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Abstract: Glaucoma is a complex, multifactorial optic neuropathy mainly characterized by the
progressive loss of retinal ganglion cells (RGCs) and their axons, resulting in a decline of visual
function. The pathogenic molecular mechanism of glaucoma is still not well understood, and
therapeutic strategies specifically addressing the neurodegenerative component of this ocular disease
are urgently needed. Novel immunotherapeutics might overcome this problem by targeting specific
molecular structures in the retina and providing direct neuroprotection via different modes of action.
Within the scope of this research, the present study showed for the first time beneficial effects of
the synthetic CDR1 peptide SCTGTSSDVGGYNYVSWYQ on the viability of RGCs ex vivo in a
concentration-dependent manner compared to untreated control explants (CTRL, 50 ug/mL: p < 0.05
and 100 ug/mL: p < 0.001). Thereby, this specific peptide was identified first as a potential biomarker
candidate in the serum of glaucoma patients and was significantly lower expressed in systemic IgG
molecules compared to healthy control subjects. Furthermore, MS-based co-immunoprecipitation
experiments confirmed the specific interaction of synthetic CDR1 with retinal acidic leucine-rich
nuclear phosphoprotein 32A (ANP32A; p < 0.001 and log?2 fold change > 3), which is a highly
expressed protein in neurological tissues with multifactorial biological functions. In silico binding
prediction analysis revealed the N-terminal leucine-rich repeat (LRR) domain of ANP32A as a
significant binding site for synthetic CDR1, which was previously reported as an important docking
site for protein-protein interactions (PPI). In accordance with these findings, quantitative proteomic
analysis of the retinae + CDR1 treatment resulted in the identification of 25 protein markers, which
were significantly differentially distributed between both experimental groups (CTRL and CDR1,
p < 0.05). Particularly, acetyl-CoA biosynthesis I-related enzymes (e.g., DLAT and PDHAT1), as well as
cytoskeleton-regulating proteins (e.g., MSN), were highly expressed by synthetic CDR1 treatment in
the retina; on the contrary, direct ANP32A-interacting proteins (e.g., NME1 and PPP2R4), as well as
neurodegenerative-related markers (e.g.,, CEND1), were identified with significant lower abundancy
in the CDR1-treated retinae compared to CTRL. Furthermore, retinal protein phosphorylation and
histone acetylation were also affected by synthetic CDR1, which are both partially controlled by
ANP32A. In conclusion, the synthetic CDR1 peptide provides a great translational potential for the
treatment of glaucoma in the future by eliciting its neuroprotective mechanism via specific interaction
with ANP32A’s N terminal LRR domain.
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1. Introduction

Glaucoma is described as a group of optic neuropathies, which is mainly caused by
progressive dysfunction and degeneration of retinal ganglion cells (RGCs) accompanied
by gradual loss of vision. Advanced age, genetics as well as an elevated intraocular pres-
sure (IOP) are major risk factors for developing glaucoma, which represents 80 million
affected patients worldwide as the most common cause of blindness [1,2]. To date, IOP-
managing strategies are still the gold standard in glaucoma therapy, accomplished by the
administration of topical eye drops or by the implementation of operational procedures [3].
Nevertheless, many patients are refractory to IOP-lowering medications, and most surgeries
only achieve a stabilization of the IOP in the short-term [4]. Accordingly, the currently avail-
able therapies delay disease progression in spite of low adjusted IOPs and do not directly
interfere with the neurodegenerative component of glaucoma. Furthermore, up to 30%
of glaucoma patients exhibit an IOP in the physiological range (IOP = 10-21 mmHg) [5],
termed normal-tension glaucoma, illustrating the versatile and multifactorial characteris-
tics of this chronic eye disease. All these findings demonstrate the urgent need for new
strategic directions in glaucoma research and the development of new innovative medi-
cal therapeutics which provide direct RGC neuroprotection instead of solely managing
clinical symptoms.

Novel immunotherapeutic strategies provide excellent requirements to target specific
molecular structures which interfere with the pathological mechanism of the respective dis-
ease [6,7]. Thereby, immunotherapeutics possess a wide variety of modes of action ranging
from receptor blocking or inhibition of signaling transmission to much more regulatory
functions such as immunomodulation or cell cycle coordination. Particularly, antibod-
ies, as well as antibody-derived peptides (encoding the hypervariable complementarity-
determining region, CDR), offer promising therapeutic approaches for the treatment of
glaucoma in vivo and in vitro by inducing direct RGC neuroprotection [8-11]. Recent
findings of our group confirmed, for instance, that monoclonal anti-HMGB1 enhanced the
viability of RGCs in vivo by modulating the retinal RNA metabolism as well as the cytokine
secretion [9]. We suppose that these neuroprotective effects were caused by interfering
with the HMGB1-mediated inflammatory responses and by targeted modulation of its
pathogenic biological function. In accordance with that, an antibody-derived immunopep-
tide of our group triggered RGC neuroprotection ex vivo by antagonizing mitochondrial
dysfunction and through activation of the cellular antioxidant defense system [8]. In this
case, the molecular mode of action was based on targeted inhibition of the mitochon-
drial serine protease HTRA2, which represents a key player in maintaining mitochondrial
homeostasis and neuronal cell survival [8,12].

The present study focuses on the acidic leucine-rich nuclear phosphoprotein 32A
(ANP32), which belongs to a family of highly conserved proteins and regulates as a multi-
functional protein many biological processes, including apoptosis, cell cycle progression
(tumor suppressor), neurogenesis, transcriptional regulation as well as protein phospho-
rylation [13]. ANP32A is highly expressed in neurological tissues such as the cerebellum
or the cerebral cortex and is located in the cytoplasm as well as in the nucleus [14]. It
has also been reported to function as an extracellular mediator suppressing apoptosis
of hepatocellular carcinoma cells [15] and was also associated with the oncogenesis of
many other cancer types [16-18]. Regarding the molecular structure, ANP32A consists of
an N-terminal leucine-rich repeat (LRR) domain and a C-terminal low complexity acidic
region (LCAR) containing up to 70% aspartic (D) and glutamic (E) acid residues [19,20].
Particularly, the LRR domain shows a curved shape favoring protein-protein interactions
(PPI), whereas the LCAR seems to be an important feature for chromatin binding and micro-
tubule regulations [19-21]. Due to its diverse biological activities, dysfunction of ANP32A
was already associated with other neurodegenerative-related diseases such as Alzheimer’s
disease [22] or Spinocerebellar ataxia [23] and was also discussed as a potential therapeutic
target [24-26]. However, the functional role of ANP32A is largely unexplored in glaucoma
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so far and might serve as attractive molecular target structure for RGC neuroprotection in
glaucoma research.

The CDR1 peptide SCTGTSSDVGGYNYVSWYQ (homologous to IGLV2-11%03) was
identified first as a potential biomarker candidate in primary open-angle glaucoma (POAG)
patients [27] and offers promising properties as a therapeutic agent. Due to that reason,
the main objective of the present study was to evaluate the neuroprotective potential of
the synthetic CDR1 peptide on RGCs ex vivo and to characterize its molecular function
via interaction with ANP32A. To address these questions, we performed peptide-based
immunoprecipitation experiments combined with quantitative proteomic analyses (mass
spectrometry and Western blot analyses). Furthermore, we employed computational
docking analysis to elucidate the molecular binding mechanism from synthetic CDR1 to
ANP32A. The results of this project provide important information about the medical
application of ANP32A as a potential drug target in glaucoma therapy as well as for the
treatment of other age-related neurodegenerative diseases.

2. Materials and Methods
2.1. Synthetic CDR Peptides

The CDR1 peptide (SCTGTSSDVGGYNYVSWYQ) was identified first as a potential
biomarker candidate in the serum of POAG patients and was significantly lower expressed
in systemic IgG molecules compared to healthy control subjects [27]. The original peptide
comprised in total >30 amino acids (SVSGSPGQSVTISCTGTSSDVGGYNYVSWYQQHPGK).
Due to problems during peptide synthesis by the manufacturer as well as insufficient pep-
tide purity, we decided to restrict the peptide length to <20 aa. The remaining sequence
encoded the CDR1 sequence motif (underlined part) flanked by 5 aa to each side repre-
senting the adjacent framework regions (FR1 and FR2). Due to experiences from previous
studies [8,11], we supposed that particularly the CDR1 sequence motif determines the bio-
logical function and activity of the peptide. The company Synpeptide Co. Ltd. (Shanghai,
China) chemically synthesized the peptides with a purity of >90%. The peptide synthesis
was performed as follows: SCTGTSSDVGGYNYVSWYQ (without modification) and Biotin-
[Acp]-SCTGTSSDVGGYNYVSWYQ. The unmodified synthetic peptides were evaluated as
potential glaucoma medications in the retina organ culture model (see method Section 2.2).
The peptides with the N-terminal Biotin-[Acp] modification were immobilized on magnetic
streptavidin beads for immunoprecipitation experiments (see method Section 2.3).

