatment with CNOO3 reduced this phosphorylation significantly [34].

By immunofluorescence staining on cross sections and flat mounts of retinas from WT P24
mice we localized Kv1.3 and Kv1.6 in the ONL and the NFL which is consistent with previous
observations on the distribution of potassium channels in the mammalian retina [35,59].
The NFL tract proximal to the RGC soma consists of unmyelinated axons characterized by
mitochondria-rich varicosities and a high level of Na*/K*-ATPase [60]. These peculiarities
suggest a high energy demand in this area of the NFL [61]. Analysis of the kinase activity in
retinal explants cultures derived from rd10 P24 mice confirmed reduced phosphorylation
of the Kv1.6 channel in CN238-treated retinas compared to untreated retinas. In addition,
results obtained from calcium-imaging on acute retinal explants derived from adult rd10
mice confirmed that CN238 exerts Margatoxn-like effects on Kv1.3 and Kv1.6. In fact, the
slowing of Ca?* release extracellularly by both Margatoxin and CN238 suggests that the latter
inhibits Kv1l channels. Thus, hyperactivation of PKG in RGCs directly or indirectly increases
phosphorylation of its targets Kv1.3 and Kv1.6, increasing K* efflux from these channels. The
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greater the K* efflux from the cell, the greater the ionic imbalance between the inside and
outside of the cell. This would lead to an increase in the activity of the Na*/K* pump [62] and
thus to higher energy consumption which would gradually lead the cell to death. Similarly,
in photoreceptors, a high loss of K* caused by PKG through Kv1.3 and Kv1.6 could increase
ATP-dependent Na*/K* exchanger (NKX) activity in the inner segment (IS), possibly leading
to cell death. However, MEA recordings on acute retinal explant derived from adult WT mice
did not indicate a modulation of photoreceptor light-induced response by CN238 through
Kv1 channels. In a follow-up study, it would be interesting to determine whether the use of
specific inhibitors or knockdown of Kv1 channels could produce protective effects like those
mediated by CN238 or CNO03 on photoreceptors and RGCs in organotypic retinal explant
cultures. This would help to better understand the impacts of Kvl channel modulation by
PKG in both cell types but also to throw light on the potential beneficial effects that cGMP
analogues might have on RGCs other than photoreceptors.

Conclusion

While there has been tremendous progress in the development of new forms of therapy
for RD, including gene, molecular and stem cell-based therapies [63,64], as well as retinal
prostheses [65], there is still an important unmet medical need for more broadly applicable
therapies that may benefit large groups of RD-patients. Our results support the idea that
PKG/cGMP signaling is involved in photoreceptor degenerative processes [4] and identify
CN238 as a second-generation drug candidate with protective effects on photoreceptors
survival and function in two mouse models for RD in vitro. However, further studies need to
be conducted to assess whether the protective effects of CN238 can be extended to other
models for RD characterized by abnormal cGMP signaling. In addition, the protective effect
on RGCs in the explant culture system opens new perspectives for the use of PKG inhibitors
for the treatment of common retinal diseases, including glaucoma.

Materials and Methods

Animals: C3H Pde6b™/" (rd1), congenic C3H Pde6b*’* wild-type (C3H), C57BL/6) wild-type
(C57) and C57BL/6J Pde6b™°/710 (rd10) mice were housed under standard light conditions,
had free access to food and water, and were used irrespective of gender. All procedures
were performed in accordance with the ARVO declaration for the use of animals in
ophthalmic and vision research and the law on animal protection issued by the German
Federal Government (Tierschutzgesetz) and were approved by the institutional animal
welfare office of the University of Tuibingen. The experiments involving the Xenopus laevis
frogs were approved by the animal ethical committee of the Friedrich Schiller University
of Jena and by the Thiringer Landesamt fiir Verbraucherschutz. The respective protocols
were performed in accordance with the approved guidelines. Extreme efforts were made to
reduce the stress and to keep the number of frogs to a minimum.
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cGMP analogues synthesis: Synthesis of cyclic nucleotide analogues was performed by
Biolog Life Science Institute GmbH & Co. KG according to previously described methods [16]
(https://patentscope.wipo.int/search/en/detail.jsf?docld=W0201801 0965).

In vitro PKG activation/inhibition assay: FLAG-Strep-Strep-tagged human PKG1la (2-671)
Wt, human PKG1 (4-686) Wt and human PKG2 (1-762) Wt were expressed in HEK293T
cells. Cells were transfected at 80% confluency in whole medium employing the transfection
reagent polyethyleneimine (Polysciences Europe GmbH, Germany). The cells were lysed
using 50 mM Tris-HCI (pH 7.3), 150 mM NacCl, 0.5 mM TCEP, 0.4 % Tween, protease and
phosphatase inhibitors (Roche, Germany). For purification we employed Strep- Tactin®
Superflow® resin (IBA GmbH, Germany). We included an additional washing step with 366
mM Na,HPO,, 134 mM NaH,PO, (pH 7.3) and 0.5 mM TCEP at room temperature to release
any remaining nucleotides from the respective nucleotide binding pockets. Strep-tagged
proteins were eluted with 200 mM Tris-HCI (pH 8), 300 mM NaCl, 2 mM EDTA and 5 mM
desthiobiotin (IBA GmbH, Germany) and subsequently stored at 4°C in 50 mM Tris-HCI
buffer (pH 7.3) containing 150 mM NaCl and 0.5 mM TCEP.

PKG kinase activity was assayed in vitro using a coupled spectrophotometric assay originally
described by Cook et al. [18] in a clear 384 well PS-MICROPLATE (Greiner Bio-One, USA)
in a CLARIOstar plate reader (BMG LABTECH, Germany). The final assay mixture contained
100 mM MOPS (pH 7.0), 10 mM MgCl,, 1 mM ATP, 1 mM phosphoenolpyruvate, 15.1 U/ml
lactate dehydrogenase, 8.4 U/ml pyruvate kinase, 230 uM reduced nicotinamide adenine
dinucleotide, 0.1 mg/ml BSA, mM 3-mercaptoethanol and, as PKG substrate, 1 mM VASPtide
(RRKVSKQE; GeneCust, Luxembourg). PKG Activation was determined with cGMP (Figure
S1) and the cGMP analogues CN0O03, CN226, and CN238 (all Biolog Life Science Institute
GmbH & Co. KG, Germany) in dilution series ranging from 100 uM to 5.1 nM. The kinase
reaction was started with 5 nM of the corresponding PKG isoform. Inhibition studies were
performed by adding each PKG isoform supplemented with 2 uM cGMP to the assay mix and
the respective cGMP analogue in dilutions ranging from 100 uM to 5.1 nM. One to three
independent protein preparations were used for each assay, which in turn were performed
in duplicates.

