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1  | INTRODUC TION

Retinitis pigmentosa (RP) is hereditary and leads to degeneration of 
retinal photoreceptors (i.e., rods and cones) (Fahim et al. 1993; Chang 

et al., 2011), and retinal remodeling (Pfeiffer et al., 2020). While it 
usually starts with night blindness, RP often leads to complete blind-
ness (Hanna et al., 2017; Petit et al., 2012). The prevalence of RP is re-
ported as 1 in 3,000 to 7,000 people worldwide (Haim, 2002; Fahim 
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Abstract
The hereditary disease Retinitis pigmentosa results in severe vision loss due to pho-
toreceptor degeneration by unclear mechanisms. In several disease models, the sec-
ond messenger cGMP accumulates in the degenerating photoreceptors, where it 
may over-activate specific cGMP-interacting proteins, like cGMP-dependent protein 
kinase. Moreover, interventions that counteract the activity of these proteins lead 
to reduced photoreceptor cell death. Yet there is little or no information whether 
other than such regular cGMP-interactors are present in the retina, which we, there-
fore, investigated in wild-type and retinal degeneration (rd1, rd10, and rd2) mouse 
models. An affinity chromatography based proteomics approach that utilized immo-
bilized cGMP analogs was applied to enrich and select for regular and potentially 
new cGMP-interacting proteins as identified by mass spectrometry. This approach 
revealed 12 regular and 10 potentially new retinal cGMP-interacting proteins (e.g., 
EPAC2 and CaMKIIα). Several of the latter were found to be expressed in the photo-
receptors and to have proximity to cGMP and may thus be of interest when defining 
prospective therapeutic targets or biomarkers for retinal degeneration.
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et al. 1993), and over 60 genes have been identified to cause the dis-
ease (“RetNet, https://sph.uth.edu/RetNe t/”, (Daiger et al. 1998), albeit 
the degeneration mechanisms remain unknown. Some gene therapy 
studies have been promising and entered the clinical stage, with cur-
rently one approval for a defect in the RPE65 gene, which concerns 
Leber's Congenital Amaurosis, an RP subtype (Petit et al., 2012; Pichard 
et al., 2016; Russell et al., 2017), but otherwise, RP therapies are lack-
ing. A significant reason for this is likely the poor understanding of its 
pathology.

To study the RP mechanisms, several human homolog animal 
models are available which carry similar mutations as certain RP pa-
tient cohorts, such as the rd1, rd10, and rd2 mice (Arango-Gonzalez 
et al., 2014; Chang et al., 2002). The rd1 mutation affects the beta 
subunit of the rod-specific phosphodiesterase 6 (PDE6b) (Arango-
Gonzalez et al., 2014; Bowes et al., 1990; Sahaboglu et al., 2013), 
leading to a lack of hydrolyzation of guanosine 3’, 5’-cyclic mono-
phosphate (cGMP) in these cells. The rd1 degeneration in the photo-
receptors of the outer nuclear layer (ONL) is both early, with onset 
at about postnatal day (PN) 7–8, and rapid, peaking at around PN13 
with very few rods left at PN28 (Arango-Gonzalez et al., 2014; 
Sahaboglu et al., 2013). The rd10 likewise has a Pde6b mutation, 
but different from rd1 and with a later onset of its rod degenera-
tion, which becomes detectable and peaks in the third week and 
continues until about PN60 (Arango-Gonzalez et al., 2014; Chang 
et al., 2002, 2007). The rd2 model concerns a peripherin 2 gene mu-
tation, with degeneration onset and peak after two to three weeks, 
and with continued degeneration for up to a year (Arango-Gonzalez 
et al., 2014; Chang et al., 2002). Interestingly, also rd10 and rd2 dis-
play cGMP accumulation in photoreceptors, and this feature is seen 
in yet other models as well (Arango-Gonzalez et al., 2014; Power 
et al., 2020). A key role for cGMP in at least several forms of RP, 
therefore, seems likely (Power et al., 2020), although its downstream 
interactors remain elusive, except for cGMP-dependent protein ki-
nase (PKG) (Paquet-Durand et al., 2009; Vighi et al., 2018) and cyclic 
nucleotide-gated (CNG) channels (Paquet-Durand et al., 2011).

The presence of cGMP-interacting proteins can be studied 
using, for example, proteomics, and previous such investigations 
have indeed resulted in the discovery of such proteins in multiple 
tissues (Kim & Park, 2003; Scholten et al., 2006, 2007). Regular cG-
MP-interacting proteins include PKG (Corradini et al., 2015; Francis 
et al., 2005; Francis & Corbin, 2013; Paquet-Durand et al., 2009), 
and cAMP-dependent protein kinase (PKA), which shares homology 
with PKG (Francis & Corbin, 2013) and which can be cross-activated 
by cGMP, as well as CNG-channels, phosphodiesterases, and cGMP 
transport proteins (Francis et al., 2005). However, seemingly unre-
lated proteins have also been reported as potential interactors, like 
the mitogen-activated protein kinase I (MAPKI) (Kim & Park, 2003). 
It is thus reasonable to assume that yet other cGMP-targets exist in 
the retina, including in RP, but to our knowledge, such information 
is not available. This needs to be studied, particularly since it could 
reveal possible detrimental cGMP signaling pathway(s) and identify 
new molecular targets for RP therapy. We have therefore taken on a 
proteomic approach, using affinity chromatography and mass spec-
trometry (MS) in combination with the mouse models mentioned 

above, including healthy wild type (wt) animals, to elucidate cGMP’s 
retinal interactors and possible disease-related pathway(s).