2.2. Retina Organ Culture Model and Immunohistochemical Staining

The retina organ culture model is frequently used in our laboratory for RGC neurode-
generation, which is elicited by axotomy of the optic nerve and characterized by progressive
RGC loss during 24 h of cultivation [8,10]. It mimics fundamental characteristics of glau-
coma and is routinely used to evaluate the neuroprotective effects of potential glaucoma
medications [8,10]. The retina organ culture was prepared from freshly removed eye bulbs
of the house swine (Sus scrofa domestica Linnaeus, 1758), which has been extensively de-
scribed in former studies [8,10]. The removed eye bulbs were transported within 2 h on
ice from the slaughterhouse to the laboratory facilities and were further prepared under
sterile conditions. For this experiment, 5 X 5 mm retina-retinal pigment epithelium (RPE)
tissue compounds were assembled and cut in the dorsal periphery above the visual streak
to ensure homogeneous distribution of RGCs in each experiment. Thereby, the retina and
RPE were merged into an in vivo orientation, with the photoreceptor layer lying face down
and the RGC layer oriented upwards. Neurobasal A medium supplemented with 2% B27,
1% N2, 0.8 mM L-alanyl-L-glutamine, and 1% penicillin/streptomycin was used for the
cultivation of the retinal explants for 24 h at 37 °C and 5% CO,. The tissue compounds
were either untreated as control explants (CTRL) or treated with 50 pg/mL and 100 pug/mL
of synthetic CDR1 (SCTGTSSDVGGYNYVSWYQ), respectively. Both concentrations were
revealed from a previous experiment (see Figure S1) and selected as starting point for the
present study. A concentration of 25 ug/mL of synthetic CDR1 did not show any beneficial
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effects compared to the untreated CTRL, whereas a concentration of 150 uL/mL indicated
a potential saturation effect (see Figure S1). The next day, the control and peptide-treated
retinae (n = 6 for each group) were carefully removed from the RPE and subsequently
fixed in 4% paraformaldehyde (PFA) for 30 min at RT. The immunohistochemical staining
for the detection of RGCs was performed by a standard operation protocol (SOP) as pre-
viously described [8]. For this staining, we used the goat anti-Brn3a (ratio: 1:250; Santa
Cruz Biotechnology, Dallas, TX, USA) as the primary antibody, followed by labeling with
the fluorescent secondary dye antibody Alexa Fluor 568 donkey anti-goat (ratio: 1:400;
Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.: A-11057). In addition, each retinal
flat-mount was stained with 1:2500 4’,6-Diamidin-2-phenylindol (DAPI; Thermo Fisher
Scientific, Rockford, IL, USA, Cat. No.: D1306) in PBS. The microscopic analyses were
performed with the fluorescent microscope Axio Observer Z1 (Carl Zeiss AG, Oberkochen,
Germany) using a 20-fold magnification objective lens. Eleven high-resolution fluorescent
images were taken from each retinal flat-mount at different positions providing in a total of
66 fluorescent images for each group (CTRL and CDR1: 50 and 100 pg/mL). The fluorescent
images were randomized, and the number of RGCs (Brn3a™ cells) was manually counted
by experienced laboratory workers using the software package Image]J [23]. Brightness and
contrast were adjusted in each image to facilitate the counting of the Brn3a™ cells and to
extrapolate the numbers to RGC /mm? for each group.

2.3. Peptide-Based Immunoprecipitation

The peptide-based immunoprecipitation experiment was performed to identify pro-
tein interaction partners of synthetic CDR1 in the retina. Therefore, we used retinal protein
homogenate from the house swine (Sus scrofa domestica Linnaeus, 1758) for the enrichment,
which was prepared as described elsewhere in detail [8]. The prepared protein homogenate
was stored in 5 mg aliquots at —20 °C before further processing. For peptide immobi-
lization, we employed Pierce™ Streptavidin Magnetic Beads (Thermo Fisher Scientific,
Rockford, IL, USA, Cat. No.: 88816) for the immunoprecipitation experiments. Thus,
50 pL of magnetic beads solution was washed twice with 200 pL of phosphate-buffered
saline (PBS) using a magnetic stand and subsequently labeled with 80 ug of Biotin-[Acp]-
SCTGTSSDVGGYNYVSWYQ for 1 h at RT. Simultaneously, magnetic control (CTRL) beads
were labeled with 0.5 mg/mL biotin solution (Thermo Fisher Scientific, Rockford, IL, USA,
Cat. No.: 29129), which will be used as reference values for the normalization of the
quantitative proteomic data. After chemical peptide immobilization, the bead fractions
(n = 3 per group) were washed twice with 200 puL of PBS, followed by the addition of 5 mg
retinal protein homogenate to each assay (5 mg in 200 uL PBS, protein concentration:
25 pg/uL). The mixtures were incubated at 4 °C overnight with gentle mixing. The next
day, the unbound protein fractions were discarded, and both bead groups + CDR1 were
washed three times with 300 uL of PBS. The remaining attached proteins were eluted with
100 pL of Pierce™ IgG Elution buffer (pH 2.0; Thermo Fisher Scientific, Rockford, IL,
USA, Cat. No.: 21028) from the magnetic beads = CDR1 and subsequently neutralized
with 10 uL of 1 M Tris HCl solution (pH 8.5). The protein eluates of each group (CTRL
and CDR1) were evaporated in the speed vacuum concentrator (SpeedVac; Eppendorf,
Darmstadt, Germany) until dryness at 30 °C and stored at —20 °C before further processing
(see method Section 2.5).

2.4. Molecular Dynamics (MD) Simulations and Virtual Docking Analysis

The initial configurations of the CDR1 peptide sequence were modeled using Py-
MOL [28], and all MD simulations were performed using GROMACS 2021 [29]. The
peptide was equilibrated for 2 ns in both NVT and NPT ensembles using SPC/E water as
the explicit solvent [30]. MD simulations were performed for 200 ns, and to obtain better
sampling data, five independent 200 ns simulations starting from random velocities were
carried out for the CDR1 peptide. The clusters were rendered using VMD 1.9.4 [31], and all
the figures were plotted using Python version 3.11. Autodock Vina 1.1.2 was used to predict
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potential CDR1-specific binding regions of ANP32A (PDB protein structure: 4XOS) [32].
The peptide secondary structure used for the docking binding energy calculations was
received from the MD simulations.

2.5. In-Solution Trypsin Digestion

The SOP for the mass spectrometric (MS) analysis of peptide-based immunoprecipita-
tion experiments (see method Section 2.3) is described elsewhere in detail [8]. The sample
preparation protocol for the MS analysis of the retina organ culture = CDR1 treatment was
slightly modified. At first, the retina organ culture model was performed as described in
method Section 2.2, and the retinal tissues subsequently snap-frozen in liquid nitrogen
(n =3 for each group; CTRL and CDR1 100 ug/mL). Afterward, the frozen retinae & CDR1
treatment was subjected to further homogenization and tryptic digestion as described in a
previous publication [8]. Therefore, the retinal proteins were extracted in T-PER™ buffer
(Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.: 78510) using the Precellys® 24 ho-
mogenizer (VWR, International GmbH, Darmstadt, Germany) and subsequently rebuffered
in 200 pL of PBS using an Amicon 3 kDa centrifugal filter device (Millipore, Billerica, MA,
USA, Cat. No.: UFC500396). After the determination of the protein concentration of each
sample, 10 ug of protein was evaporated in the SpeedVac until dryness at 30 °C. Each
protein sample was resolved in 30 puL of 10 mM ammonium bicarbonate (ABC) with 3 uL of
20 mM dithiothreitol (DTT) in 10 mM ABC. All samples were incubated at 56 °C for 30 min
to reduce the disulfide bonds of the proteins. As the next step, 3 uL of 40 mM iodoacetamide
(IAA) in 10 mM ABC was added for the alkylation of the released cysteine residues. Hence,
all samples were incubated for 30 min at RT in the dark, followed by enzymatic digestion
with 10 pL of trypsin solution (1 mg/mL in 10 mM ABC 10% acetonitrile ((ACN); Promega;
Madison, WI, USA, Cat. No.: V5111) at 37 °C overnight. The next day, the digestion was
quenched with 10 pL of 0.1% formic acid (FA), and all samples evaporated in the SpeedVac
until dryness at 30 °C. Prior to MS analysis, peptide purification was carried out with
SOLAu™ HRP SPE spin plates (Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.:
60209-001) [8] and stored as dried as well as concentrated samples at —20 °C before further
experimental procedure.

2.6. Mass Spectrometric (MS) Analysis

The MS measurements were performed with a Hybrid Linear Ion Trap-Orbitrap MS
system (LTQ Orbitrap XL; Thermo Fisher Scientific, Rockford, IL, USA), which is a well-
established technology for quantitative proteomics in our laboratory [8,27]. In the case of the
peptide-based immunoprecipitation experiments (see method Section 2.3), the MS system
was online coupled to a capillary HPLC system as described elsewhere [27]. Respectively,
experimental settings for this HPLC-MS analysis are listed in previous studies [8]. For the
other quantitative proteomic analysis (see method Sections 2.2 and 2.5), the LTQ Orbitrap XL
MS operated with the EASY-nLC 1200 system (Thermo Fisher Scientific, Rockford, IL, USA),
which was combined with the PepMap C18 column system (75 mm x 500 mm; Thermo
Fisher Scientific, Rockford, IL, USA). Solvent A for the nanoLC instrument comprised
0.1% FA in water, and solvent B consisted of 0.1% FA in 80% ACN. In total 2 uL of each
sample (peptide concentration: 0.125 pug/pL) were injected into the nanoLC system and
were measured twice to receive technical replicates. The chromatographic separation of
the peptides was performed within 200 min using a flow rate of 0.3 pL/min with the
following solvent gradient: 5-30% B (0-160 min), 30-100% B (160-180 min) and 100% B
(180-200 min). The MS data acquisition was performed with a resolution of 30,000 in the
positive ion mode, and the target automatic gain control (AGC) was set to 1 x 10° ions.
The internal lock mass calibration was set to 445,120,025 m/z (poly-dimethyl cyclosiloxane).
Dynamic exclusion (DE) of the MS system was enabled during data acquisition with the
following settings: Repeat count = 1, repeat duration = 30 s, exclusion list size = 100,
exclusion duration = 300 s, and exclusion mass width of + 20 ppm. After each FTMS scan,
the five most intense precursor ions were fragmented in the ion trap using a normalized
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collision energy of 35%. All MS proteomics data of this study have been deposited to
the ProteomeXchange Consortium via the PRIDE [33] partner repository with the dataset
identifier PXD038373.