Organotypic retinal explant cultures: Organotypic retinal cultures derived from C57,
rd10, rd1, and C3H animals, were prepared as previously described [19,20] under sterile
conditions. Post-natal day (P)5 rd1, P9 or P12 rd10 animals were sacrificed, the eyes rapidly
enucleated and incubated in R16 retinal culture medium (07491252A; Gibco; Waltham,
Massachusetts, USA) with 0.12% proteinase K (21935025; ICN Biomedicals Inc., Costa Mesa,
California, USA) for 15 min at 37 °C. Proteinase K activity was blocked by the addition of 20%
foetal bovine serum (FCS) (F7524, Sigma) followed by rinsing in R16 medium. Afterwards,
the anterior segment, lens, vitreous, sclera, and choroids were removed, while the RPE
remained attached to the retina. The explant was cut into a four-wedged shape resembling
a clover leaf and transferred to a culture membrane insert (3412; Corning Life Sciences)
with the RPE facing the membrane. The membrane inserts were placed into six-well culture
plates and incubated with complete R16 medium with supplements and free of serum and
antibiotics [19], in a humidified incubator (5% CO2) at 37 °C. For the first 48h the retinae were
cultured with complete R16 medium without any treatment to allow adaptation to culture
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conditions. Afterwards, they were either exposed to different cGMP analogues (dissolved in
water), each at [50 uM], or kept as untreated control. In both cases, medium was changed
every second day with replacement of the full volume of the complete R16 medium, 1mL
per dish, with fresh medium. The culturing paradigm was from P5 (explantation) to P11
(end of culture) for rd1. For the rd10 model, two culturing paradigms were used: from P9
to either P17 or P19, and from P12 to P24. Culturing was stopped by 45 min fixation in
4% paraformaldehyde (PFA), cryoprotected with graded sucrose solutions containing 10,
20, and 30% sucrose and then embedded in Tissue-Tek O.C.T. compound (Sakura Finetek
Europe, Alphen aan den Rijn, Netherlands). Tissue sections of 12 um were prepared using
Thermo Scientific NX50 microtome (Thermo Scientific, Waltham, MA) and thaw-mounted
onto Superfrost Plus glass slides (R. Langenbrinck, Emmendingen, Germany).

Histology: For retinal cross-sectioning preparation, the eyes were marked nasally, and the
cornea, iris, lens, and vitreous were carefully removed. The eyecups were fixed in 4% PFA,
cryoprotected in sucrose, and sectioned as above. For retinal flat mount preparation, the
eyes were enucleated and the anterior segment, lens, vitreous, sclera, choroids and RPE were
removed. The retinas were fixed with 4% PFA and directly prepared for immunostaining.

TUNEL assay: The various cGMP analogues were tested for their effect on photoreceptor
cell death, using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay [21] (Sigma-Aldrich in situ Cell Death Detection Kit, 11684795910, red fluorescence).
DAPI contained in the mounting medium (Vectashield antifade mounting medium with
DAPI; Vector Laboratories, Burlingame, CA, USA) was used as nuclear counterstain.

Immunofluorescence: Immunostaining with primary antibody against rabbit RBPMS (1:500;
Abcam, Cambridge, UK) was performed on 12 um thick retinal explants cryosections by
incubating at 4 °C overnight. Immunostaining with primary antibody against rabbit KCNA3
(1:200; Alomone labs), rabbit KCNA6 (1:300; Alomone labs) and mouse SMI32 (1:1000;
Biolegend) was performed on 14 um thick retinal cross-sections and retinal flat mounts by
incubating at 4 °C overnight. Alexa Fluor 488 and 568 were used as secondary antibodies.
Sections were mounted with Vectashield medium containing 4’,6-diamidino-2-phenylindole
(DAPI, Vector).

Microscopy and image processing: Images were captured using 7 Z-stacks with maximum
intensity projection (MIP) on a Zeiss Axio Imager Z1 ApoTome Microscope MRm digital
camera (Zeiss, Oberkochen, Germany) with a 20x APOCHROMAT objective. For more details
about the characteristics of the filter sets for the fluorophores used see Table 1. For the
quantifications of positively labelled cells, pictures were captured on at least six different
areas of the retinal explant for at least four different animals for each genotype. Adobe
Photoshop (CS5Adobe Systems Incorporated, San Jose, CA) was used for image processing.
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Table 1: Fluorophores and microscope filters. Excitation (exc.) and emission (em.) characteristics of the TMR red,
AF488 and AF568 and of the microscope filter sets used to visualize them.

Fluorophore exc. max. / em. max. (nm) exc. filter / em. filter (nm)
TMR red 540/580 538-562/570-640
AF488 495/519 450-490 /500-550
AF568 577/603 538-562/570-640

Ex-vivo retinal function test: Prior to recording organotypic retinal cultures were kept dark
for at least 12h, further manipulations were performed under dim red light. The retinas
were divided into two equal halves, one of which was placed immediately on the electrode
field of the recording chamber and kept in the dark. The second retinal half was used
for histological preparation and immunofluorescence (see above). Two recordings were
obtained from locations within the central retinal half. Retinal function tests were performed
in R16 medium, and the recording chamber temperature was set to 37°C. Functional tests
were performed in R16 medium, and the recording chamber temperature was set to 37°C.
In contrast, experiments with acute retinal explants were caried out in ACSF-medium (Haq
et al. 2018) and exposed either to the cGMP analogues CN238 and CN056, each at [50 uM],
Margatoxin at [50 nM] or kept untreated as a control. Electrophysiological recordings and
raw data preparation of the organotypic retinal cultures and the acute retinal explants were
performed as following: To record the light-evoked retinal responses, a micro-electrode
array system (MEA; USB-MEA60-Up-BC-System-E, Multi-Channel Systems; MCS; Reutlingen,
Germany), equipped with HexaMEA 40/10iR-ITO-pr (60 electrodes = 59 recording and one
reference electrode) was employed. The recordings were performed at 25.000 Hz sampling
rate to collect unfiltered raw data. The trigger synchronized operation of the light stimulation
(LEDD1B T-Cube, Thorlabs, Bergkirchen, Germany) and MEA-recording were controlled by a
dedicated protocol implemented within the MC-Rack software (v 4.6.2, MCS) and the digital
I/0 — box (MCS). The light stimulation (white light LED, 2350 mW, MCWHD3, Thorlabs),
guided by fiber-optic and optics, was applied from beneath the transparent glass MEA: five
full field flashes of 500 ms duration with 20 s intervals. A spectrometer USB4000-UV-VIS-ES
(Ocean Optics, Ostfildern, Germany) was employed to calibrate the intensity of the applied
light stimulation (1,33E+14 photons/cm?sec). For the analysis of the electrophysiology data,
custom-developed scripts (MATLAB, The MathWorks, Natick, MA, USA) were used, if not
indicated otherwise. MEA-recording files were filtered employing the Butterworth 2"-order
(MC-Rack, MC) to extract retinal ganglion cell spikes (high pass 200 Hz) and field potentials
(bandpass 2 —40 Hz). The field potentials recorded by the MEA system are referred as micro-
electroretinogram (LERG), and largely correspond to the human electroretinogram (ERG)
as described by [22]. The filtered data were converted to *.hdf files by MC DataManager
(v1.6.1.0). Further data processing was performed in MATLAB (spike and field potential
detection) as previously described [23,24].

For calcium-imaging of retinal ganglion cells acute retinal explants derived from rd10 mice
were loaded by the calcium-indicator fluorescent dye OGB1 (Oregon Green 488 BAPTA-1,
Thermofisher, Germany, [25]. Recordings of the ganglion cell layer were performed utilizing
an upright fluorescence microscope (BX50WI, Olympus, Germany) equipped with a 20X
water immersion objective (LUMPlan FL, 40X/0.80W, ==/0, Olympus), a polychromator
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(VisiChrome, Till Photonics) and a CCD camera (RETIGA-R1, 1360x1024 pixel, 16 bit). Time
stacks of the OGB1 fluorescence were acquired at 10 Hz (Aexc= 470; Olympus U-MNU filter
set, 30 ms exposure time, 8-pixel binning) using the VisiView software (Till Photonics). KCI
stimulus [50 mM, 50 pul droplet] was bath applied in the vicinity of the objective via the
Micro-Injection Syringe Pump (MICRO2T SMARTouch, World Precision Instruments, WPI,
Florida USA), while the perfusion rate was set to 2 ml/min (Perfusion system of MCS).