2  | MATERIAL S AND METHODS

2.1 | Materials

All chemicals were commercially available. Protease inhibitor (cat no. 
P5726) and phosphatase inhibitor (cat no. P3840), adenosine 5′-di-
phosphate (ADP, cat. no. 01905), guanosine 5′-diphosphate (GDP, 
cat. no. G7127), ProteoSilver™ silver stain kit (cat. no. PROTSIL1-1KT), 
iodoacetamide (IAA, cat. no. I6125), trifluoroacetic acid (TFA, cat. 
no. 299537) and ammonium bicarbonate (cat. no A6141) were ob-
tained from Sigma. The Bio-Rad Protein Assay Kit (cat. no. 5000112) 
and DL-dithiothreitol (DTT, cat. no. 1610610) were from Bio-Rad. 
Sequencing Grade Modified Trypsin, Part No. V511A was from 
Promega. PageBlue protein staining solution (cat. no. 24620) and 
Nupage Gels 4%–12% (cat. no. NP0322PK2), NuPage sample buffer 
(cat. no. NP0008), and MOPS buffer (cat. no. B0001) were pur-
chased from Thermo Scientific. Acetonitrile (ACN, cat. no. 1.59002) 
LiChrosolv and formic acid (FA, cat. no. 1.59013) LiChrosolv were from 
Merck. Free cGMP (cat. no. G001), cAMP (cat. no. A001), and cyclic 
nucleotide affinity beads: 8-(2-Aminoethylthio)guanosine-3’, 5’-cyclic 
monophosphate (8-AET-cGMP, Cat. No: A 019), N2-(6-Aminohexyl)
guanosine-3’, 5’-cyclic monophosphate (2-AH-cGMP, Cat. No. A 056), 
2’-O-(6- Aminohexylcarbamoyl)guanosine- 3’, 5’-cyclic monophos-
phate (2’-AHC-cGMP, Cat. No. A 059), and EtOH-NH-Agarose (Cat. 
No. A 010) were provided by BIOLOG Life Science Institute (Bremen, 
Germany). Eppendorf tubes, Axygen Maximum Recovery (cat. no. 
MCT-150-L-C), were purchased from Fischer Scientific. Ultra Micro 
spin Silica C18 column (Part # SUM SS18V, 3–30 μg capacity) was 
purchased from The Nest Group Inc. South Borough, MA, USA. All 
utilized antibodies are listed in Table 1.

2.2 | Animals

The animals used were the following four different mouse lines: 
C3H rd1/rd1 (rd1, Sanyal & Bal, 1973), C57BL/6J rd10/rd10 (rd10, 
RRID:MGI:3581193, The Jackson Laboratory), C3H rd2/rd2 (rd2, 
Sanyal & Zeilmaker, 1984), and control C3H wild-type (wt, Sanyal & 
Bal, 1973), that is, three retinal degeneration (RD) models and one 
healthy control line. All lines are kept and bred in house. No rand-
omization of mice nor any sample calculation was performed in this 
study. The animals were housed under standard white cyclic lighting, 
had free access to food and water, and were used irrespective of 
sex. All the procedures were performed following the issued local 
animal ethics committee (permit #M92-15) and the ARVO statement 
for the use of animals in ophthalmic and visual research. All efforts 
were made to minimize the number of animals used and their suf-
fering. Prior to eye enucleation, the mice (PN11) were killed by de-
capitation, without prior anesthesia, as required by the permit. The 
different models display different degeneration characteristics, but 

https://sph.uth.edu/RetNet/
info:x-wiley/rrid/RRID:MGI
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for consistency, all animals were taken on PN11, as this would give 
the additional insight if the same cGMP-interacting proteins were 
detected irrespective of the models’ mutations and progression.

The rd1 has the earliest onset of the three retinal degeneration 
(RD) models, yet at PN11, there is no reduction of its ONL thickness 
(Azadi et al., 2007; Hauck et al., 2006), and the risk for bias due to 
asymmetry in the retinal layer contribution to a sample is hence small. 
We, therefore, let these characteristics of the rd1 govern the time 
point for all analyses. The outcome from these RD models was com-
pared to the one from the wt line. The study was not pre-registered.

2.3 | Sample preparation

A total number of 120 mice (i.e., 240 eyes, see Table 2) from the 
RD (60 retinas/RD model) and wt (60 retinas) mouse models were 
enucleated early morning. The retinas were dissected under a 
bright light in 4℃ homogenizing buffer [50 mM Tris-HCl, 50 mM 
NaCl, 1 mM EDTA, 50 mM NaF, 5 mM NaH2PO4, 1 mM DTT, and 
protease- and phosphatase inhibitors] followed by homogenization 
using a sonicator. The homogenate was centrifuged 10.000 g for 
30 min at 4℃. The protein concentration of the obtained soluble 
fraction was measured by the Bio-Rad Protein Assay Kit, and the 
fraction was stored at −80℃ until use. The sample size, 60 retinas 
per mouse model, was optimized in preliminary experiments (here 
108 mice were used to optimize the approach) where the used pro-
tein amount (i.e., 1.4 mg) showed to be sufficient to perform the pro-
teomics approach and subsequently get an acceptable MS outcome. 
Furthermore, no exclusion criteria were pre-determined.

2.4 | Affinity pull down

The soluble fraction [1.4 mg] was added to 60 µl of 8-AET-cGMP, 
2-AH-cGMP, 2-AHC-cGMP, or EtOH-NH beads, respectively. No 
blinding of the samples was used during the affinity chromatogra-
phy. The lysate-beads suspensions were left to incubate under agita-
tion for 1 hr at 4℃, followed by washes in ice-cold PBS. The beads 
were subsequently subjected to several elution steps to remove 
the unspecific binding and enrich for cGMP-interacting proteins, as 

previously described (Scholten et al., 2006). The elution steps con-
sisted of 2 × 50 µL of GDP [10 mM], ADP [10 mM], cAMP [10 mM], 
cGMP [10 mM], for 5 min at 4℃, followed by a short centrifugation at 
10.000 g to pellet the beads. The protein concentration in the eluates 
was too low for determination, so eluted proteins (10 µl eluate) were 
instead visualized by silver staining after standard electrophoresis.