2.7. Quantitative Analysis of the Proteomic MS Data

The acquired tandem MS data were analyzed with bioinformatics software MaxQuant
v. 1.6.17.0 (Max Planck Institute for Biochemistry, Martinsried, Germany). The reviewed
SwissProt databases with the taxonomies Homo sapiens (date: 13 April 2021, number of
sequences: 20,408) and Sus scrofa (date: 13 April 2021, number of sequences: 1439) were
used for protein identifications and quantification. Due to the low public availability of
proteomic data for the house swine (Sus scrofa) [34], we included the species-related human
proteomic database (Homo sapiens) for this quantitative analysis. The following software
settings were used for the database search: peptide ion mass tolerance of &+ 30 ppm, ion
fragment mass tolerance of 0.5 Da, tryptic cleavage, maximum of two missed cleavage
sites, carbamidomethylation as fixed modification, acetylation (N-terminal protein) and
oxidation as variable modifications. In addition, the “match between run” function was
enabled, and all protein identifications were filtered with a false discovery rate (FDR) < 1%.

2.8. Statistics and Bioinformatics

The output data of the MaxQuant analysis were statistically analyzed with the software
program Perseus v. 1.6.15 (Max Planck Institute for Biochemistry, Martinsried, Germany).
As the first step, proteins identified as contaminants, reversed hits, or “only identified
by site” were removed from the data table. Afterward, the intensity values of the fil-
tered proteins were log2-transformed. Reliable protein identifications with >2 unique
peptides had to be present in at least three biological replicates of one study group (CTRL
or CDR1-treated group) and were employed for data imputation and further statistical
analysis. Imputation of missing protein abundances was based on the normal distribution
of the data for each replicate (width: 0.3, down-shift: 1.8). For the statistical analysis of
the peptide-based immunoprecipitation experiment (see method Section 2.3), only miss-
ing values of the control bead group (CTRL) were imputed in accordance with previous
publications [8,35]. After data imputation, two-sided t-test statistics for pairwise compari-
son were used to identify significantly changed proteins between the experimental groups
(p < 0.05). For data visualization, the protein intensities were standardized by Z-score
followed by illustration in the Heatmap using Euclidean for hierarchical clustering. Further
statistical analyses (f-test statistics or ANOVA for multiple group comparison) as well as
a graphical presentation of the data were performed with Statistica version 13 (StatSoft;
Tulsa, OK, USA). Furthermore, significantly changed protein markers were screened for
molecular-biological annotations as well as signaling functions using biological database
STRING version 11.5 (Search Tool for the Retrieval of Interacting Genes/Proteins) and
Ingenuity Pathway Analysis software v. 1-04 (IPA, Ingenuity QIAGEN; Redwood City, CA,
USA) [8].

2.9. Western Blot Analysis

To evaluate the protein phosphorylation and histone acetylation events in the
retinae & CDRI1 treatment, we performed a Western Blot analysis. Therefore, 50 ug of
retinal lysate + CDRI1 treatment were loaded onto 10-well NuPAGE 12% Bis-Tris mini gels
(Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.: NP0341BOX) under reducing
conditions, which were incorporated in the XCell SureLock™Mini-Cell Electrophoresis
System (Invitrogen, Carlsbad, CA, USA). In addition, 10 puL of the SeabluePlus 2 Pre-Stained
Protein Standard (Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.: LC5925) was
used as molecular weight reference. For 1D gel electrophoresis, the NuPAGE™ MES SDS
Running Buffer 20X (Thermo Fisher Scientific, Rockford, IL, USA, Cat. No.: NP0002) was
used according to the supplier’s protocol and separated at 150 V for 1.5 h at 4 °C. Then,
the protein was transferred to PVDC membranes for 1 h at 100 V. After blocking with 10%
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non-fat dry milk for 1 h; the membranes were incubated overnight with the following
primary antibodies: Phospho-(Ser/Thr) Phe antibody (source: rabbit, dilution: 1:1000;
Cell Signaling, Frankfurt am Main, Germany, Cat. No.: 9631), PAN (histone) acetylation
antibody (source: mouse, dilution: 1:1000; Proteintech GmbH, Planegg-Martinsried, Ger-
many, Cat. No.: 66289-1-Ig) and GAPDH antibody (source: mouse, dilution: 1:000, Cell
Signaling, Frankfurt am Main, Germany; Cat. No.: 97166). As secondary antibodies, we
used HRP-conjugated horse-anti-mouse IgG or goat-anti-rabbit IgG (dilution 1:10,000; Cell
Signaling, Frankfurt am Main, Germany, Cat. No.: 7076 and 7074). Afterward, the Signal-
Fire™ ECL Reagent (Cell Signaling, Frankfurt am Main, Germany, Cat. No.: 6883) was used
to visualize the proteins according to the supplier’s protocol and detected with a Sapphire
Imager (Azure Biosystems, Munich, Germany). The AlphaView SA software package v. 3.4
(ProteinSimple, San Jose, CA, USA) was used for the densitometric analysis. The protein
band intensities were normalized to the expression profiles of GAPDH and calculated as
percentage distribution. For multiple antibody incubations, the PVDC membrane was
treated with Western blot recycling stripping buffer (10X; Alpha Diagnostic International,
San Antonio, TX, USA, Cat. No.: 90101) according to the supplier’s protocol.

3. Results
3.1. Effects of Synthetic CDR1 on RGCs Ex Vivo

At first, we were interested in the potential neuroprotective effects of the synthetic
CDR1 peptide (SCTGTSSDVGGYNYVSWYQ) on the viability of RGCs ex vivo. For the
evaluation of this assumption, we used the retina organ culture of the house swine
(Sus scrofa domestica), which is a well-established model system, to investigate RGC neu-
rodegeneration [8,10]. The neurodegeneration in this model was elicited by axotomy of the
optic nerve from the retina resulting in reproducible and significant loss of RGCs during
24 h of cultivation ex vivo. It provided excellent requirements to mimic glaucomatous-like
conditions ex vivo and was frequently applied to deliver first hints for neuroprotection
of potential glaucoma medications, particularly immunotherapeutics [8,10,11]. Accord-
ingly, the retinal explants were either treated with 50 pg/mL and 100 pg/mL of syn-
thetic CDR1 peptide or remained untreated, serving as the control group (CTRL) (see
Figure 1 and Table S1). After cultivation, the retinal explants were prepared for immuno-
histochemical Brn3a staining, which is a reliable molecular marker for the fluorescent
microscopic identification of RGCs [36]. Figure 1A shows exemplary high-resolution im-
ages of the retinal explants + treatment indicating an increasing RGC density (number
of identified Brn3a*-RCGs is indicated in each image by n) with ascending CDR1 pep-
tide concentration (from 50 to 100 pg/mL). The quantitative analysis of the microscopic
data (see Figure 1B) revealed that retinal explants treated with 50 pug/mL of synthetic
CDR1 (274 + 30 RGCs/mm?) showed significantly higher viability of RGCs compared to
untreated CTRL explants (352 + 62 RGCs/mm?, *: p < 0.05). This neuroprotective effect
could be clearly enhanced by ascending the CDR1 peptide concentration to 100 pug/mL
resulting in a 31% significantly higher RGC viability (399 + 52 RGCs/mm?) compared to
the untreated control group (274 + 30 RGCs/mm?, ***: p < 0.001).

3.2. Peptide-Based Immunoprecipitation of Retinal Protein Interaction Partners

To elucidate the neuroprotective mode of action of the synthetic CDR1 peptide
(SCTGTSSDVGGYNYVSWYQ), we screened for potential interaction partners in the retina
proteome using CDR1-specific immunoprecipitation experiments. This state-of-the-art MS-
based technology enabled the identification of direct protein interaction partners of largely
unexplored biological compounds and was already successfully applied by our group for
target structure (biomarker) identification [8,11]. For this reason, we immobilized the synthetic
CDR1 peptide on magnetic beads by biotin-streptavidin conjugation and performed a protein
enrichment from retinal protein homogenate. For differentiation and exclusion of unspecific
protein binders, we also considered a biotin-labeled control (CTRL) bead group in this ex-
periment. After enrichment of the protein binders, the eluate fractions of both bead groups
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(CTRL and CDR1) were subjected to further proteomic MS analysis. Employing the statistical
analysis of the quantitative proteomic data, we verified the significantly enhanced enrichment
of acidic leucine-rich nuclear phosphoprotein 32A (ANP32A) by the CDR1-labeled magnetic
beads in comparison to unlabeled CTRL bead group (1 = 3, p < 0.001 and log?2 fold change > 3,
see Figure 2 and Table S2). This result indicates that the synthetic CDR1 peptide seems to
interact physically with retinal protein ANP32A.