Kinase activity profiling using multiplex peptide microarrays: Kinase activity profiling of
retinal explant samples was analyzed on PamGene’s Serine/Threonine Kinase (STK) Arrays,
according to the manufacturer’s instructions (PamGene International B.V., ‘s-Hertogenbosch,
The Netherlands). The rd10 retinal explant samples treated with CN238 or untreated were
lysed for 30 min on ice with M-PER Mammalian Extraction Buffer (Thermo Fischer Scientific,
#78501) supplemented with protease and phosphatase inhibitor cocktails (Halt Phosphatase
Inhibitor Cocktail, Thermo Fischer Scientific, #78420 and Halt Protease Inhibitor Cocktail
EDTA free (Thermo Fischer Scientific, #87785), followed by centrifugation (16 000 x g, 15
min, 4 °C). The supernatant was immediately divided into aliquots and snap frozen at -80
°C. Protein quantification of the retinal lysates was performed by Bradford Assay, as per the
manufacturer’s instructions.

STK activity measurement was performed on PamChips®, where the chip comprises of
four arrays, each with 142 Serine/Threonine-containing peptides. Briefly, each assay was
performed in duplicate with an assay mix comprising of 0.25 ug of protein lysate, protein
kinase buffer (proprietary, PamGene), 0.01% BSA, STK primary antibody mix (proprietary,
PamGene), and 400 uM ATP. The PamChips® were first placed in PamStation® and blocked
with 2% BSA. Subsequently, an assay mix was added and pumped back and forth through
the PamChip® wells in order to facilitate interactions between the active kinases and the
immobilized peptides. The phosphorylation of peptides by kinases present in the samples
was detected by a FITC-conjugated secondary antibody targeting towards the primary STK
antibody cocktail [26,27]. The images of the arrays were recorded at multiple exposure
times and quantified by BioNavigator® software, version 6.3.67.0 (PamGene International
B.V., ‘s-Hertogenbosch, The Netherlands).

Statistics:

1) Analysis of PKG activation/inhibition assay: data were analyzed using GraphPad Prism
8.0.1 (GraphPad Software, Inc, La Jolla, CA, USA). Activation (K_,) and inhibition (IC,)
data are presented as mean + standard deviation (SD); n = at least 3 except CN226 (n=2).

2) Analysis of retinal cell death: The total number of TUNEL positive cells in the defined
area of the outer nuclear layer (ONL) were estimated by dividing the ONL area by the
average area occupied by a cell (i.e., cell size). The number of positively labelled cells in
the ONL was counted manually on pictures captured on at least six different areas of the
retinal explant for at least four different animals for each genotype. Only cells showing
a strong staining of the photoreceptor nuclei were considered as positively labelled.
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Values obtained are given as fraction of total cell number in ONL (i.e., as percentage)
and expressed as mean * SD.

Analysis of ganglion cell survival: An area of 1 mm? was divided by the product of the
length of counting and the section’s thickness (12 pum). The number of RBPMS positive
cells was counted manually. For statistical analysis in both 1) and 2) a one-way ANOVA
testing followed by the Dunnett’s multiple comparison test as implemented in Prism 8
for Windows (GraphPad Software) was conducted.

Analysis of functional-data: (A) MEA data. Data of the organotypic retinal cultures and
the acute retinal explants were analyzed as following: For the quantification of the PKG
inhibitor effects on retinal light sensitivity, the photoreceptor (LERG) and ganglion cell
(spikes) responses were considered: (1) Light responsiveness: This is represented by
the percentage of light-dependent LERG detecting electrodes, to estimate the retinal
light-sensitivity and to indirectly infer the density of functional photoreceptors in a given
electrodes recording field. Note that a single MEA electrode captures the integrated
signal of multiple photoreceptors within the recording field. The 59 MEA electrodes
with 40 um spacing together span an overall recording field of 340 X 280 um, allowing
to estimate the retinal light-sensitivity at 59 different positions. A LERG response upon
light stimulation was counted as light-responsive if exceeding the respective threshold
(response amplitude 1.75-fold > calculated average of 500 ms control pre-stimulus
baseline). (2) Deflection of the negative wave of the HERG: This measure reflects the
strength of the light-evoked photoreceptor response — its hyperpolarization, equivalent
to the a-wave in a conventional ERG — indicated by the initial negative deflection of
the WERG (Figure 3 C, arrow). (3) Spike responses were accounted as light-stimulus
correlated, if the post stimulus activity (average of 6 bin counts: 500 ms light duration and
100 ms post stimulation, 100 ms binning) exceeded the pre-stimulus activity (threshold:
average of 5 bin counts pre-stimulus; 500 ms and 100 ms binning). Activity maps were
generated to reflect the WERG recordings in their spatial context. Each pixel corresponds
to a recording electrode of a MEA (center-center) and its surrounding recording area.
The color encodes the negative deflection of the recorded HERG (-5 uV binning). For
statistical analysis of the rd10 data, one-way ANOVA followed by the Dunnett’s multiple
comparison test was applied and for the WT dataset the Wilcoxon-Mann-Whitney test
was utilized (MATLAB, The MathWorks).

Analysis of STK data: The microarray images taken at multiple exposure times were
combined to a single value in BioNavigator® and log2 transformed. The differences
in phosphorylation signal intensities (significant differences p < 0.05) between rd10
treated with CN238 and untreated retinal samples for each peptide (KCNA1_438_450,
KCNA2_442 454, KCNA3_461_473, KCNA6_504_516) was determined by Unpaired
t-test and visualized as Bar Plots (GraphPad Prism version 9.2.0). (B) Calcium-imaging
data. Ganglion cell traces were extracted from calcium-imaging recordings (200 per
recording) by encircling ganglion cells as region of interest (ROI, ~ 10-pixel diameter).
The ROIs were drawn manually in ImageJ and the extracted traces values were imported
and analyzed using Matlab (MATLAB, The MathWorks). For statistical analysis of the
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functional data one-way ANOVA followed by the Dunnett’s multiple comparison test
was applied (MATLAB).
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Figure S3: Agonistic and antagonistic properties of the cGMP analogues CN003, CN238, and CN226. The activation
of all PKG isoforms (grey solid line) was determined with cGMP (cf. supplementary figure 1). Activation/Inhibition
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Figure S4: CN238 improves RGC viability and function in WT retinal explant cultures. (A) Representative light-
correlated RGC spike recordings of WT P24 retinal explants treated from P14 to P24 with 50 uM CN238 and
compared to NT. (B-D) Quantification of light-stimulus evoked retinal activity in NT and treated WT explants: (B)
light responsiveness (percentage of MEA electrodes detecting light-correlated HERG activity). (C) Quantification of
negative LERG amplitudes. (D) RGC activity expressed as percentage of MEA electrodes detecting light-correlated
spike-activity. (E) Sections derived from recorded WT P24 retinal explant cultures stained with DAPI (grey) and
RBPMS (green). (F) Quantification of RBPMS positive cells in WT P24 retinal explants sections NT or treated with
CN238. (G) Quantification of photoreceptor rows in NT and CN238 treated WT explants. Error bars indicate SD;
statistical analysis: unpaired Student’s t-test; levels of significance: *P < 0.05, **P<0.01, ***P < 0.001. ONL = outer
nuclear layer, INL = inner nuclear layer, Phr = photoreceptor, LERG = micro-electroretinogram, GCL = ganglion cell
layer, MEA = micro-electrode array.
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Chapter 7