2.5 | In-solution sample preparation for liquid 
chromatography (LC)-MS/MS

The rd2 eluates (no blinding of the samples was used in MS) were re-
duced with DTT to a final concentration of 10 mM and heated at 56°C 
for 30 min followed by alkylation with IAA to a final concentration of 
20 mM for 30 min at 20°C in the dark. Digestion was performed by 
adding trypsin (0.1 µg, Sequencing Grade Modified Trypsin, Part No. 
V511A) followed by overnight incubation at 37°C, and terminated 
by the addition of 10% TFA. Each fraction underwent desalting by 
Ultra Micro spin Silica C18 column (SUM SS18V, 3–30 μg capacity, 
The Nest group Inc. South Borough) and was dried by a centrifugal 
evaporator before resuspension with solvent A (0.1% FA).

The peptide analyses were performed by MS on a Q Exactive HFX 
mass spectrometer (Thermo Scientific) connected to an Ultimate 
3,000 ultra-high-performance LC system (Thermo Scientific). The 
digested peptides (10 µl) were loaded on a pre-column (Thermo 
Scientific; ID 75 μm × 2 cm, column temperature 35°C) and then sep-
arated on an EASY-Spray column (Thermo Scientific; Inner diameter 
75 μm × 25 cm, column temperature 45°C). A non-linear gradient 

Antibody Provider Cat. No.
Dilution 
IF/PLA

Rabbit anti-PKGI Abcam Ab90502 1:500

Sheep anti-cGMP Harry W.M. Steinbusch, Maastrich 
University, the Netherlands

Not applicable 1:500

Rabbit anti-p-
CaMKII-α (Thr 286)

Santa Cruz Biotechnology SC-12886-R 1:500

Rabbit anti-p-GSK3β 
(Ser 9)

Cell Signaling Technology 9,336 1:500

Mouse anti-MAPK1 Santa Cruz Biotechnology SC−1647 1:500

Rabbit anti-MAPK3 Santa Cruz Biotechnology SC−94 1:500

Rabbit anti-EPAC2 Sigma ABN492 1:500

TA B L E  1   List of antibodies used in this 
study

TA B L E  2   Overview of mouse models and numbers of retinas 
used for this study. In all cases, the age of the animals was PN11

Mouse model
Number of 
animals

Number of 
retinas used

Mutated 
gene

wt 30 60 –

rd1 30 60 Pde6β

rd10 30 60 Pde6β

rd2 30 60 Peripherin 2

Total number 120 240 –
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of buffer B (80% ACN, 0.1% FA) in buffer A (aqueous 0.1% FA) was 
applied at a flow rate of 300 nl/min. For the gradient, the percentage 
of solvent B was maintained at 6% for 4 min, increased to 31% for 
60 min, to 50% for 5 min, and to 90% for 13 min. Solvent B was then 
decreased to 6% and kept for 15 min.

One full MS scan (resolution 120.000 @ 200 m/z; mass range 
375–1.500 m/z) was followed by inclusion-list driven MS/MS scans 
(resolution 15.000 @ 200 m/z). The precursor ions were isolated 
with 1.2 m/z isolation width and fragmented using higher-energy 
collisional-induced dissociation at a normalized collision energy of 
28. Charge state screening was enabled, and singly charged ions, as 
well as precursors with a charge state above 6, were rejected. The 
dynamic exclusion window was set to 40 s. The automatic gain con-
trol was set to 3e6 for MS and 1e5 for MS/MS with ion accumulation 
times of 50 ms and 19 ms, respectively. The intensity threshold for 
precursor ion selection was set to 1.6e5.

2.6 | In-gel digestion sample preparation for LC-MS/
MS

For wt, rd1, and rd10, the samples (used without blinding) were pre-
pared by in-gel digestion to avoid the presence of stray beads that 
risked to clog the liquid chromatography system, which was experi-
enced with the in-solution method used for the rd2 samples. The wt, 
rd1, and rd10 eluates were precipitated with 100% ethanol to a final 
concentration of 90% ethanol and allowed to stand at −20°C over-
night. The pellets were dried and resuspended in 1 X NuPage sample 
buffer reduced with 0.5 M DTT and heated at 56°C for 30 min, fol-
lowed by alkylation with IAA. The samples were applied to a 10% 
NuPage gel and run until the samples migrated out of the wells. 
The bands were then cut out and washed with MQ for 30 min on a 
shaker at 20°C, after which the liquid was removed (as it was after 
each of the following steps). The gel bands were then washed with 
40% ACN in 25 mM ammonium bicarbonate for 30 min, followed by 
100% ACN, and dried using a vacuum centrifuge, after which trypsin 
(0.01 µg/µl) was added for overnight incubation at 37°C. Peptides 
were then extracted by adding 1% FA in MQ, followed by 100% ACN 
for 5 min, and the liquid transferred to collection tubes. These two 
last steps were repeated twice in total. The extracted peptides were 
finally dried using a vacuum centrifuge and resolved in 2% ACN in 
0.1% TFA.

2.7 | Mass spectrometry acquisition

The LC-MS detection was performed on a Tribrid mass spectrom-
eter Fusion equipped with a Nanospray Flex ion source and coupled 
with an EASY-nLC 1,000 ultra-high-pressure LC pump (Thermo 
Scientific). The peptides, 10 µl, were injected into the LC-MS. First, 
the peptides were concentrated on an Acclaim PepMap 100 C18 
precolumn (75 μm × 2 cm, Thermo Scientific) before being separated 
on an Acclaim PepMap RSLC column (75 μm × 25 cm, nanoViper, 

C18, 2 μm, 100 Å) at 40°C with a flow rate of 300 nl/min. Solvent A 
(0.1% FA in water) and solvent B (0.1% FA in ACN) were used to cre-
ate a nonlinear gradient to elute the peptides.

The Orbitrap Fusion was operated in the positive data-depen-
dent acquisition (DDA) mode. The peptides were introduced into 
the LC-MS via stainless steel Nano-bore emitter (outer diameter 
150 µm, inner diameter 30 µm) with the spray voltage of 2 kV, and 
the capillary temperature was set 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 × 105 with an injection time of 50 ms. The most intense ions 
(up to 20 ions) 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 normalized collision energy (NCE) of 30%. The resolution 
was fixed at 30,000, and for the MS/MS scans, the values for the 
AGC target and injection time were 5 × 104 and 54 ms, respectively. 
The duration of dynamic exclusion was set to 45 s, and the mass 
tolerance window was 10 ppm.