(A)

Untreated CTRL CDR1: 50 yg/mL

100 pg/mL

(B) Viability of RGCs (Brn3a* cells/mm?)
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Figure 1. Neuroprotective effects of the synthetic CDR1 peptide (SCTGTSSDVGGYNYVSWYQ;
50 and 100 pL/mL) on the viability of RGCs ex vivo. (A) Exemplary high-resolution fluorescent
images of retinal flat mounts + CDR1 treatment (50 and 100 uL/mL) using Brn3a as a molecular
marker for RGCs. The RGC density increased with ascending CDR1 peptide concentration (from
50 to 100 pug/mL). The number (1) of identified Brn3a*-RGCs is shown in each exemplary fluorescent
image (B) Bar plot showing the number of Brn3a* cells (RGCs/ mm?) either in untreated retinal
explants (CTRL) or treated with 50 and 100 pug/mL of synthetic CDR1. The RGC viability significantly
increased in a concentration-dependent manner with the exogenous application of synthetic CDR1.
(n = 6 for each group, *: p < 0.05 and ***: p < 0.001 in comparison to CTRL).
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Figure 2. Identification of retinal protein interaction of synthetic CDR1 revealed by MS-based
immunoprecipitation. The Volcano plot illustrates the log2 fold-change plotted against the —log10-
adjusted p values of the proteins identified in both experimental groups (CDR1 and CTRL bead
group). The acidic leucine-rich nuclear phosphoprotein 32A (ANP32A) was highly enriched in the
CDRI1-labeled bead group (SCTGTSSDVGGYNYVSWYQ) in comparison to unlabeled CTRL beads
(n = 3 for each group; p < 0.001 and log2 fold change > 2).

3.3. MDD Simulations and Binding Prediction Analyses of Synthetic CDR1

For better clarification of the molecular binding mechanism for this specific peptide—
protein interaction, we achieved the first MD simulations in silico to reveal important
secondary structure information about synthetic CDR1 (SCTGTSSDVGGYNYVSWYQ) (see
Figures 3 and S2). The most predominant peptide structure from the equilibrium MD
simulations (see Figure 3A,B) possessed a B-hairpin-like structure in the center position of
the peptide partially formed by the CDR1 sequence motif S(6)-SDVG-G(11). Furthermore,
the center hairpin formation is connected to a turn on either side, followed by a random
coil at the N-terminus and a short helical-like structure at the C-terminus. Particularly, due
to the B-hairpin-like structure, the peptide exhibits high flexibility in the central region (see
Figure 3C) arranged with two flexible portions at both edges (N- and C-terminal). In con-
sideration of the specific secondary structural features of synthetic CDR1, we accomplished
further peptide binding prediction analyses in silico to ANP32A (PDB protein structure:
4X0S), which was identified as a potential target protein by previous experiments. As a
main result, the virtual docking analysis predicted a significant binding site of CDR1 to the
N-terminal region of ANP32A (see Figure 3D,E), which is determined as the leucine-rich
repeat (LRR) domain of ANP32A [20]. Especially, the highly flexible B-hairpin motif at
the center portion of the peptide seems to favor the molecular interaction with the acidic
LRR domain of ANP32A. Accordingly, these findings of the in silico calculations are in line
with the experimental observations and support a potential molecular interaction between
synthetic CDR1 and retinal target protein ANP32A.
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Figure 3. Secondary structure of the CDR1 peptide (SCTGTSSDVGGYNYVSWYQ) and the vir-
tual docking analysis to retinal interaction partner acidic leucine-rich nuclear phosphoprotein 32A
(ANP32A). (A) Structuring of the CDR1 peptide revealed by MD simulations. (B) Secondary structure
of the CDR1 peptide exhibiting a 3-hairpin like structure in the center position. The loop is partially
formed by the CDR1 sequence motif S(6)-SDVG-G(11). (C) Flexibility of the CDR1 peptide along the
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peptide backbone fluctuations during MD simulations. The flexible portions of the sequence are
dominated over three regions of the peptide, which are located in the center as well as one each at
the terminal regions. (D,E) Potential binding site of the CDR1 peptide to retinal interaction partner
ANP32A shown in cartoon and ribbon diagram. The peptide interacts with the leucine-rich repeat
(LRR) of ANP32A, which is located at the N-terminal part of the protein (PDB protein structure:
4X0OS). The N-terminal LRR domain of ANP32A is highlighted in red color in the protein structure
from F(41) to K(111). The N- and C-Terminus of ANP32A are colored in blue in the cartoon diagram
and in green in the ribbon 3D structure.

3.4. Quantitative Proteomic Analysis of CDR1-Treated Retinal Explants

For elucidation of the molecular modes of action of the synthetic CDR1 peptide
(SCTGTSSDVGGYNYVSWYQ), we employed a quantitative MS-based proteomic analysis
of the retinal explants £ CDR1 treatment (n = 3 for each group). Due to increased neuro-
protection on RGCs ex vivo in a concentration-dependent manner of synthetic CDR1, we
selected a peptide concentration of 100 ug/mL for this experiment. In summary, 1040 pro-
teins were identified in the retina of both experimental groups (CTRL and CDR1) using
a false discovery rate (FDR) <1% (see Table S3). Up to 3% of these proteins showed a
significant level change between both groups (p < 0.05), indicating 12 high abundant and
13 low abundant protein markers in the CDR1-treated retinal explants (100 pg/mL) com-
pared to the untreated CTRL group (see Figure 4A and Tables 1 and 2). With respect to
these results, we also identified CDR1-specific target protein ANP32A in the proteomic
analysis indicating slightly diminished expression levels in the peptide-treated group
compared to CTRL (see Figure 4B and Table S3), even if this effect was not supported
by statistical significance (p = 0.105). However, particularly pyruvate metabolism-related
proteins (e.g., pyruvate carboxylase, PC and pyruvate dehydrogenase E1 &, PDHA1), as
well as cytoskeleton/membrane-associated proteins (e.g., moesin, MSN and endophilin-A1l,
SH3GL2), were found with significantly higher abundances in CDR1-treated explants
compared to CTRL. Otherwise, proteomic subunits of the retromer complex (e.g., vacuolar
protein sorting-associated protein 26B, VPS26B and vacuolar protein sorting-associated
protein 29, VPS29), as well as direct ANP32A-interacting proteins (e.g., nucleoside diphos-
phate kinase A, NMEL1 and serine/threonine-protein phosphatase 2A activator, PPP2R4),
were significantly lesser expressed by CDRI1 treatment compared to untreated CTRL (see
Figure 5 and Table 2). Furthermore, IPA functional annotation analysis revealed Acetyl-CoA
biosynthesis I, mitochondrial dysfunction, granzyme A signaling, oxidative phosphoryla-
tion, as well as mechanisms of viral exit from host cells as the top five most CDR1-induced
signaling pathways (see Table 3).

3.5. Western Blot Analysis

Due to the important regulatory function of ANP32A in phosphoprotein
signaling [37,38] and gene transcription [13], we investigated if there are any qualitative
as well as quantitative changes regarding protein phosphorylation and histone acetyla-
tion events in retinal tissues & CDR1 treatment (100 pg/mL). Therefore, we performed
a Western blot analysis of the respective retinal protein lysates £ CDR1 and screened for
protein phosphorylation sites at serine (Ser) or threonine (Thr) residues and for acetylation
motifs at lysine (Lys) residues on histones (see Figure 6). The densitometric analysis of
the data revealed that CDR1-treated retinal tissues tended to show a slight increase in
protein phosphorylation events compared to untreated CTRL explants but was not sup-
ported by statistical significance (p = 0.18, see Figure 6B). Also, histone acetylation was
clearly increased by CDRI1 treatment compared to untreated CTRL, as indicated by the
enhanced chemiluminescent signal in the CDR1-treated replicates (around 14 kDa; see
Figure 6A). However, a convincing quantitative analysis of this marker was not feasible
due to increased chemiluminescent background emission of the membrane.
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Table 1. Protein markers were significantly up-regulated in CDR1-treated retinal explants compared to untreated controls (CTRL, p < 0.05).

No. Protein ID Protein Name Gene Name Score Mol. Weight [kDal] Peptides Fold Change p-Value CDR1 vs. CTRL
1 P11498 Pyruvate carboxylase, mitochondrial PC 46.55 129.6 3 2.99 <0.05 T
2 P26038 Moesin MSN 48.79 67.8 3 2.88 <0.05 T
3 P50502 Hsc70-interacting protein ST13 33.33 41.3 4 1.55 <0.05 1T
4 Q13885 Tubulin beta-2A chain TUBB2A 65.75 49.9 21 1.52 <0.01 T

Dihydrolipoyllysine-residue
5 P10515 acetyltransferase component of PDH, DLAT 9.34 69.0 3 1.51 <0.05 1T
mitochondrial
6 Q99962 Endophilin-A1 SH3GL2 55.17 40.0 7 1.45 <0.05 T
7 QouUI12 V-type proton ATPase subunit H ATP6V1H 128.60 55.9 8 1.43 <0.05 1T
8 P50991 T-complex protein 1 subunit delta CCT4 50.63 57.9 7 141 <0.01 T
Dolichyl-diphosphooligosaccharide-
9 QIGMBO0 -protein glycosyltransferase RPN1 23.80 68.7 8 1.39 <0.001 T
subunit 1
10 P23687 Prolyl endopeptidase PREP 137.82 80.8 11 1.37 <0.05 T
11 P29804 Pyruvate dehydrogenase E1 PDHA1 29.28 43.1 7 1.31 <0.05 1
component subunit o, mitochondrial
12 P63010 AP-2 complex subunit beta AP2B1 65.96 104.6 11 1.16 <0.01 T

1: High abundant in the CDR1 group compared to CTRL. |: Low abundant in the CDR1 group compared to CTRL.



Biomolecules 2023, 13, 1161 13 of 23

Table 2. Protein markers that were significantly down-regulated in CDR1-treated retinal explants compared untreated controls (CTRL, p < 0.05).