General discussion






Overview of the results and main findings

In spite of the high genetic and phenotypic heterogeneity in inherited retinal degenerative
diseases (IRDs), several gene-based therapies have been successful in clinical trials and the
first drug Luxturna (for the RPE64 specific gene mutation) has been FDA-approved in 2017.
However, implementation of gene-based (or stem cell based) therapies is challenging as
well as very expensive with a limited fit for a specific genetic defect. Therefore, it is crucial to
find novel generic targets and develop a more common way for IRD treatment. As described
in Chapter 1, in the last two decades a great amount of research has been carried out
around the control of the 3’,5'-cyclic guanosine monophosphate (cGMP) axis, its interplay
with signal transduction and the role of the protein kinase G (PKG) family. Several European
research collaborations (Drugsford, transMed, TreatRP) have initiated the search into novel
potent cGMP inhibitory analogues capable of targeting photoreceptor cell death pathways.
In the present thesis the effect of these novel cGMP inhibitory analogues on PKG and its
downstream targets was studied in several model systems using recombinant kinases,
photoreceptor-derived cells and transgenic mice models mimicking pathophysiology of
retinal degenerative diseases.

In Chapter 2, a literature review is presented to describe the key pathways involved in
photoreceptor cell death and the analytical methods employed to study them. The initial
studies focused on apoptosis of photoreceptor cells in the retina but research methods
applied could not clearly differentiate between apoptotic and non-apoptotic cell death [1].
The therapeutic strategies based on inhibition of apoptotic pathways provided only limited
success [2,3] and current research focus has shifted to non-apoptotic photoreceptor cell
death pathways with new insights on the role of epigenetic factors, energy metabolism and/
or the phototransduction cascade and the interplay with cGMP signaling. In the present
thesis, studies were conducted with a focus on the role of the cGMP-PKG signaling axis in
photoreceptor cell death. As described previously, phototransduction is regulated by changes
in cGMP levels in photoreceptors and accumulation of cGMP has been demonstrated to
damage photoreceptors and is a common feature in different IRD models [4,5]. This makes
it important to study the cGMP-dependent signaling pathways in photoreceptor mediated
cell death and to identify potential novel biomarkers for IRDs which is the main focus of this
thesis. Chapter 2 also presents a discussion on several studies on gene expression (RT-qPCR
and Microarrays) and protein expression (Western Blot, Enzyme-linked immunosorbent
assays, Mass spectrometry, Immunohistochemistry and Multiplex peptide microarrays), and
tools to assess cell metabolism (Clark electrodes, Warburg apparatus, Seahorse bioanalyzer)
to study IRDs [6].

Recent accumulated evidences suggest that it is imperative to study cGMP-dependent
photoreceptor degeneration mechanisms for identifying mutation-independent therapies.
cGMP can either bind to cGMP-gated ion channels (CNGCs) and increase Ca?* influx inside
photoreceptors or it can bind to cGMP-dependent Protein Kinase G (PKG) which can
phosphorylate several proteins and activate a plethora of biological pathways. The direct
relationship between CNGCs and increased Ca?* with photoreceptor cell death has not
been clearly established [7-9], whereas PKG- specific inhibition has shown to significantly
decrease photoreceptor cell death [10,11]. PKG as a serine/threonine kinase has two
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isoforms, PKG1 and PKG2 and could have hundreds of potential targets about which limited
information is available. Moreover, the current targets and mechanisms to explain the role
of PKG (in)activation in the retina are not well known. Therefore, in Chapter 3, a new tool for
the kinase activity profiling of the retina was applied using a multiplex peptide microarray
technology and in this way novel and relevant PKG substrates could be identified. First the
activity of recombinant PKG1 and PKG2 were assessed in the presence of known PKG activity
modulators such as ATP, cGMP, cAMP and PKG activator/ inhibitors on microarrays containing
142 Serine/Threonine-containing peptides. Based on the phosphorylation response of these
peptides, 50 PKG targets were identified as either specific and/or common for PKG1 and
or PKG2. This information was thereafter applied to study the role of endogenous PKGs as
present in the murine photoreceptor cell line 661W. The results suggested that in a complex
cellular environment, PKG activators can cause an increase in PKG activity but the most
prominent effect was seen in another, closely related kinase, PKA. According to literature,
PKG2 is able to phosphorylate the catalytic subunit of PKA [12], which was also confirmed
by our recombinant PKG study [13].

To shed more light on the possible interaction of PKG inhibitors in the retina and its critical
phosphorylation targets and downstream pathways, murine retinal tissue and explants
were used in Chapter 4. In this chapter, it was confirmed that the target-specific inhibition of
PKG activity (through PKG inhibitor CNO3) in organotypic retinal explants is able to strongly
reduce the number of TUNEL positive dead cells, indicating a neuroprotective effect of
CNO3 on the retina. Investigation of the kinase activity after CNO3 treatment also appeared
to result in an overall decrease in phosphorylation of peptides in CNO3-treated diseased
retinal explants [14]. The designation of the peptides as PKG1- or PKG2- substrates was
based on our studies in Chapter 3, where we ranked the peptides on the multiplex peptide
microarray according to their preference for PKG1 and or PKG2 recombinant kinases.
Out of twenty-two strongly altered peptides in CNO3-treated rd1 explants, fourteen are
substrates for both PKG1 and PKG2, three for PKG1 only. Based on literature data, among
those fourteen peptides, KCNA6, NCF1, GRIK2, VTNC, ADRB2, BRCA1, RYR1, KCNA3, and
VASP have been confirmed to be present in the retina. In Chapter 4, the phosphorylated
peptides were subsequently linked to the putative upstream kinases and found that kinase
activity of particularly PKAa, Pim1, PKG1, PKG2, CaMK4 was suggested to be reduced by
CNO3 treatment in the retina explants. Notably, these were the same kinases that were
predicted to be more active in the diseased rd1 explants in comparison to WT explants,
demonstrating the specific targeting by the drug candidate CNO3. Major biological pathways
such as Insulin resistance, mTOR, MAPK signaling, long-term potentiation, circadian
entrainment, and HIF-1 signaling, determined to be potentially downregulated with the
treatment were upregulated in the diseased condition. From these peptides and biological
pathways found to be affected in their phosphorylating activity, six peptides were selected
for further confirmation by immunohistochemical analysis (CREB1, KCNA3, KCNA6, TOP2A,
F263, GRIK2) using ex vivo analysis of the retina. Here, we were able to confirm the presence
of these proteins in different cell layers of the retina, which may play a crucial role in cGMP-
PKG mediated photoreceptor degeneration.