2.8 | Data analysis

The raw DDA data were analyzed with Proteome Discoverer™ 2.2 
(PD 2.2) Software (Thermo Scientific). Peptides were identified 
using SEQUEST HT against UniProtKB Mouse + isoforms database 
(release 20190617). The search was performed with the following 
parameters applied: Static modification: cysteine carbamidometh-
ylation and Dynamic modifications: N-terminal acetylation and 
phosphorylation. The precursor tolerance was set to 10 ppm, and 
fragment tolerance was set to 0.02 ppm for the HFX instrument and 
0.05 for the Fusion. Up to 2 missed cleavages were allowed, and 
Percolator was used for peptide validation at a q-value of a maximum 
of 0.01. Filter settings at the protein level: Master is equal to Master.

2.9 | Proximity ligation assay (PLA)

PLA was performed on cryosections of 4% paraformaldehyde (PFA) 
fixed retinas, using Detection Reagents Red kit, the PLA Probe 
anti-rabbit or anti-goat MINUS, and a cGMP antibody, which had a 
PLUS probe attached using Duolink® In Situ Probemaker PLUS (all 
Duolink, Olink Bioscience). The procedure followed the manufac-
turer's instructions. In short, the retinal sections were permeabilized 
and blocked with blocking solution (1% BSA, 0.25% Triton X-100 
in PBS) for 45 min at 20°C, and primary antibodies were incubated 
overnight at 4°C. PLA Probe anti-rabbit MINUS incubated for 1 hr at 
37°C. The ligation and amplification steps were performed using the 
Detection Reagents Red, followed by the addition of mounting me-
dium with 4′,6-diamidino-2-phenylindole (DAPI, Abcam, Cambridge, 
England). To visualize the PLA punctuations (i.e., reaction products 
from the cGMP and protein of interest when maximally 40 nm apart), 



     |  5RASMUSSEN Et Al.

pictures were taken of the full retinal cross-sections at 20x magni-
fication using the Zeiss Axio Imager.M2 microscope. The total num-
ber of PLA-punctuations was counted in images from samples from 
independent retinas (three retinas/ RD model and nine retinas/wt 
model), respectively, with the aid of Zen (2.5) blue edition software 
(Zeiss Zen software). The PLA images had first been made uniden-
tifiable, and the punctuations counted manually by a person, thus 
unaware of the samples' identity. After counting, the identity of the 
pictures was disclosed and the results were compiled and depicted 
with histograms as the ratio of the ONL over the inner nuclear layer 
(INL), i.e., ONL/INL, using GraphPad Prism 8.1.

2.10 | Statistical analysis

To quantify the number of PLA punctuations on the respective sec-
tions (i.e., wt, rd1, rd10, and rd2) the nonparametric statistical method 
Kruskal-Wallis was applied. The test was performed using GraphPad 
Prism 8. The figure (i.e., Figure 3) displays mean and error bars rep-
resenting SD and level of significance was set to p < .05. The prob-
ability of finding statistically significant differences between the RD 
and wt models per staining condition (i.e., PKGI, EPAC2, p-CaMKIIα, 
p-GSK3β, and MAPK1/3) was only high in the EPAC2:cGMP staining 
between the rd10 and rd2 model.

3  | RESULTS

Here we employed an optimized affinity chromatography method 
(summarized in Figure 1a) to evaluate RD and wt retinas for cGMP-
interacting proteins. The sample size, 60 retinas per mouse model, 

was optimized in preliminary experiments, using different amounts 
of protein, where the highest amount tested (i.e., 1.4 mg) was found 
to be sufficient to perform the affinity step and subsequently get 
a good MS outcome. Isolation of cGMP-interacting proteins was 
achieved using affinity beads with synthetic cGMP linked at differ-
ent sites, to increase the potential to enrich proteins that may bind to 
cGMP at different positions (Figure 1b). Since the aim was to study 
cGMP interactors as broadly as possible, we combined the identified 
proteins from the various beads in one table.

3.1 | Sequential separation reveals proteins having 
an affinity for cGMP

To avoid the analysis of proteins that bound unspecifically to the im-
mobilized cGMP or the beads as such (8-AET, 2-AH, and 2-AHC, see 
overview in Figure 1a) proteins were eluted by sequential separation 
steps with related analogs (GDP, ADP, cAMP) before elution with 
cGMP as the final step (Scholten et al., 2006). The cGMP elution 
would thus contain enriched cGMP-interacting proteins, although 
the proteins eluted by cAMP were also analyzed since it is well-
known that cAMP may cross-activate some cGMP-interactors (Jiang 
et al., 1992; Kim et al., 2011; Pavlaki & Nikolaev, 2018; Scholten 
et al., 2006, 2007; Shabb, 2010). As another measure to reveal 
false positives, we performed similar sequential elutions of proteins 
bound to the control (Ctrl; EtOH) beads. The initial SDS-PAGE gel 
analysis of the affinity chromatography revealed a difference in the 
pattern of wt retinal proteins eluted by free cGMP from the cGMP 
beads (8-AET, 2-AH, and 2-AHC, see Figure 1c; see Figure S1 for rd1, 
rd10, and rd2 silver stainings) when compared to the raw lysate. This 
indicated that the beads captured specific proteins and not merely 

F I G U R E  1   Enriched cGMP-interacting proteins in the various RD models and wt. (a) Schematic overview of the sequential elution 
protocol used for the enrichment of potential cGMP binding-proteins, (eye from BioRender.com) (b) Chemical structures of different cGMP-
immobilized beads used in this study, (c) Silver stained SDS-PAGE indicating a successful decrease in unspecific proteins. From left, lane 1: 
Raw retinal wt tissue (1 µg). Lane 2: Proteins eluted with cGMP from control (Ctrl) beads (EtOH). Lane 3–5: cGMP-interacting proteins eluted 
with cGMP from cGMP-immobilized beads (8-AET, 2-AH, 2-AHC). Red arrowheads indicate protein bands at various sizes, which are unique 
for the cGMP-immobilized beads compared to Ctrl beads
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reflected the raw lysate's protein composition. Moreover, the cGMP 
elution patterns differed between the cGMP beads and the Ctrl 
beads, suggesting that some bands were unique to the cGMP beads 
(examples shown with arrowheads in Figure 1c). These results indi-
cate that there appear to be proteins whose binding shows specific-
ity for cGMP and, conversely, that some proteins may bind to the 
beads regardless if they carry an immobilized cGMP analog or not.