No. Protein ID Protein Name Gene Name Score Mol. Weight [kDal] Peptides Fold Change p-Value CDR1 vs. CTRL
1 QYUBQOD Vacuolar protein s.ortmg—assoaated VPS29 38.05 205 5 133 <0.05 !
protein 29
2 Q15257 Serine/threonine-protein PPP2R4 2328 407 2 1.56 <0.05 !
phosphatase 2A activator ’ ' ’ '

3 P30049 ATP synthase subunit delta, ATP5F1D 60.95 175 2 1.58 <0.05 !
mitochondrial

4 Q03252 Lamin-B2 LMNB2 40.46 69.9 3 1.67 <0.05 1

5 Q15293 Reticulocalbin-1 RCN1 66.83 389 3 1.68 <0.05 +

6 P62888 60S ribosomal protein L30 RPL30 15.89 12.8 3 1.89 <0.05 +

7 P15531 Nucleoside diphosphate kinase A NME1 108.02 17.1 6 1.99 <0.05 +

Plasminogen activator inhibitor 1

8 Q8NC51 RNA-binding protein SERBP1 65.36 45.0 3 2.90 <0.05 1

9 029205 60S ribosomal protein L11 RPL11 35.69 20.2 2 5.16 <0.01 1

10 Q4GOF5 Vacuolar protein sorting-associated VPS26B 10.83 39.2 3 9.97 <0.01 I

protein 26B

11 P36542 ATP synthase subunit gamma, ATP5F1C 67.00 33.0 2 10.30 <0.01 1
mitochondrial

12 075964 ATP synthase subunit g, ATPSMG 37.14 114 2 11.08 <0.001 1
mitochondrial

13 Q29026 Cell cycle exit and neuronal CEND1 66.37 14.0 2 11.81 <0.001 1

differentiation protein 1

1: High abundant in CDR1 group compared to CTRL. |: Low abundant in CDR1 group compared to CTRL.
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Figure 4. Quantitative proteomic analysis of CDR1-treated retinal explants (100 ug/mL) compared
to untreated controls (CTRL). (A) Heatmap showing the expression levels of proteins, which were
significantly differentially expressed between both experimental groups (CTRL and CDR1, p < 0.05).
(B) Expression levels of acidic leucine-rich nuclear phosphoprotein 32A (ANP32A), which was
identified as a potential interaction partner of synthetic CDR1. The protein levels of ANP32A were
slightly diminished in the CDR1-treated retinal explants compared to untreated CTRL but were not
supported by statistical significance (p = 0.105).

Table 3. List of CDR1-induced signaling pathways revealed by IPA analysis.

Signaling Pathways —log (p-Value) Molecules
Acetyl-CoA Biosynthesis I 4.62 DLAT, PDHA1
Mitochondrial Dysfunction 4.47 A;Fg;i/[céﬁ}gﬁ[lz? !
Granzyme A Signaling 3.71 ANP32A, NME1
Oxidative Phosphorylation 3.62 ATP5F1C, ATP5F1D, ATP5MG
Mechanisms of Viral Exit from Host Cells 3.04 LMNB2, SH3GL2
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Figure 5. CDR1-induced signaling pathways in the retina. The protein interaction network illustrates
the signaling cascades, which were elicited by CDR1 treatment in the retina during glaucomatous-like
conditions ex vivo. STRING analysis revealed the signaling pathways and functions of the most
affected proteins markers (p < 0.05) using a medium confidence score (0.4). The CDR1-specific target
protein ANP32A shows a direct interaction with the proteins PPP2R4 and NMEL. Proteins groups

were assigned by MCL clustering, and protein intensities were labeled by color code (Red: 1 and
blue: |, CTRL vs. CDR1).
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Figure 6. Protein phosphorylation and histone acetylation in retinal tissues + CDR1 treatment.
(A) Representative Western blots showing protein phosphorylation, histone acetylation, and the
expression of housekeeping protein GAPDH in retinal tissues &+ CDR1 treatment (100 pg/mL).
Histone acetylation was clearly increased by CDR1 treatment compared to untreated CTRL but was
quantitatively not analyzable. (B) Densitometric analysis of protein phosphorylation events in retinal
tissues == CDR1 (100 pug/mL). Band intensities were normalized to the housekeeping protein GAPDH.
Error bars indicate standard deviation (SD). Protein phosphorylation is slightly increased by CDR1

treatment compared to untreated controls but was not supported by statistical significance (p = 0.18,
n = 3 for each group).
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4. Discussion

Immunotherapeutic strategies have revolutionized the treatment of many diseases
ranging from neurodegenerations to various cancer types [39,40]. Thereby, the term ‘im-
munotherapeutics” encompasses the medical application for a wide range of immune-
related drug compounds, which are used for immunomodulation, immunization, check-
point inhibition, receptor blocking, and other mechanism-based therapies. Especially,
peptide-based immunotherapeutics are of great interest for pharmaceutical drug develop-
ment due to the almost unlimited possibilities to improve their physicochemical properties
(e.g., hydrophobicity) in order to guarantee the best pharmacokinetics characteristics
(e.g., plasma half-lives or absorption) for various medical applications [41]. To date, there
is no appropriate treatment option that directly interferes with the neurodegenerative
molecular mechanism of glaucoma, and specific drug target molecules for therapy are still
missing. Antibody-derived immunopeptides might represent an attractive therapeutic
strategy to satisfy this urgent medical need and to provide new innovative perspectives in
glaucoma therapy.

The present study results proved that the synthetic CDR1 sequence motif
SCTGTSSDVGGYNYVSWYQ induced neuroprotective effects on RGCs ex vivo in a
concentration-dependent manner (see Figure 1). Thereby, a concentration of 50 pg/mL
of the synthetic CDR1 peptide significantly increased the RGC viability by about 22%
compared to the untreated CTRL group (p < 0.05), whereas an augmented concentration of
100 ug/mL significantly enhanced the RGC neuroprotection of about 31% in comparison
to CTRL (p < 0.001). Furthermore, the synthetic CDR1 peptide showed a high affinity for
the acidic leucine-rich nuclear phosphoprotein 32A (ANP32A) in the retinal proteome (see
Figure 2) and might elicit its neuroprotective activities via this specific protein interaction.
Nevertheless, we required higher amounts of the synthetic CDR1 peptide (50-100 pg/mL)
to induce RGC neuroprotection in the present study compared to the previous one [8],
which might reflect the protein abundances of the respective target molecule in the retina. In
the previous study, we used the CDR1 sequence motif: ASGYTFTNYGLSWVR (25 ug/mL)
to induce RGC neuroprotection, which targets the mitochondrial serine protease HTRA2 [8]
and inhibits its proteolytic activity [12]. ANP32A is a highly expressed protein in many
neurological tissues (e.g., cerebral cortex) [14] and was also identified with high abundances
in the retina in several MS-based studies of our group [11,42]. Target protein HTRA?2, in
contrast, was never identified in these MS analyses (without enrichment), indicating much
lower expression levels in the retina, which are below the limit of detection of the MS.
To support this, the human protein atlas provides a relative expression of ANP32A with
107 nTPM (normalized transcripts per million) in the retina and a relative abundance of
HTRA2 with only 2.5 nTPM in the same tissue [43] indicating a fold change of 43:1 between
both target molecules. This might explain the required CDR1 peptide concentration of
>50 pg/mL (SCTGTSSDVGGYNYVSWYQ) for RGC neuroprotection ex vivo to provide
sufficient drug target saturation and appropriate binding efficiency to ANP32A. Moreover,
many peptides were reported to penetrate the cell membrane by direct translocation or by
receptor-mediated endocytosis (e.g., clathrin-mediated endocytosis, which might also be a
potential mechanism of synthetic CDR1 to enter the retinal cells [44].

The CDR1-specific target protein ANP32A is, in many aspects, a multifunctional
protein participating in apoptosis, cell cycle regulation, transcriptional events as well as
protein phosphorylation [13]. Interestingly, the selective knockdown or down-regulation of
ANP32A ameliorated the cognitive deficits as well as the synaptic plasticity in different
experimental animal models for Alzheimer’s disease (AD) and was discussed as a potential
molecular marker for neuroprotection [24-26]. These beneficial effects were caused by
the suppression of the formation of the inhibitor of the histone acetyltransferase (INHAT)
complex, in which ANP32A represents an essential key component. The INHAT complex
inhibits histone acetylation by a mechanism called histone-masking, in which the access of
acetyltransferases is blocked by steric hindrance to the histones. Particularly, the C-terminal
low complexity acidic region (LCAR) of ANP32A favors the direct interaction with histones



Biomolecules 2023, 13, 1161

17 of 23

and is absolutely required to suppress histone acetylation by the INHAT complex [13,45].
Accordingly, the ANP32A-induced hypoacetylation of histones as important epigenetic
regulation seems to be responsible for the cognitive decline in AD in vivo [24,25]. In the
present study, we observed a clear increase in histone acetylation events by synthetic CDR1
compared to untreated CTRL explants (see Figure 6A), which might explain the beneficial
effects on RGCs ex vivo. On the other hand, synthetic histone-binding peptides (derived
from the LCAR of ANP32A, region: 151-180 aa) were successfully used to treat acute
myeloid leukemia by inhibiting histone acetylation of multiple target genes followed by
cell cycle arrest and increased apoptosis of the leukemia cells [46]. However, the virtual
docking analyses predicted that the synthetic CDR1 peptide specifically interacts with the
N-terminal leucine-rich repeat (LRR) domain of ANP32A (see Figure 3). This observation
leads to the assumption that the LRR domain of ANP32A seems to be also an important
binding site for gene transcription regulation and might promote the RGC neuroprotection
mechanism ex vivo.