The research in retinal tissue in the rd1 model was followed by studying the uniquely
phosphorylated proteins by PKG in the IRD model rd10 by integration of kinome activity
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and phosphor-proteomics analysis as described in Chapter 5. The rd10 is another frequently
used mice model to mimic retinal degeneration but degeneration happens at a slower
rate so the retinal structure and (cell) functions are maintained over a longer period of
time. In this study both multiplex kinome activity profiling (applying microarray analysis)
and phosphoproteome profiling (applying Liquid Chromatography-Mass Spectrometry:
LCMS analysis) were performed simultaneously in rd10 retinal explants either treated or
untreated with the PKG inhibitor (CNO3). The CNO3-mediated PKG inhibition showed an
overall decrease in phosphorylation of peptides in multiplex kinome activity profiling with
a significant decrease in phosphorylation of seven peptides. Out of the seven peptides,
CAC1C, PLM, CREB1, PTK6, and TOP2A were identified as substrates for both PKG1 and
PKG2, while RBL2 and STK for PKG2 only. Notably, a diverse phosphoproteomics profile was
observed in CNO3-treated rd10 explants with both inhibited as well as activated phospho-
peptides in the LC-MS data as compared to the untreated rd10 controls. The highest-ranking
network of kinases supposed to be downregulated with the treatment and common to both
techniques (LC-MS and kinome activity), the AGC and CaMK families of kinases (eg. PKG1,
PKG2, PKA, CaMKs, RSKs, AKTs, SGKs, and PKD1) were prominent. Intracellular signaling by
second messengers, Calcium-induced signalling, Calmodulin-induced events, MAPK targets,
CREB phosphorylation and RAS activation were amongst the major biological pathways
which were affected by CNO3 treatment in this rd10 model. From the identified peptides
and pathways that show reduced phosphorylating activity, 3 substrates (CREB, CaMK4 and
CaMK2) were selected for further confirmation to assess their presence as well as activity
by immunohistochemical analysis and immunoblotting using ex vivo analysis of the retina.
Finally, we were able to confirm the presence and activity of three potential PKG targets
where CaMK2 and CREB showed higher expression and phosphorylation in rd10 whereas in
contrast CaMK4 showed higher activity in wild type retinal explants.

In Chapter 6, the effect of a novel PKG inhibitor CN238 was studied in rd1 and rd10 retinal
explants with a special emphasis on its effect on the K~channel K 1.6. Photoreceptor
viability and functionality was preserved in rd10 retinal explants by both the promising PKG
inhibitor CN238 and the reference compound CNO3. Additionally, CN238 and CNO3 also
protected retinal ganglion cells from axotomy-induced rapid degeneration during the retinal
explanation procedure and preserved their functionality. Further analysis of kinase activity-
dependent protein phosphorylation patterns in CN238-treated rd10 explants revealed an
overall decrease in phosphorylation of peptides with a significant reduction in twenty-one
peptides. Moreover, the Ca%" imaging experiments identified the outward rectifying K*-
channel K 1.6 as a possible mediator of PKG-dependent axotomy induced degeneration of
ganglion cells. These results confirmed the significant neuroprotective capacity of cGMP
analogues on both the photoreceptors and retinal ganglion cells, thereby broadening their
potential applications for the treatment of retinal diseases and possibly neurodegenerative
diseases characterized by axonal damage such as spinal cord injury and multiple sclerosis.

In summary, this PhD thesis confirmed the key role of cGMP and PKG activity in photoreceptor
degeneration in retina and several novel targets downstream of cGMP-PKG signaling
were identified in both photoreceptor cell cultures as well as in retinal explants. This is a
remarkable step forward in the search of the downstream effects of new cGMP analogues
which, up to now were studied mostly with a few, selected kinase substrates applying
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immunohistochemistry staining in the retina. The novel potential PKG targets identified
by multiplex peptide microarrays could further be validated by other protein expression
techniques. Therefore, this approach and the findings could elucidate the role of PKG,
especially of downstream targets in photoreceptor as well as ganglion cell degeneration.

General Discussion and future perspectives

PKG and its downstream targets

In Chapter 3, the multiplex peptide analysis of 661W cell lysates and recombinant PKGs and
PKG identified several novel PKG targets. Depending on the peptide substrates, PKG1 and
PKG2 showed similar kinase profiles, but also some isoform-specific substrate regulation.
In addition to ten known substrates established from literature, about fifty new substrates
specific to PKG1 and/or PKG2 were identified. This is a great advantage of multiplex peptide
arrays, where one can study simultaneously more than 100 endogenous Serine/Threonine
kinases and their downstream phosphorylation targets within a cell or tissue system. In this
thesis, the unbiased kinome activity profiling approach identified interesting downstream
interacting targets of PKG in retinal degeneration. For instance, cCAMP response element-
binding protein (CREB1) and calcium-calmodulin dependent protein kinase 2 (CaMK2) were
identified as major targets potentially affected by PKG inhibition in rd1 and rd10 (Chapter
4 and Chapter 5). CREB1 is known to be overexpressed and constitutively phosphorylated
in cancers and its pharmacological inhibition by compound 666-15 is well tolerated in vivo
[15,16]. Interestingly, CREB1 is targeted by CaMK2 which is known to be overactivated in
rd1 photoreceptors [17,18]. It has also been reported that CaMK2-CREB signaling might
be compromised in excitotoxic and axonal injuries in ganglion cells and reactivation of
CaMK2 has protective effect on ganglion cells [19]. Moreover, the role of PKG activation
in stimulation of the calmodulin/CaMK2 signaling cascade has also been confirmed in
cardiomyocytes [20]. Therefore, PKG mediated CaMK2-CREB signaling looks like a promising
target in photoreceptors as well as ganglion cell preservation. Another closely related
kinase, CaMK4 which also targets CREB1, was identified to have potentially lowered activity
upon CNO3 treatment but validation experiments showed an increased signal intensity after
the treatment. Further studies into CaMK2 and CaMK4 in regulation in different cell layers
of the retina is recommended to determine if it is overexpressed in photoreceptors and/or
other retinal cell layers.

Besides the determination of key PKG-specific downstream targets, a significant cross-talk
within the cGMP-PKG-PKA signaling axis was observed in 661W cells which is known to
express the phosphodiesterase 6 (PDE6) enzyme, essential to control the cGMP axis and
both isoforms of PKG [21]. In addition to PKG, our results showed that PKA can also be
activated by cGMP, albeit at higher concentrations, in the range of those needed to open
CNG channels. Furthermore, In the 661W cells we demonstrated that PKA is also able to
phosphorylate VASP, a known direct target of PKG. This cross talk between PKG and PKA as
found in cells indicates that PKG is activated by cGMP and this step subsequently activates
PKA, which might provide a plausible explanation for the clear effect of PKA via the cGMP
axis. In this environment the common route of PKA activation (through the cAMP stimulus)
might be bypassed by the cGMP route. This is confirmed by literature studies where PKG is
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known to phosphorylate the regulatory subunit of PKA in vitro and in vivo which circumvents
activation of PKA by cAMP [12]. In contrast, PKA could also elevate cGMP concentrations
through Ca? mobilization or through cAMP and subsequently affect PKG signaling in ciliary
cells [22]. Furthermore, along with PKGs, PKA was also amongst the major kinases with
potentially lowered activity upon CNO3 treatment in rd1 and rd10 retinal explants (see
Chapter 3 and 4). Since, cGMP, cAMP, Ca?*, PKG, and PKA-signaling pathways are closely
interconnected, it is imperative to study this interplay of PKG-PKA further in retinal cells.
As a follow up to the cell studies, kinome activity profiling was performed on rd1 and rd10
organotypic retinal explants treated with the PKG inhibitor CNO3 (Chapter 4, Chapter 5). The
major kinases with potentially lowered activity included PKGs but also other kinases such
as PKAs, PKCs and CaMKs. Moreover, recent studies identified these same kinases as cGMP-
interacting proteins with potentially higher activity in murine IRD retinas, which might be
interesting to develop novel therapeutic targets, supplementary to the PKG axis [14,23].