Identified proteins eluted with cAMP or cGMP from the cG-
MP-immobilized beads were merged (from now on referred to as 
cGMP-bead-eluates), as was the cAMP and cGMP eluates from the 
Ctrl beads (from now on referred to as Ctrl-bead-eluates). The MS 
analyses of the cGMP-bead-eluates resulted in a high number (>100) 
of different proteins (see Table S1–S4 for wt, rd1, rd10, and rd2 MS 
data, respectively). To focus on cGMP-interacting proteins and to 
avoid unspecific proteins, strict and defined criteria for accepting 
bona fide cGMP-interacting proteins were employed: Proteins iden-
tified in the Ctrl-bead-eluates were excluded from further analyses, 
and an acceptance threshold of a minimum of two unique peptides 
identified for each protein was applied for the remaining proteins 
(Table S1–S4). Utilizing these criteria resulted in several regular 
cGMP-interacting proteins from all the RD and wt models. Some 
of these were kinases like PKGI and PKAs (PKAIa, PKAIIa, PKAIb, 
and PKAIIb, Table 3), which due to their known cGMP and or cAMP 
binding (Kim et al., 2011; Lorenz et al., 2017; Osborne et al., 2011) 
supported that the experimental set-up works. Another group of 

proteins that interact with cGMP and or cAMP was likewise de-
tected, namely six members/subunits of the PDE family: Pde1a, 
Pde1b, Pde1c, Pde2a, Pde5a, and Pde6a (Table 3). It was noted that 
the identified protein profile was not similar for all the models.

The BLAST (Basic Local Alignment Search Tool) search, which 
identifies regions of similarities between proteins, was then applied 
to help identifying a protein as a potential novel cGMP-interactor. 
We here used PKGI as the query in the search algorithm for the iden-
tified proteins of all the models (Table S1–S4), since PKGI is known 
to bind cGMP in the cyclic nucleotide-binding (CNB) domain (Huang 
et al., 2014), which revealed numerous proteins having sequence sim-
ilarities with PKGI. We moreover applied a threshold to include only 
proteins with a negative Expect value (E-value), since this signifies 
high sequence similarity with PKGI. The BLAST outcome identified 
the expected PKAs (already listed in Table 3), which can bind cGMP 
(Lorenz et al., 2017), which thus supported the BLAST search's abil-
ity to identify cGMP-interacting proteins. Nine other kinases (with 
sequence similarities with PKGI in the catalytic region) and one ex-
change protein (the Rap guanine nucleotide exchange factor; EPAC2, 
with sequence similarity in the CNB domain) were further identified 
as potential new cGMP-interacting proteins in the retina (Table 4). 
These proteins were all found in the cGMP-bead-eluates of the wt, 
rd10, and rd2 models. However, in the rd1 model, only three of them 
were detected, namely Ca2+/calmodulin-dependent protein kinase 
II gamma and delta (CaMKIIγ and CaMKIIδ) and MAPKI, and this 

TA B L E  3   Regular cGMP-interacting proteins in the retina of the mouse models

Accession Gene Protein wt rd1 rd10 rd2

Q61481 Pde1a** Calcium/calmodulin-dependent 3',5'-cyclic 
nucleotide phosphodiesterase 1A

X

Q01065 Pde1b Calcium/calmodulin-dependent 3',5'-cyclic 
nucleotide phosphodiesterase 1B

X X X X

Q64338 Pde1c* Calcium/calmodulin-dependent 3',5'-cyclic 
nucleotide phosphodiesterase 1C

X X X

Q922S4 Pde2a cGMP-dependent 3',5'-cyclic phosphodiesterase X X X

Q8CG03 Pde5a** cGMP-specific 3',5'-cyclic phosphodiesterase X X

P27664 Pde6a Rod cGMP-specific 3',5'-cyclic phosphodiesterase 
subunit alpha

X X

P0C605 PKGI cGMP-dependent protein kinase 1 X X X X

Q9DBC7 PKAIa cAMP-dependent protein kinase type I-alpha 
regulatory subunit

X X X X

P12367 PKAIIa cAMP-dependent protein kinase type II-alpha 
regulatory subunit

X X X X

P12849 PKAIb cAMP-dependent protein kinase type I-beta 
regulatory subunit

X X X

P31324 PKAIIb cAMP-dependent protein kinase type II-beta 
regulatory subunit

X X X X

P68181 Prkacb cAMP-dependent protein kinase catalytic subunit 
beta

X

Note: Table 3 Overview of eluted and selected regular cGMP-interacting proteins in the retina. The table shows regular cGMP-interacting proteins 
enriched from the mouse models (wt, rd1, rd10, and rd2). An X indicates which protein was identified in which mouse model. The superscripts +, * and 
** indicate that the corresponding protein was detected by only 1 unique peptide (see MS data in Supporting information) and hence not included in 
this list for wt+, rd1*, and rd10**, respectively.
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discrepancy, or inconsistency, thus resembles the situation above 
concerning Table 3. Other BLAST searches with the queries Pde5, 
CNG, and PKA (i.e., other proteins known to interact with cGMP), 
were correspondingly tested. These identified a few proteins with 
high sequence similarity, but which all were already included in the 
PKGI BLAST results and therefore not specified here in detail.

We thus conclude that employing defined criteria and perform-
ing focused searches brought to light both expected and new cGMP 
interactors. The next question was if such interactions with cGMP, 
particularly those of the novel cGMP-interacting proteins, are taking 
place in situ, or are just a result of the opportunity to interact directly 
or indirectly (e.g., in a complex) in the homogenate.