The quantitative MS analysis of the retinal explants & CDR1 treatment (100 pug/mL)
revealed that 12 proteins were significantly up-regulated and 13 proteomic markers were
significantly down-regulated between both experimental groups (p < 0.05, see Figure 4A
and Tables 1 and 2). In accordance, the protein levels of target protein ANP32A were
slightly diminished in the CDR1-treated group compared to untreated CTRL, even not
statistically significant (p = 0.105, see Figure 4B). Nevertheless, direct protein interaction
partners nucleoside diphosphate kinase A (NME1) and serine/threonine-protein phos-
phatase 2A activator (PPP2R4) were also significantly decreased in the CDR1-treated retinal
explants compared to CTRL, showing a similar trend like ANP32A (see Figure 5). Espe-
cially, the N-terminal LRR domain of ANP32A represents an important binding site for
PPIs [19,20], which is possibly blocked by the synthetic CDR1 peptide in this case. However,
the major function of ANP32A-interacting protein NMET1 is to control the intracellular
nucleotide homeostasis and is also involved in various other cellular processes such as
metastasis suppression and DNA damage [47]. Due to its multifunctional activities, NME1
is possessed many regulatory domains, such as the nucleoside-diphosphate kinase (NDPK),
the protein-histidine kinase, and the 3'-5" exonuclease [47,48]. Interestingly, NME1 was
already associated with the invasion and metastasis of various cancer types [49,50] but also
induced neurite growth and neuroprotection in different model systems for Parkinson’s
disease (PD) in vivo and in vitro [51,52]. In terms of ANP32A, it is also already known
that both molecules are important subunits of the ER-associated oxidative stress response
(SET) complex, which plays a critical role in the Granzyme A (GzmA)- or ROS-mediated
nuclear DNA damage response [53,54] (see Table 3). Thereby, the SET complex is arranged
by nucleases (e.g., NME1), chromatin-modifying proteins (e.g., ANP32A), and a DNA
binding protein unit (e.g., HMGB2) that recognizes distorted DNA. The authors Radic” et al.
(2020) [55] demonstrated that NME1 translocates from the cytoplasm to the nucleus after
radiation-induced DNA damage in vitro and was supposed to promote DNA damage
repair. However, the connection between the SET complex and neurodegenerations is still
unexplored but might represent an important effector mechanism of the CDR1-induced
RGC neuroprotection. Possibly, it might also influence histone acetylation and gene tran-
scription regulation as observed in our present study (see Figure 6A). Nevertheless, this
finding should be confirmed in future studies since the Western blot showed a high chemi-
luminescent background emission and just delivers a hint for increased histone acetylation
events by synthetic CDR1. Also, the metabolic key regulator CoA is also known to inhibit
the NDPK activity of NME1 via covalent and non-covalent interactions [56], whose biosyn-
thesis itself was the most affected signaling pathway in the CDR1-treated retinal explants
(see Table 3).

The other ANP32A-interacting protein PPP2R4 represents the regulatory subunit of
the protein phosphatase 2A (PP2A), which catalyzes the selective removal of phosphate
groups from serine (S) and threonine (T) residues [57,58]. Thus, PPP2R4 determines
the correct folding of the catalytic domain of PP2A and defines its substrate specificity.
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Generally, protein phosphorylations play a pivotal role in cell signaling, protein activity
regulation, gene transcription as well as metabolism and have been associated with many
neurodegenerative diseases so far, such as AD and PD [57,58]. In this context, target protein
ANP32A was already described as an active inhibitor of PP2A (termed as I; PP2AY about
twenty years ago [37]. Remarkably, the inhibition of PP2A was exclusively elicited by
the LRR domain of ANP32A [38], which was identified as the preferred binding site of
synthetic CDR1 in the present study. However, Latarya et al. (2012) [59] reported that
the activities of PP2A as well as other phosphatases (PP2C and PTP), were significantly
increased in the aqueous humor of glaucoma patients compared to non-glaucomatous
cataract patients. However, hyperphosphorylated protein markers (e.g., Tau) were already
associated with the pathogenesis of glaucoma [60]. Moreover, PP2A knockout mice showed
impaired synapse transmission and synapse plasticity [61], highlighting the essential role
of proper protein phosphorylation regulation for neuronal cell survival and homeostasis.
Conclusively, the CDR1-induced down-regulation of PPP2R4 (subunit of PP2A) might be
beneficial for RGC viability during glaucomatous-like conditions ex vivo. In accordance,
our results support the increased occurrence of protein phosphorylation events by synthetic
CDR1 (see Figure 6A,B), which might reflect the reduced enzymatic activity of PP2A.

Another low abundant marker protein in the CDR1-treated group was cell cycle exit
and neuronal differentiation protein 1 (CEND1), which is highly expressed along the neu-
ronal lineage ranging from neuronal stem or precursor cells to mature neurons [62]. CEND1
has an important function during neurogenesis by regulating cell cycle progression/exit
and neuronal differentiation [62,63]. Interestingly, it has been observed that there is a sig-
nificant down-regulation of CEND1 in the retina after optic nerve injury [64] or after blast
exposure-mediated ocular damage [65] in vivo, respectively. The authors Siddiqui et al.
(2014) [64] assumed that low CEND1 expression might indicate abnormal RGC functioning
by promoting apoptosis and mitochondrial dysfunction. Also, CEND1~/~-deficient mice
possess impaired cognitive functions and cellular damage in the brain clarifying its essen-
tial neuroprotective role [66]. In contrast, our present study confirmed a CDR1-induced
down-regulation of CEND1, which could be accordingly considered unfavorable for RGC
viability. Nevertheless, we speculate that this observation might indicate lesser neuroin-
flammatory responses in the CDR1-treated retinae, possibly caused by reduced cellular
stress signaling (e.g., by protein phosphorylation regulation). In accordance with that, the
expression levels of retromer complex subunits (e.g., vacuolar protein sorting-associated
protein 26B and 29, VPS26B and VPS29) were also significantly decreased in the retina by
CDR1 treatment and regulated other important key mechanisms for neuroprotection via
the endolysosomal recycling pathway [67,68].

On the other hand, we also identified protein markers that were significantly highly
expressed in the CDRI1-treated retinae compared to CTRL (see Figure 4 and Table 1),
amongst other enzymes of the acetyl-CoA biosynthesis from pyruvate (e.g., pyruvate
dehydrogenase E1 , PDHA1) and the pyruvate metabolism (pyruvate carboxylase, PC).
PDHALI1 is a subunit of the pyruvate dehydrogenase complex (PDH) and catalyzes the
reaction from pyruvate to acetyl-CoA and CO, [69]. Subsequently, acetyl-CoA can be
further metabolized into ATP in the mitochondria or into other organic compounds and
provides an important cellular source of energy. With respect to glaucoma, it is already
known that an elevated IOP leads to a significant decline of pyruvate in the retina in vivo,
accompanied by a disturbed glucose metabolism [70]. In accordance, pyruvate was re-
ported to inhibit neuroinflammation and function as a ROS scavenger [71]. Interestingly,
Sato et al. (2020) [72] showed that the inhibition of the pyruvate dehydrogenase kinase
(PDK) improved the viability and the energetic function of RGCs in vivo. Thereby, the
enzymatic activity of PDH is regulated by PDK, which inhibits its biological function by
phosphorylation. Hence, the increased expression of PDHA1 (subunit of PDH) seems to
have a great significance on the CDR1-induced RGC neuroprotection ex vivo and also
highlights the relation between the pathogenesis of glaucoma and phosphoprotein cell
signaling. Furthermore, the enzyme PC catalyzes the reaction from pyruvate to oxaloac-
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etate, which serves as an essential intermediate for various biochemical pathways such
as gluconeogenesis, the citric acid cycle, and glutamate/glutamine synthesis [73]. Par-
ticularly, astrocytes are the major source for the synthesis of glutamine in neurological
tissues, which is needed to maintain neurotransmitter homeostasis [74]. Impaired astrocyte
metabolism was already observed in different AD animal models resulting in decreased
metabolic fluxes by PC and reduced glutamine synthesis [75,76]. Also, in glaucoma, it is
well known that an elevated IOP leads to disturbed retinal glutamate/glutamine cycle
activities and is closely connected to the apoptosis of RGCs [77,78]. However, it seems to
be that the increased metabolic processing of pyruvate ameliorates the viability of RGCs
ex vivo and might be elicited through the specific CDR1-ANP32A interaction. In addition,
we also identified the cytoskeleton-regulating protein moesin (MSN) with high abundance
in CDR1-treated retinae compared to CTRL, whose phosphorylation state was also associ-
ated with dysfunction of the blood-retina barrier in an experimental glaucoma model [79].
Moreover, the regulation of MSN phosphorylation is controlled by Rho-associated protein
kinases (ROCK) [80], and specific ROCK inhibitors (e.g., Netarsudil), in turn, were currently
launched as promising glaucoma medications [81]. All these findings emphasize the great
potential of ANP32A as an auspicious drug target molecule in glaucoma therapy as well
as for the treatment of other age-related neurodegenerative diseases. Nevertheless, the
present study also indicates several limitations, which should be specifically addressed in
future studies. In silico MD simulation provide great potential for the accurate prediction
of bindings sites in PPIs but neglet the secondary structure instabilities of peptides in vivo.
Modern technologies such as FRET or SPR might be used for the verification of this specific
protein-peptide interaction in the future. However, targeted manipulation of the peptide
binding motif (e.g., by alanine substitution) might be used for interaction validation with
target protein ANP32A.