Additionally, several voltage dependent potassium channels belonging to the K 1 family
(K,1.3, K 1.6) showed significantly reduced phosphorylation on treatment with CNO3 in rd1
and CN238 in rd10 retinal explants (Chapters 4-6). K 1.3 and K 1.6 were also confirmed to
be localized in different layers of the retina and MEA recordings showed that in addition
to photoreceptors, they also preserved ganglion cells in rd10 long-term retinal explant
cultures. The K 1 family has been identified to contribute to ganglion cell degeneration
after optic nerve axotomy [24] and knockdown of either K 1.3 or K 1.6 has rescued ganglion
cells in vivo [25]. Since, ganglion cell degeneration is not strictly related to IRDs but also
a key feature of other retinal diseases such as glaucoma [26], diabetic retinopathy [27],
and exudative or non-exudative age-related macular degeneration [28,29], these results
broaden the applicability of PKG inhibition in diseases other than IRDs.

Quest for preclinical models to study IRDs

Single cell types are one of the simplest in vitro models to study retinal diseases. The cell lines
used to study IRDs are derived from different cell types of the retina such as photoreceptors
(661W, WERI-RB, Y79), retinal pigment epithelium (ARPE-19, D407) and ganglion cells (RGC-
5) [30]. Cell lines allow quick and efficient screening of novel drugs as cell viability assays can
be conveniently performed. However, cell lines are very systematic and uniform in nature
and do not provide the diversity of a living tissue. Primary cell culture where cells are derived
directly from the tissue of interest are considered to be closer to in vivo situation than
established cell lines. Primary photoreceptor-like cell cultures derived from rd1 murine eyes
have been used as rapid in vitro compound screening system for several cGMP analogues
to evaluate their effect on cell death [31]. Availability of tissues, complex and laborious cell
culture and differentiation techniques, difficulty in reproducibility and having limited cell
division and growth in culture media are some of the key issues associated with primary cell
cultures. An ex vivo model system such as organotypic retinal explant culture recapitulates
certain aspects of the in vivo retina very well including the retinal histology and presence
of multiple cell types. Here, the retina is isolated and its physiology with multiple cell layers
is preserved in cell culture for at least 2 weeks [32]. Retinal explant cultures are excellent
models to study disease mechanisms, electrophysiology and drug screening [14,31].

GENERAL DISCUSSION 169



Among animal models, murine models have been extensively used to determine proof
of concept and act as a bridge between in vitro and in vivo studies. Murine models are
available for 40% of human IRD-related genes which provide immense possibilities for
research [33]. The photoreceptor cell loss phenotype in IRD murine models is similar to that
in humans as degeneration of rods is followed up by cones and eventual blindness. Even
though rate of photoreceptor degeneration in murine models is much quicker than that in
human, it is helpful to use this model since it resembles pathogenesis and at the same time
it reduces duration of studies and costs. Also, the model can be maintained under standard
housing and breeding conditions and it is genetically manipulative. Nevertheless, in one of
the best-characterized animal model of RP rd1, the photoreceptor degeneration overlaps
with developmental apoptosis and rod cell death is almost completed by postnatal-day (P)
21 [34]. This is not the case in a slower degenerating model rd10, where rod cell death is
completed by P45 and hence retinal structure and function is maintained over a longer time.

Even though mice IRD models serve as powerful tools to study etiology of human retinal
degeneration, there are variations which can be strain-specific or due to different housing
conditions for the mice. Laboratory mice are nocturnal and hence have arod dominated retina
which might be more interesting to study than the late photoreceptor degeneration process.
They also do not have a macula which is present at the center of the retina and is responsible
for visual acuity and most of the colored vision. Hence, macular dystrophies IRD studies are
more relevant in large animals such as pigs, dogs, non-human primates [35]. They have
high photoreceptor density including importantly cones, equivalent to the human macula
[36,37]. Another advantage of large animals over laboratory murine models is similarity in
their size of eye to the human eye [38]. This is very useful in development of translational
therapy response because the surgical or drug delivery approaches will be almost similar
and could be used later in human patients. For instance, the therapy development of the
first FDA-approved gene therapy, Luxturna was performed in a dog model [39]. In spite of
these advantages, generation of large experimental animals is expensive, slow and involves
ethical concerns. Rate of photoreceptor degeneration is relatively slow which resembles
closely to humans, which prolongs the duration and cost of studies

Recently, the culture systems for production of 3D tissue organoids from pluripotent stem
cells from human IRD patients, have become an important tool to generate retinal tissues
in vitro and reflect the in vivo disease development environment more closely. Retinal
organoids provide a promising approach for rebuilding retina in patients with advanced
retinal degeneration and are considered as a replenishable source of retinal progenitors
building up neuroprotective strategies [40,41]. In a recent study, 3D retinal organoids were
developed from induced pluripotent stem cells from a Retinitis Pigmentosa (RP) patient
and the photoreceptor degeneration was successfully rescued by adeno-associated virus-
mediated delivery of a specific gene [42] indicating great potential of this model in modelling
photoreceptor degeneration and testing potential therapies in future.

Studying PKG signaling and its inhibition in IRD murine models

In this thesis, two murine IRD models were applied with different retina degeneration
characteristics. The rd1, is probably the most extensively studied animal model for Retinitis
Pigmentosa (RP). Itis characterized by severe rod photoreceptor degeneration already during
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retinal development where by postnatal day (P) 21 only cone photoreceptors remain [34]. In
contrast, rd10is a slower degeneration model where PDE6B is still partially functional, which
postpones complete rod cell death until P45 [34]. Since, rod photoreceptors remain viable
for a longer period and photoreceptor degeneration does not coincide with developmental
apoptosis, it has been postulated that rd10 might resemble the human IRD condition more
closely. Still in both the models, complete or partial non-functionality of PDE6 leads to an
aberrant increase in cGMP which is toxic for photoreceptors [43]. This feature makes them
state-of-the-art models to study mechanisms downstream of excessive cGMP signaling.

In both the models, application of PKG inhibitors (CNO3 and CN238) showed a protective
effect on photoreceptor cell death by significantly decreasing the number of TUNEL positive
cells (Chapter 4-6). Effects of PKG inhibitor treatments showed a significant overlap in both
rd1 and rd10. The major common peptides with significantly decreased phosphorylation
were CREB1 and TOP2A and kinases potentially involved in differential phosphorylation
were PKG1, PKG2, and CaMK4. Still for the rd10 model, CNO3 treatment resulted in a lower
number of peptides affected when compared to CNO3 treatment in rd1. The difference in
number of differentially phosphorylated peptides could be attributed to a distinctive rate of
photoreceptor degeneration in rd1 or rd10 and the fact that the time point chosen for CNO3
treatment was not identical in both models. A straightforward head-to-head comparison
of PKG targets in both rd models is advised to investigate the expression of these potential
PKG targets with time in degenerating rd1 and rd10 retinas. Since, for rd10 at P18 still some
residual PDE6 activity is left, this might be the reason why we did not observe significant
changes in differential phosphorylation of peptides with CNO3 treatment in the rd1 retina
at P10. These differences in time events between the two models should be addressed in
future studies assessing retinal degeneration.