3.2 | Potential retinal cGMP-interacting proteins 
indicate interaction in situ

To understand if the potentially new cGMP binding proteins have 
relevant interactions in the retina we selected five of these (EPAC2, 
CamKIIα, GSK3β, MAPK1, and MAPK3), based on if the proteins pre-
viously had been detected in retinal photoreceptors, and if interven-
tions against these proteins had shown a photoreceptor protective 
effect, which hence would tie them to the well-being of these cells 
(Table 4). Their proximity to cGMP was hence tested by PLA in situ 
on retinal cross-sections from wt and RD models.

TA B L E  4   Potential retinal cGMP-interacting proteins based on high sequence similarity with PKGI

Accession Gene Description wt rd1 rd10 rd2
Previously detected in 
the retina

Previously shown photoreceptor 
protective effect

P28028 Braf Serine/threonine-
protein kinase B-raf

X X X Yes
(Xie et al., 2017)

P11798 CamkIIa Calcium/calmodulin-
dependent protein 
kinase type II subunit 
alpha

X X X Yes (Bronstein 
et al., 1988)

Yes
(Laabich & Cooper, 2000)

P28652 Camk2IIb Calcium/calmodulin-
dependent protein 
kinase type II subunit 
beta

X X X Yes
(Bronstein et al., 1988; 

Tetenborg et al., 2017, 
2019)

Q923T9 CamkIIg Calcium/calmodulin-
dependent protein 
kinase type II subunit 
gamma

X X X X Yes
(Bronstein et al., 1988)

Q6PHZ2 CamkIId Calcium/calmodulin-
dependent protein 
kinase type II subunit 
delta

X X X X Yes
(Bronstein et al., 1988)

Q9EQZ6 EPAC2 Rap guanine nucleotide 
exchange factor 4

X X X Yes
(Whitaker & 

Cooper, 2010a)

Q2NL51 Gsk3a Glycogen synthase 
kinase−3 alpha

X X X Yes
(Marchena et al., 2017; 

Pérezleón et al., 2013; 
Sánchez-Cruz 
et al., 2018)

Yes
(Marchena et al., 2017; Sánchez-

Cruz et al., 2018)

Q9WV60 Gsk3b Glycogen synthase 
kinase−3 beta

X X X Yes
(Marchena et al., 2017; 

Pérezleón et al., 2013; 
Sánchez-Cruz 
et al., 2018)

Yes
(Marchena et al., 2017; Sánchez-

Cruz et al., 2018)

P63085 Mapk1 Mitogen-activated 
protein kinase 1

X X X X Yes
(Shinde et al., 2012)

Yes
(Fan et al., 2017; Roche 

et al., 2019)

Note: Table 4 Overview of BLAST results. Potential cGMP-interacting partners fulfilling the requirements described in the text, including a high 
sequence similarity to the known cGMP-interacting protein PKGI when compared using a BLAST search. CaMKIIa, GSK3, and MAPK1/3 have 
previously been shown to have a photoreceptor protective effect (i.e., reduced photoreceptor cell death) when intervention against these proteins 
was applied in relevant situations; see text for more information. An X indicates which protein was identified in which mouse model.
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3.3 | PKGI

The direct interaction between cGMP and PKGI has previously been 
inferred (Huang et al., 2014) and hence chosen as a positive con-
trol. For negative controls, we used the omission of antibodies (see 
Figure 2 and Figure S2). The PLA assay with anti-cGMP and anti-
PKGI (cGMP:PKGI) showed clear punctuations in the various layers 
of the retina (see Figure 2a for a section of the wt retina, Figure S2 for 
magnified PLA snapshots from wt and RD models, and Table S5 for 
average PLA counts for each model). The ratio from the cGMP:PKGI 
showed relatively more punctuations in the INL than in the ONL, 
giving a low ONL/INL ratio in wt as well as rd1 and rd2 (but not 
rd10; Figure 3). However, the average number of cGMP:PKGI punc-
tuations in the ONL was nonetheless considerable in the rd1 retinas 
when compared with wt, as well as with rd10 and rd2 (Table S5).

3.4 | EPAC2 and P-CaMKIIα

The exchange protein EPAC2 is an accepted cGMP-interacting pro-
tein, at least in vitro (Rehmann et al., 2008), but EPAC2 has, to the 
best of our knowledge, never been shown to interact with cGMP in 
the retina (i.e., at the in situ level). PLA with EPAC2 revealed proxim-
ity to cGMP in the entire retina in all models (see Figure 2 for the 
situation in wt and Figure S2 for RD models). The rd10 model again 
had a numerically higher ONL/INL ratio value than any of the other 
retinas. The PLA with the cGMP:p-CaMKIIα combination likewise 
gave numerous punctuations in all the layers in the retina, similar to 
the cGMP:PKGI PLA. The ONL/INL ratios displayed quite extensive 
variations within and between the different groups (Figure 3).

3.5 | Phosphorylated-GSK3β AND MAPK1/3

The PLA with cGMP:p-GSK3βSer9 revealed proximity (see Figure 2 
for wt and Figure S2 for RD models) with variable ONL/INL ratio 

outcomes between the groups (Figure 3). PLA with MAPK1 and 
MAPK3 also confirmed proximity to cGMP (Figure 2 and Figure S2). 
The ONL/INL ratios of the MAPKs likewise displayed variations 
within and between groups (Figure 3).

The PLA profiles for the cGMP: p-GSK3βSer9 and cG-
MP:MAPK1/3 in general revealed only very few PLA punctuations 
in situ in the entire wt retina (PLA counts for cGMP:p-GSK3βSer9 
and cGMP:MAPK1/3 revealed between 30 to 350 punctuations, 
whereas, for example, cGMP:PKGI revealed >1,000 punctuations, 
see Table S5) when compared with the other PLA profiles in Figure 2. 
The proximity of these two proteins to cGMP may in quantitative 
terms thus be limited. Overall the statistical method Kruskal-Wallis 
did calculate that there is a higher probability for more proximity 
between cGMP and EPAC2 in the rd10 than the rd2 model.