5. Conclusions

Opverall, the present study comprehensively investigated the potential neuroprotective
mechanisms of synthetic CDR1 (SCTGTSSDVGGYNYVSWYQ) on RGCs ex vivo and pro-
vided new insights into the complex molecular pathophysiology of glaucoma. Thereby, the
synthetic CDR1 peptide specifically interacts with the acidic leucine-rich nuclear phospho-
protein 32A (ANP32A), which represents a highly abundant protein in the retina. In silico
binding calculations predicted a significant binding site of synthetic CDR1 to the N-terminal
LRR domain of ANP32A, which favors the formation of PPIs. In accordance, the expres-
sion levels of ANP32A-interacting proteins NME1 and PPP2R4 were also significantly
down-regulated in the CDR1-treated retinae indicating impaired signaling transduction
of ANP32A by synthetic CDR1. This might explain the CDR1-induced altered protein ex-
pression levels in the retinae involved in protein phosphorylation regulation (e.g., PPP2R4),
acetyl-CoA biosynthesis (e.g., PDHA1) as well as cytoskeleton/membrane-associated pro-
teins (e.g., MSN), which illustrate the potential neuroprotective modes of action of synthetic
CDR1 ex vivo. Moreover, protein phosphorylation profiles as well as histone acetylation
events, seem to be also affected by synthetic CDR1 in the retina ex vivo. However, further
studies are needed to explore the biological function of ANP32A as a potential drug target
in glaucoma therapy and to assess its medical application profile for clinical interventions
in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom13071161/s1, Figure S1: CDR1 concentration determination;
Figure S2: Secondary structure simulations of synthetic CDR1; Table S1: RGC count of each retinal
explant and statistical analysis; Table S2: Proteomic results of the peptide-based immunoprecipitation
experiment revealed by MS analysis.; Table S3: Proteomic results of the untreated and CDR1-treated
(100 pg/mL) retinal explants revealed by MS analysis. File S1: Unprocessed images of the Western
Blot stainings including molecular weight marker.


https://www.mdpi.com/article/10.3390/biom13071161/s1
https://www.mdpi.com/article/10.3390/biom13071161/s1

Biomolecules 2023, 13, 1161 20 of 23

Author Contributions: Conceptualization: C.S., K.N.F. and N.P. (Natarajan Perumal); data curation:
C.S., K.N.F. and A.B; formal analysis: C.S. and K.N.E,; funding acquisition: N.P. (Norbert Pfeiffer)
and EH.G.; investigation: KN.E, A.B., G.G. and S.D.M.; methodology: C.S., KN.F. and G.G.; project
administration: C.S., T.S. and FH.G.; resources: N.P. (Norbert Pfeiffer) and FH.G.; software: C.S.,
G.G. and T.S,; Supervision: C.S., FH.G. and T.S.; Validation: C.S. and K.N.E,; Visualization: C.S., N.P.
(Natarajan Perumal), and A.B.; roles/writing—original draft: C.S. and K.N.E; writing—review and
editing: A.B., N.P. (Natarajan Perumal), G.G., T.S. and S.D.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The usage animal by-products of the house swine for re-
search purposes was approved by the Kreisverwaltung Mainz-Bingen in Germany (Identification
Code: DE 07 315 0006 21, approved on the 13th January 2014).

Informed Consent Statement: Not applicable.

Data Availability Statement: All MS data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD038373.

Acknowledgments: We acknowledge the GRK 2516 for the funding and computing time granted on
the supercomputer Mogon at Johannes Gutenberg University Mainz.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tham, Y.-C; Li, X.; Wong, T.Y.; Quigley, H.A.; Aung, T.; Cheng, C.-Y. Global prevalence of glaucoma and projections of glaucoma
burden through 2040: A systematic review and meta-analysis. Ophthalmology 2014, 121, 2081-2090. [CrossRef]

2. Weinreb, RN.; Aung, T.; Medeiros, F.A. The pathophysiology and treatment of glaucoma: A review. JAMA 2014, 311, 1901-1911.
[CrossRef]

3. Conlon, R.; Saheb, H.; Ahmed, I.1.K. Glaucoma treatment trends: A review. Can. J. Ophthalmol. 2017, 52, 114-124. [CrossRef]

4.  Bettin, P; Di Matteo, F. Glaucoma: Present challenges and future trends. Ophthalmic Res. 2013, 50, 197-208. [CrossRef] [PubMed]

5. Gutteridge, IL.F. Normal tension glaucoma: Diagnostic features and comparisons with primary open angle glaucoma.
Clin. Exp. Optom. 2000, 83, 161-172. [CrossRef] [PubMed]

6.  Melief, C.J.M. Special Review: The future of Immunotherapy. Immunother. Adv. 2021, 1, 1taa005. [CrossRef]

7. Wahid, B.; Ali, A.; Rafique, S.; Waqar, M.; Wasim, M.; Wahid, K.; Idrees, M. An overview of cancer immunotherapeutic strategies.
Immunotherapy 2018, 10, 999-1010. [CrossRef]

8. Schmelter, C.; Fomo, K.N.; Perumal, N.; Manicam, C.; Bell, K.; Pfeiffer, N.; Grus, FH. Synthetic Polyclonal-Derived CDR Peptides
as an Innovative Strategy in Glaucoma Therapy. J. Clin. Med. 2019, 8, 1222. [CrossRef] [PubMed]

9.  Tonner, H,; Hunn, S.; Auler, N.; Schmelter, C.; Beutgen, V.M.; von Pein, H.D.; Pfeiffer, N.; Grus, EH. A Monoclonal Anti-HMGB1
Antibody Attenuates Neurodegeneration in an Experimental Animal Model of Glaucoma. IJMS 2022, 23, 4107. [CrossRef]
[PubMed]

10. Bell, K.;; Wilding, C.; Funke, S.; Perumal, N.; Beck, S.; Wolters, D.; Holz-Muller, J.; Pfeiffer, N.; Grus, EH. Neuroprotective effects of
antibodies on retinal ganglion cells in an adolescent retina organ culture. J. Neurochem. 2016, 139, 256-269. [CrossRef] [PubMed]

11.  Fomo, K.N.; Schmelter, C.; Atta, J.; Beutgen, V.M.; Schwarz, R.; Perumal, N.; Govind, G.; Speck, T.; Pfeiffer, N.; Grus, F.H. Synthetic
antibody-derived immunopeptide provides neuroprotection in glaucoma through molecular interaction with retinal protein
histone H3. 1. Front. Med. 2022, 9, 3095. [CrossRef] [PubMed]

12.  Schmelter, C.; Fomo, K.N.; Perumal, N.; Pfeiffer, N.; Grus, FH. Regulation of the HTRA2 Protease Activity by an Inhibitory
Antibody-Derived Peptide Ligand and the Influence on HTRA2-Specific Protein Interaction Networks in Retinal Tissues.
Biomedicines 2021, 9, 1013. [CrossRef]

13. Reilly, PT; Yu, Y.; Hamiche, A.; Wang, L. Cracking the ANP32 whips: Important functions, unequal requirement, and hints at
disease implications. Bioessays 2014, 36, 1062-1071. [CrossRef]

14. Wang, S.; Wang, Y.; Lu, Q.; Liu, X,; Wang, F.; Ma, X.; Cui, C; Shi, C.; Li, J.; Zhang, D. The expression and distributions of ANP32A
in the developing brain. Biomed Res. Int. 2015, 2015, 207347. [CrossRef]

15. Chang, J.; Liu, Y,; Zhang, D.-D.; Zhang, D.-].; Wu, C.-T.; Wang, L.-S.; Cui, C.-P. Hepatopoietin Cn suppresses apoptosis of human
hepatocellular carcinoma cells by up-regulating myeloid cell leukemia-1. World J. Gastroenterol. 2010, 16, 193-200. [CrossRef]
[PubMed]

16. Yan, W,; Bai, Z.; Wang, |.; Li, X;; Chi, B.; Chen, X. ANP32A modulates cell growth by regulating p38 and Akt activity in colorectal
cancer. Oncol. Rep. 2017, 38, 1605-1612. [CrossRef] [PubMed]

17. Sun, X,; Ly, B,; Han, C.; Qiu, W,; Jin, Q.; Li, D.; Li, Q.; Yang, Q.; Wen, Q.; Opal, P; et al. ANP32A dysregulation contributes to

abnormal megakaryopoiesis in acute megakaryoblastic leukemia. Blood Cancer . 2017, 7, 661. [CrossRef]


https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1016/j.jcjo.2016.07.013
https://doi.org/10.1159/000348736
https://www.ncbi.nlm.nih.gov/pubmed/24030362
https://doi.org/10.1111/j.1444-0938.2000.tb04910.x
https://www.ncbi.nlm.nih.gov/pubmed/12472448
https://doi.org/10.1093/immadv/ltaa005
https://doi.org/10.2217/imt-2018-0002
https://doi.org/10.3390/jcm8081222
https://www.ncbi.nlm.nih.gov/pubmed/31443184
https://doi.org/10.3390/ijms23084107
https://www.ncbi.nlm.nih.gov/pubmed/35456925
https://doi.org/10.1111/jnc.13765
https://www.ncbi.nlm.nih.gov/pubmed/27507598
https://doi.org/10.3389/fmed.2022.993351
https://www.ncbi.nlm.nih.gov/pubmed/36313990
https://doi.org/10.3390/biomedicines9081013
https://doi.org/10.1002/bies.201400058
https://doi.org/10.1155/2015/207347
https://doi.org/10.3748/wjg.v16.i2.193
https://www.ncbi.nlm.nih.gov/pubmed/20066738
https://doi.org/10.3892/or.2017.5845
https://www.ncbi.nlm.nih.gov/pubmed/28731192
https://doi.org/10.1038/s41408-017-0031-x