Suitability of multiplex peptide microarrays in identifying novel, potential kinase targets

Protein phosphorylation by kinases is one of the critical drivers of signal transduction which
leads to diverse cellular events such as cell death, growth, differentiation, and apoptosis.
Over 73 FDA approved kinase inhibitors for a single target also have affinity for multiple
kinases which can shed light on signaling networks [44]. The kinase inhibitor drugs have
limited success in clinical trials because of side effects which were not identified earlier.
The high-throughput kinome profiling technologies are thus very important to study kinase
inhibitors and identify the kinase signaling networks. Since a kinase can have multiple
substrates, these multiplex peptide microarrays were used to identify 60 novel substrates
for recombinant PKGs (Chapter 3). It was followed up by investigation of the effect of PKG
inhibitors on endogenous kinase activity in retinal cells, tissue and explants (Chapters 4-6).

In this thesis, multiplex peptide array platforms with Serine/Threonine (STK) chips permitted
simultaneous profiling of kinase activity for hundreds of protein kinases in retinal samples.
Amongst the various kinome profiling methods available (e,g. Kinomescan, KinoBeads), the
peptides microarray method has the advantage of its unique chip design allowing higher
concentration of peptides which ultimately increases the signal sensitivity and reduces
noise [44]. Also, to maximize binding kinetics and reduce reaction time, the samples
are pumped back and forth through the array throughout the duration of the assay. The
multiplex platform has been successfully deployed across multiple research domains and
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generated actionable scientific insight in cancer biology [45,46] and neuroscience [13,14].
This permits assessment of samples with biological context, where the net effects of all the
interactions between kinases and kinase regulating molecules are reflected in the results.
However, reporter peptides on the microarray may be phosphorylated by multiple protein
kinases, therefore, this requires sophisticated bioinformatic softwares to deconvolute
kinome activity data and predict potential kinases responsible for phosphorylation pattern
whilst these peptides are not described well enough in literature and bioinformatics
database. Another, obvious limitation of the technology is that the chips are biased to the
information available on the printed peptides on the chips. Also, it should be mentioned
that non-specific binding of antibodies does occur during phosphorylation signal detection
and this requires deconvolution methods to map upstream kinases to explain the variation
of the phosphorylation signals. Even though these are notable limitations, this multiplex
peptide array provides a powerful high-throughput profiling technique to measure kinome
activity in complex biological samples [44,47].

The multiplex peptide microarrays allow generation of hypothesis of the kinases that
might be involved in changes in peptide phosphorylation. However, since the human
Serine/Threonine kinnases are represented by a limited number of 142 peptides on the
microarrays, this also limits the accuracy of kinase prediction by their activity/specificity
data available on these databases. To validate the hypothesis generated by microarrays
and test the kinases that are actually involved, additional confirmatory experiments are
required. The novel PKG target proteins identified in this thesis by peptide-based microarray
technology were validated by antibody-based techniques such as immunohistochemistry
and immunoblotting to confirm their presence and activity in retinal tissue and explants
[14]. In future other techniques such as gene expression studies could also be employed for
PKG target validation along with multiplex peptide microarrays. Gene expression analysis
studies of three different IRD models at peak photoreceptor cell death have identified several
differentially expressed cGMP-related genes and cGMP-PKG signaling pathways to be mostly
affected [48]. In Chapter 5, kinome activity profiling by multiplex peptide microarrays was
combined with phosphoproteomics which resulted in identification of PKG targets which
were common to both the techniques. However, careful analysis is required to get a full
picture of the phosphoproteome in all retina cell layers. Currently applied protein detection
techniques and microarrays require no-prior knowledge of the target and are sensitive and
quick, however they do use whole tissue lysates, which is a heterogenous mixture of all
different cell types in the retina. Since the 3D structure of the retina is so important for its
function, it is not easy to determine which cells in the retina are actually responsible for
the change. New developments in mass spectrometry may provide single-cell resolution
in future [49]. The same holds true for new developments in single cell next generation
sequencing, which may help to unravel activated pathways on the cellular level [50,51].

The first application of assessing phosphorylating PKG targets in the retina comes from the
work with VASP peptide which has been frequently used to localized the PKG activation
in different cell types in the retina [31]. In the thesis, localization and phosphorylation
signal intensity of several new proteins could be determined in different retinal cell layers,
as described in Chapters 4-6. Even though IHC provides single cell resolution, IHC is also
limited by availability of antibodies that specifically target a particular protein. Fluorescence
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quenching, affinity chromatography are some other techniques that could be applied
to determine if proteins are in closed proximity. In a study, to identify cGMP-interacting
proteins in normal and degenerating retinas, affinity chromatography with immobilized
cGMP analogs was used to enrich the retinal samples with cGMP-interacting proteins and
followed up by mass spectrometry [23]. The proximity of identified novel proteins such as
pCaMK2a, GSK3[3, MAPK1/3 and EPAC2 in situ to cGMP in the photoreceptor layer seems
thus a valid conclusion and was also confirmed by Proximity Ligation Assay.

Insummary, multiplex peptide microarray technology, along with IHCand phosphoproteomics
was applied successfully to extend the knowledge of PKG and its downstream targets in a
multi cell layered retina. Nevertheless, studying single protein kinases will remain essential
in biochemical validation studies and the application of next generation sequencing
techniques may further help profiling of kinase events in retina in search for addressable
gene targets.

Challenges to develop drug candidates targeting the PKG axis in retina

Over the last decades, cGMP analogues have been proposed as a valid target to intervene
with signal transduction [52,53]. PKG inhibitors that target ATP-binding sites such as KT5823
or substrate-binding sites such as DT-2 on PKG lack specificity or potency in vivo [54,55].
On the other hand, cGMP analogues, and especially the new generation of analogues are
a class of second messenger compounds that are able to activate or inhibit both isoforms
of PKG [56]. The inhibitory cGMP analogues (Rp-cGMPS) bind to the cGMP-binding sites on
PKG and prohibit the conformational change required for activation of the catalytic active
subunit of PKG. These analogues are resistant to hydrolysis by PDEs which metabolizes in
vivo cGMP to 5-cGMP. The class of novel cGMP inhibitory analogues used in this thesis,
also include additional B-phenyl-1,N2-etheno-modification (PET) moiety in the Rp-cGMPS
backbone which makes it an inhibitor of CNGCs too along with PKGs. Further alterations
such as addition of sulphur-connected to aromatic ring or other substituents such as a
bromine atom, strongly increased lipophilicity of these compounds as compared to cGMP,
which resulted in enhanced membrane permeability [31]. It is possible that these cGMP
inhibitory analogues in addition to their primary effects also cause elevation of cAMP
and cGMP by indirectly inhibiting all the PDEs in the cells eg. CNO3 (Rp-8-Br-PET-cGMPS)
inhibits PDE1B/2/4/5/10 [56]. These analogues might also have different selectivity for PKGs
eg. CNO3 appears to be a more potent inhibitor of PKG1 (Ki= 35 nM) than PKG2 (Ki= 450
nM) [57,58] and could have multiple targets eg. CNO3 can inhibit PKA but only at higher
concentration of 11 uM [57]. Therefore, interpretations of effects of these novel cGMP
inhibitory analogues should take into account their specificities and possible cross target
activities in assessing recombinant kinases as a starting point.