4  | DISCUSSION

Here we successfully pulled-down and identified cGMP-interacting 
proteins from retinal tissue. Together with the PLA assay, this re-
vealed that retinal cGMP is in proximity to several previously unde-
scribed retinal cGMP-interacting proteins (e.g., EPAC2, MAPK1/3, 
p-GSK3β, and p-CaMKIIα), which is information that may help elu-
cidate the cGMP mechanism(s) during retinal degeneration (see 
Figure 4 for proposed pathway interactions).

4.1 | Identification of cGMP-interacting proteins 
from retinas using a proteomics approach

Our strategies to reduce and refine the high number of the MS iden-
tified proteins resulted in two more limited sets, representing either 
expected or potentially new cGMP-interacting proteins, respec-
tively. The explanation for the originally high number of proteins 
in the cGMP eluates could include, 1) that some proteins still, even 
after washes and pre-elutions, for yet unknown reasons remained 
bound to the beads in an unspecific way until released by cAMP or 
cGMP, and/or 2) that they represent proteins that themselves were 
bound to “true” in vivo cGMP-interacting proteins and thus co-
eluted by cGMP in a complex.

When comparing regular as well as potentially new cGMP-inter-
acting proteins identified by MS, several of these showed up in all 
the models studied, whereas some were lacking from one or more 
of these. Altogether, of the four models rd1 had the fewest hits, 
which may be related to the aggressiveness of its degeneration, that 
perhaps affects metabolic or other aspects to prevent the proteins 
in question from being separated and identified. This possibility is 
strengthened by that EPAC2, GSK3β, and MAPK3 still appeared 
in the rd1 retina in the in situ PLA studies, despite not appearing 
in the proteomics approach. Furthermore, despite their different 
mutations, all retina models were taken at PN11 where the actual 
extent of degeneration, and therefore possibly the protein expres-
sion profiles, differs between the models, which in turn could have 

F I G U R E  2   cGMP interactions in the retina. Proximity ligation 
assay showing (a) cGMP proximity to PKG, a known cGMP 
interactor. (b and c) cGMP proximity to EPAC2 and p-CaMKIIα, 
respectively, either via direct interaction, or indirectly in a complex. 
(d) The negative control, where no primary antibodies were 
added to the sections, showing background staining from the 
PLA kit which is virtually non-existing. Black (inverted pictures) 
punctuations are a positive outcome from the PLA, suggesting 
interaction. Scale bars: 50 µm. Biologically independent wt retinas 
n = 9
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influenced the outcome (Liu et al., 2016; Punzo & Cepko, 2007). 
Finally, although less likely, proteins could have been lost during the 
sample preparation (Scholten et al., 2007).

The membrane-bound CNG-channels are clearly expressed in 
the retina (Fesenko et al., 1985; Nache et al., 2016) but were not 
identified in our samples. Since no strong detergents were used in 
our experimental set-up the extraction of membrane proteins was 
probably not extensive (Carpenter et al., 2008), and these pro-
teins may hence have been absent in the initial supernatant frac-
tions. Moreover, analyzing hydrophobic membrane proteins, such 
as in CNG channels (Giorgetti et al., 2005; Weitz et al., 2002), by 
MS is more complicated than the analysis of hydrophilic proteins. 
The commonly used desalting steps, including the one used here, 
are based on the peptides' hydrophobicity and would, therefore, 
discard highly hydrophilic and highly hydrophobic peptides (Carroll 
et al., 2007; Kim et al., 2016). Our results may thus be restricted 
by that membrane-bound cGMP-interactors could have escaped de-
tection. Likewise, the small sample size (1.4 mg initial load) for the 

stepwise elution from the cGMP-immobilized beads, may in com-
bination with the applied criteria have limited the detection of yet 
other regular or new potential cGMP-interacting proteins.

4.2 | EPAC2 and p-CAMKIIα proximity to cGMP in 
situ in the retina

To verify that the selected retinal proteins would be in proxim-
ity to cGMP in situ, we applied the PLA assay on retinal sections 
and established that cGMP was in proximity to the known cGMP-
interactor PKGI. This added validity to the assay and it was also 
in agreement with other studies, reporting that cGMP and PKG 
interact directly (Huang et al., 2014), as well as that PKGI mRNA 
(Gamm et al., 2000) and phosphorylated PKG-substrates (Paquet-
Durand et al., 2009) are found throughout the mouse retina. 
However, the low cGMP:PKGI ONL/INL ratio in rd1 and rd2 was 
unexpected. As cGMP is increased in the ONL in all the models 

F I G U R E  3   Overview of the ratios 
of the counted PLA punctuations in the 
retinas. The PLA punctuations were 
counted in a blinded fashion and the ratio 
of ONL/INL displayed in histograms. The 
statistical method Kruskal-Wallis was 
applied to calculate whether some of the 
proteins had more proximity with cGMP 
in the respective RD and wt models and 
revealed that the probability to have more 
proximity between the cGMP:EPAC2 was 
higher in the rd10 compared to the rd2 
model. Data is based on three biologically 
independent RD retinas (n = 3) and nine 
biologically independent wt retinas (n = 9). 
Error bars indicate standard deviation. 
Note the different scales of the y-axes
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used (Arango-Gonzalez et al., 2014; Paquet-Durand et al., 2009), 
one would predict a higher ONL/INL ratio of cGMP:PKGI interac-
tions in the RD situations compared to wt, but this was only sug-
gested for rd10. While we currently do not know the reason for 
this, yet undefined metabolic or other changes may occur due to 
the RD, and these might differ between the RD-models. In turn, 
this may affect the cGMP:PKGI interaction (or any of the other 
studied interactions) in the retina, and hence resolve in different 
ratios, as seen here. Moreover, the PLA only provides a snapshot 
of the existing interactions at the time of fixation and will not de-
scribe their number or persistence over a longer period.