The initial pre-clinical studies of these novel cGMP inhibitory analogues on IRD models
in vitro and in vivo suggest their exciting potential as drug candidates [11,59]. However,
how far these benefits will translate to patients remains to be investigated. To develop
these compounds into a successful IRD treatment requires delivery of these compounds
to photoreceptors in the retina. Different routes of local drug administration have been
used such as suprachoroidal [60], subretinal [61], and intravitreal [62] injection. The local
administration routes target the eye and hence limit exposure to the rest of the body. Even if
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the drug leaks out of the eye, it gets diluted several orders of magnitude which significantly
reduces the risk of adverse effects [63]. However, patient discomfort, need of well-trained
doctors and possible intraocular inflammation hinder local application of the drug in the
eye. These problems could be overcome by systemic drug administration routes but they
will require very high drug dose in order to reach an effective concentration in the eye
and drugs are also rapidly excreted by the urinary system [63,64]. Moreover, a restrictive
physiological blood-retinal-barrier protects the retina and this also possess quite a challenge
for therapeutic agents to reach photoreceptors. These issues could be avoided if the drug
is encapsulated with a retina-target drug delivery system such as glutathione conjugated
liposomes [65]. The cGMP analogue CN03, encapsulated in glutathione conjugated liposome
has shown effective drug delivery in the retina enabling significant photoreceptor protection
in IRD models [11]. Nonetheless, the feasibility of systemic retinal drug administration needs
to be explored further in clinical settings as there is risk of potential systemic adverse effects.
Thus, a careful analysis of drug administration routes for the cGMP inhibitory analogues and
drug delivery systems which comply with regulatory requirements as well as further studies
on potential systemic side effects are critical. Future research in the role of cGMP analogues
should also take into account the issues with drug delivery into the retina early on and alter
compound development as well as delivery systems accordingly. In addition, the stability of
the drug and not being hydrolysable by PDEs in human body are some other properties that
need to be investigated further. Pharmacokinetics and toxicological studies of these drugs
and their liposomal encapsulated form could be done in higher animal models. Effect of
the drugs on surrogate biomarkers could be studied in (target) tissue and/or in peripheral
blood stream. The response of these potential biomarkers should first to be optimized and
validated in animal models in vivo thereby offering the future possibility to compare and
analyze the phenotypic outcome in clinical trials where these novel PKG targets could be
quantitatively evaluated even in RP-patient blood samples as a biomarker.

In conclusion, the identification of novel PKG targets and the associated biological pathways
using PKG inhibitors such as CNO3 and CN238 as shown in this thesis is encouraging and
merits further (pre) clinical research into the druggability of the target in vivo. The PKG
inhibition studies in this thesis have clearly identified novel phosphorylated targets such
as CaMKs and CREB which could provide a basis for understanding cGMP-PKG mediated
photoreceptor degeneration mechanisms. These new PKG targets could eventually also be
developed to serve as new (surrogate) biomarkers to study the effect of CNO3 and CN238
in clinical trials.
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Inherited retinal degenerative diseases (IRDs) are a group of rare diseases that lead to
progressive vision loss due to photoreceptor degeneration and eventual blindness. They are
characterized by diverse genetic and phenotypic heterogeneity which mandate the quest
for designing generic treatments that will be amenable for a large cohort of patients. The
3’,5’-cyclic guanosine monophosphate (cGMP)-mediated Protein Kinase G (PKG) signaling
has been implicated as one of the major drivers leading to photoreceptor cell death.
Therefore, a better insight into the downstream effects of PKG and its phosphorylation
targets is necessary to design better PKG targeted therapies and novel treatment response-
related biomarkers.

The aim of this thesis was to study the effect of novel PKG inhibitors on kinase signaling and
photoreceptor viability in retinal cells, tissues and explants. This knowledge was applied
to identify potential new PKG target proteins (surrogate biomarkers) and the biological
pathways downstream of PKG, which might lead to photoreceptor degradation. Chapter 1
provided an introduction to the topic. In Chapter 2, key pathways involved in photoreceptor
cell death and their study by transcriptomics, proteomics and metabolomics techniques was
described. Since, proteins targeted by PKG in the retina are still unknown, in Chapter 3,
recombinant PKGs in the presence of PKG activity modulators were applied on multiplex
peptide microarrays to identify 50 novel PKG substrates. When microarray methodology
was applied on photoreceptor-derived 661W cells treated with PKG modulators, the
results indicated prominence of another closely related kinase PKA, besides PKGs. Thus,
interpretation of any effects of PKG activity modulators in a biological system should take
their potential cross-target activities into consideration. The possible interactors of PKG in the
retina were investigated further in Chapter 4 using in vivo murine rd1 retinal tissues and ex
vivo organotypic cultured explants. PKG-specific inhibition by CNO3 provided photoreceptor
protection in rd1 retinal explants. Kinase activity profiling results demonstrated an overall
decrease in peptide-based substrate phosphorylation after CNO3 treatment, with a
significant decrease in 22 peptides. Based on PKG classification data from chapter 3, 14 of
the significantly changed peptides were substrates for both PKG1 and PKG2 and 3 for PKG1
only. The major kinases predicted to have lowered activity with CNO3 treatment were PKAq,
Pim1, PKG1, PKG2, and CaMK4. The presence of six proteins corresponding to the peptides
was confirmed in different cell layers of the murine retina. PKG is a serine/threonine
kinase (STK) with likely several hundred potential phosphorylation target which makes it
difficult to find targets or biomarkers relevant for photoreceptor cell death. To overcome
this hurdle, in Chapter 5, the uniquely phosphorylated proteins by PKG were studied by
combination of kinase activity profiling and phosphoproteomics techniques in the IRD
murine model rd10 in the absence and presence of the PKG inhibitor CN03. Similar to rd1,
CNO3 exhibited a neuroprotective effect on photoreceptors in rd10 as well. Kinase activity
profiling of rd10 retinal explants showed an overall decrease in peptide phosphorylation
after CNO3 treatment. Out of 7 significantly changed peptides, 4 were substates for both
PKG1 and PKG2 and 2 for PKG only. The mass-spectrometry-based phosphoproteomics data
showed diverse inhibited as well as activated peptides. Intracellular signaling by second
messengers, Calcium-induced signalling, Calmodulin-induced events, MAPK targets, CREB
phosphorylation and RAS activation were amongst the major biological pathways which
were affected by CNO3 treatment in this rd10 model. Based on integration of data from
both the techniques CREB, CaMK2 and CaMK4 were identified as key effected downstream
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proteins of PKG and their presence was confirmed in retina by immunohistochemistry and
immunoblotting. In Chapter 6, the effect of a novel PKG inhibitor, CN238 was studied in
rd1 and rd10 retinal explants. Akin to CNO3, CN238 preserved photoreceptor viability and
functionality in both rd1 and rd10. Further studies revealed that both CNO3 and CN238
in addition to photoreceptors, also protected retinal ganglion cells. The kinome activity
profiling and Ca?* imaging experiments of CN238-treated rd10 retinal explants identified the
K*-channel K 1.6 as a possible mediator of PKG-dependent axotomy induced degeneration
of retinal ganglion cells. Thus, these results broadened the potential application of PKG
inhibitors in diseases characterized by axonal damage such as spinal cord injury or multiple
sclerosis.

Altogether, this thesis confirmed the role of cGMP-PKG signaling in photoreceptor
degenerationand also identified and validated the presence of novel PKG downstream targets
in murine-based IRD models. These results will form the basis for further understanding of
the biological pathways involved in IRDs and could be employed to develop new surrogate
biomarkers during clinical development of novel PKG inhibitors.
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