It is known that cAMP can interact with and activate the ex-
change protein EPAC2 (Das et al., 2009; Rehmann et al., 2003; 
Schwede et al., 2015), and in the retina, EPAC2 has been localized 
to the inner and outer segments of cone photoreceptors (Whitaker 
& Cooper, 2010b). However, cGMP is also an accepted EPAC2 inter-
actor (albeit with no or very weak ability to activate EPAC2 in vitro 
(Rehmann et al., 2008)), meaning that retinal cGMP:EPAC2 interac-
tions may occur in situ. This was corroborated here by PLA in the 
entire retina in all models, and given the previous observations on 
cGMP-EPAC2 interactions (Das et al., 2009; Rehmann et al., 2003, 
2008; Schwede et al., 2015), EPAC2 may thus very well be a retinal 
cGMP-interacting protein.

Amongst the potentially new cGMP-interacting proteins found 
were also four isoforms of the multifunctional serine/threonine-pro-
tein kinase CaMKII, that is, α, β, γ, and δ, which regulate various 
neuronal functions (Gao et al., 2012). These CaMKII isoforms are 
activated by Ca2+/calmodulin, and the calmodulin-binding initiates 
a conformational change that allows autophosphorylation, turning a 
CaMKII isoform (e.g., CaMKIIα) into a constitutively active form (e.g., 
p-CaMKIIα) (Migues et al., 2006). Some CaMKII isoforms (CaMKIIα, 
CaMKIIβ, and CaMKIIδ) have been investigated for possible roles in 
the retina, including their potential as therapeutic targets against 
stress and cell death (Kim et al., 2010; Fan et al., 2007; Tetenborg 
et al., 2017; Aulia Jusuf et al. 2015; Laabich & Cooper, 2000). 
Moreover, a previous study found CaMKII and p-CaMKII to be pres-
ent in the photoreceptors and suggested CaMKII to be involved in 
their degeneration in the rd1 model, but no discrimination was made 
between the various CaMKII isoforms (Hauck et al., 2006). Our re-
sults, therefore, add that the phosphorylated variant of CaMKIIα is 
present in and has proximity to cGMP in the mouse retina and that it 
thus may be important for cGMP-dependent mechanisms, including 
cGMP dependent cell death.

4.3 | GSK3β and MAPK1/3 proximity in situ 
in the retina

The GSK3β isoform of the constitutively active glycogen synthase 
kinase-3 has been shown to be localized to inner segments of photo-
receptors (Pérezleón et al., 2013), and the levels of GSK3β phospho-
rylated at serine 9 (GSK3βser9) have been reported to be elevated in 
the rd10 model compared to wt (Sánchez-Cruz et al., 2018). It is also 
clear that interventions with small molecules that target and inhibit 
GSK3 can reduce photoreceptor cell death (Marchena et al., 2017), 
making GSK3 a promising therapeutic target for RD. Our PLA re-
vealed proximity between cGMP and GSK3βser9 in situ, but since this 
appeared limited the cGMP association may primarily have been in-
direct, via PKG. PKGI has indeed previously been shown to phospho-
rylate GSK3βSer9 (Das et al., 2008; Hong et al., 2012), which inhibits 
the GSK3β activity, and this inhibition may thus reduce photorecep-
tor cell death. Consequently, a potential over-phosphorylation of 
GSK3β by PKGI is likely not the mechanism by which cGMP contrib-
utes to RP cell death.

The last proteins selected for PLA consisted of the MAPK path-
way proteins MAPK1 and MAPK3 (also known as ERK2 and ERK1, 
respectively). It has been reported that loss of MAPK1/3 function 
causes thinning of the retinal ONL and INL layers, suggesting that 
these MAPKs play a crucial role in photoreceptor survival (Pyakurel 
et al., 2017). The MAPK1/3 proteins showed limited proximity to 
cGMP, which, as reasoned above for p-GSK3βSer9, could be because 
cGMP interacts with these proteins indirectly in a complex, perhaps 
including PKG. This fits with that when cGMP is elevated, MAPK1/3 
becomes phosphorylated most likely by PKG (Ho et al., 1999; 
Zaragoza et al., 2002), although a direct binding between PKG and 
MAPK1/3 has, to our best knowledge, not been verified yet. Finally, 

F I G U R E  4   Illustration of the potential cGMP interaction 
proteins, and corresponding pathways, identified by the proteomics 
approach. cGMP has previously been experimentally verified 
to interact directly with PKG (Huang et al., 2014), whereas 
p-GSK3β has previously been indicated to interact with PKG 
(Das et al., 2008; Hong et al., 2012). cGMP is an accepted EPAC2 
interactor (Rehmann et al., 2008) and is suggested to be involved 
in the MAPK1/3 cascade (Maymó et al., 2012) as well is CaMKIIα 
(Caunt et al., 2006; McKay & Morrison, 2007). The present study 
revealed that EPAC2, MAPK1/3, p-CaMKIIα and p-GSK3β are in 
proximity to cGMP in situ in the retina. Created with Biorender.com
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it may after all also be that cGMP interacts directly with these ki-
nases as previously suggested (Kim & Park, 2003), and if p-GSK3βSer9 
and MAPK1/3 are not the most favorable cGMP interactors this be-
comes reflected in the PLA outcome.

5  | CONCLUSION

We successfully applied a proteomics approach to look for cGMP-in-
teracting proteins in healthy and degenerating retinas and employed 
several measures to exclude non-specific binding proteins from the 
outcomes of the final cGMP-eluates. The results revealed multi-
ple regular cGMP-interacting proteins, like PKGI, PKAs, and PDEs, 
which underlines the validity of the undertaking as well as reinforces 
the idea that RP therapies could target, for instance, PKG. Moreover, 
to reach new potential cGMP interactors in this context, a BLAST 
search of the eluted proteins provided information on ten other 
proteins showing high sequence similarity with PKGI. Five of these 
(p-CaMKIIα, GSK3β, MAPK1/3, and EPAC2) were selected based 
on their relevance to photoreceptors and subjected to a PLA assay, 
which revealed that cGMP had proximity to them all in situ in the 
photoreceptor layer. While an indirect binding of cGMP to some of 
these (GSK3β and MAPK1/3) cannot yet be excluded, the results al-
ready indicate them as interesting proteins in the deciphering of the 
cGMP signaling pathway and hence the degeneration mechanisms.
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