Biomolecules 2023, 13, 1161 21 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

Huang, S.; Huang, Z.; Ma, C.; Luo, L; Li, Y.-F,; Wu, Y.-L.; Ren, Y.; Feng, C. Acidic leucine-rich nuclear phosphoprotein-32A
expression contributes to adverse outcome in acute myeloid leukemia. Ann. Transl. Med. 2020, 8, 345. [CrossRef]

Huyton, T.; Wolberger, C. The crystal structure of the tumor suppressor protein pp32 (Anp32a): Structural insights into Anp32
family of proteins. Protein Sci. 2007, 16, 1308-1315. [CrossRef]

Zamora-Caballero, S.; Siau&iunaite-Gaubard, L.; Bravo, J. High-resolution crystal structure of the leucine-rich repeat domain of
the human tumour suppressor PP32A (ANP32A). Acta Crystallogr. Sect. F 2015, 71, 684—687. [CrossRef]

Yang, X.; Lu, B; Sun, X.; Han, C.; Fu, C.; Xu, K.,; Wang, M.; Li, D.; Chen, Z.; Opal, P; et al. ANP32A regulates histone H3
acetylation and promotes leukemogenesis. Leukemia 2018, 32, 1587-1597. [CrossRef]

Donaghy, P.C.; Cockell, S.J.; Martin-Ruiz, C.; Coxhead, J.; Kane, J.; Erskine, D.; Koss, D.; Taylor, ].-P.; Morris, C.M.; O’Brien, ].T.;
et al. Blood mRNA Expression in Alzheimer’s Disease and Dementia with Lewy Bodies. Am. ]. Geriatr. Psychiatry 2022, 30,
964-975. [CrossRef] [PubMed]

Sanchez, L.; Pifiol, P,; Corral-Juan, M.; Pandolfo, M.; Matilla-Duerias, A. A novel function of Ataxin-1 in the modulation of PP2A
activity is dysregulated in the spinocerebellar ataxia type 1. Hum. Mol. Genet. 2013, 22, 3425-3437. [CrossRef] [PubMed]

Feng, Q.; Chai, G.-S.; Wang, Z.-H.; Hu, Y,; Sun, D.-S; Li, X.-G.; Ma, R.-H.; Li, Y.-R.; Ke, D.; Wang, J.-Z.; et al. Knockdown of pp32
Increases Histone Acetylation and Ameliorates Cognitive Deficits. Front. Aging Neurosci. 2017, 9, 104. [CrossRef] [PubMed]
Chai, G.-S.; Feng, Q.; Wang, Z.-H.; Hu, Y,; Sun, D.-S,; Li, X.-G.; Ke, D.; Li, H.-L.; Liu, G.-P; Wang, ].-Z. Downregulating ANP32A
rescues synapse and memory loss via chromatin remodeling in Alzheimer model. Mol. Neurodegener. 2017, 12, 34. [CrossRef]
[PubMed]

Chai, G.-S.; Feng, Q.; Ma, R.-H.; Qian, X.-H.; Luo, D.-J.; Wang, Z.-H.; Hu, Y,; Sun, D.-S.; Zhang, J.-F.; Li, X,; et al. Inhibition of
Histone Acetylation by ANP32A Induces Memory Deficits. J. Alzheimer’s Dis. 2018, 63, 1537-1546. [CrossRef]

Schmelter, C.; Perumal, N.; Funke, S.; Bell, K.; Pfeiffer, N.; Grus, FH. Peptides of the variable IgG domain as potential biomarker
candidates in primary open-angle glaucoma (POAG). Hum. Mol. Genet. 2017, 26, 4451-4464. [CrossRef]

Schrodinger, L.L. The PyMOL Molecular Graphics System; Version 1.8; LLC: New York, NY, USA, 2015.

Lindahl, E.; Abraham, M.].; Hess, B.; van der Spoel, D. GROMACS 2021 Manual; Zenodo: Meyrin, Switzerland, 2021. [CrossRef]
Berendsen, H.J.C.; Postma, ]. PM.; van Gunsteren, W.F,; Hermans, J. Interaction Models for Water in Relation to Protein Hydration.
In Intermolecular Forces; Pullman, B., Ed.; Springer: Dordrecht, The Netherlands, 1981; pp. 331-342. ISBN 978-90-481-8368-5.
Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33-38. [CrossRef]

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. ]. Comput. Chem. 2010, 31, 455—461. [CrossRef]

Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.]J.; Inuganti, A.; Griss, J.; Mayer, G,;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442-D450. [CrossRef]

Bendixen, E.; Danielsen, M.; Larsen, K.; Bendixen, C. Advances in porcine genomics and proteomics—A toolbox for developing
the pig as a model organism for molecular biomedical research. Brief. Funct. Genom. 2010, 9, 208-219. [CrossRef] [PubMed]
Bach, M.; Lehmann, A.; Brunnert, D.; Vanselow, J.T.; Hartung, A.; Bargou, R.C.; Holzgrabe, U.; Schlosser, A.; Chatterjee, M.
Ugi Reaction-Derived alpha-Acyl Aminocarboxamides Bind to Phosphatidylinositol 3-Kinase-Related Kinases, Inhibit HSF1-
Dependent Heat Shock Response, and Induce Apoptosis in Multiple Myeloma Cells. |. Med. Chem. 2017, 60, 4147-4160. [CrossRef]
[PubMed]

Nadal-Nicolas, EM.; Jiménez-Lépez, M.; Sobrado-Calvo, P.; Nieto-L6pez, L.; Canovas-Martinez, I.; Salinas-Navarro, M.; Vidal-
Sanz, M.; Agudo, M. Brn3a as a marker of retinal ganglion cells: Qualitative and quantitative time course studies in naive and
optic nerve-injured retinas. Investig. Ophthalmol. Vis. Sci. 2009, 50, 3860-3868. [CrossRef] [PubMed]

Li, M.; Makkinje, A.; Damuni, Z. Molecular identification of I1IPP2A, a novel potent heat-stable inhibitor protein of protein
phosphatase 2A. Biochemistry 1996, 35, 6998-7002. [CrossRef]

Chen, S.; Li, B.; Grundke-Igbal, I.; Igbal, K. I PP2A 1 affects Tau phosphorylation via association with the catalytic subunit of
protein phosphatase 2A. J. Biol. Chem. 2008, 283, 10513-10521. [CrossRef]

Tan, S.; Li, D.; Zhu, X. Cancer immunotherapy: Pros, cons and beyond. Biomed. Pharmacother. 2020, 124, 109821. [CrossRef]
Mortada, I.; Farah, R.; Nabha, S.; Ojcius, D.M.; Fares, Y.; Almawi, W.Y.; Sadier, N.S. Inmunotherapies for neurodegenerative
diseases. Front. Neurol. 2021, 12, 654739. [CrossRef]

Cabri, W.; Cantelmi, P; Corbisiero, D.; Fantoni, T.; Ferrazzano, L.; Martelli, G.; Mattellone, A.; Tolomelli, A. Therapeutic Peptides
Targeting PPI in Clinical Development: Overview, Mechanism of Action and Perspectives. Front. Mol. Biosci. 2021, 8, 697586.
[CrossRef]

Schmelter, C.; Funke, S.; Treml, J.; Beschnitt, A.; Perumal, N.; Manicam, C.; Pfeiffer, N.; Grus, EH. Comparison of Two Solid-Phase
Extraction (SPE) Methods for the Identification and Quantification of Porcine Retinal Protein Markers by LC-MS/MS. Int. ].
Mol. Sci. 2018, 19, 3847. [CrossRef]

Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A Kampf, C.; Sjostedt, E.;
Asplund, A. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

Xie, J.; Bi, Y.; Zhang, H.; Dong, S.; Teng, L.; Lee, R.].; Yang, Z. Cell-Penetrating Peptides in Diagnosis and Treatment of Human
Diseases: From Preclinical Research to Clinical Application. Front. Pharmacol. 2020, 11, 697. [CrossRef]


https://doi.org/10.21037/atm.2020.02.54
https://doi.org/10.1110/ps.072803507
https://doi.org/10.1107/S2053230X15006457
https://doi.org/10.1038/s41375-018-0010-7
https://doi.org/10.1016/j.jagp.2022.02.003
https://www.ncbi.nlm.nih.gov/pubmed/35283023
https://doi.org/10.1093/hmg/ddt197
https://www.ncbi.nlm.nih.gov/pubmed/23630944
https://doi.org/10.3389/fnagi.2017.00104
https://www.ncbi.nlm.nih.gov/pubmed/28473768
https://doi.org/10.1186/s13024-017-0178-8
https://www.ncbi.nlm.nih.gov/pubmed/28472990
https://doi.org/10.3233/JAD-180090
https://doi.org/10.1093/hmg/ddx332
https://doi.org/10.5281/zenodo.4723561
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1093/bfgp/elq004
https://www.ncbi.nlm.nih.gov/pubmed/20495211
https://doi.org/10.1021/acs.jmedchem.6b01613
https://www.ncbi.nlm.nih.gov/pubmed/28453931
https://doi.org/10.1167/iovs.08-3267
https://www.ncbi.nlm.nih.gov/pubmed/19264888
https://doi.org/10.1021/bi960581y
https://doi.org/10.1074/jbc.M709852200
https://doi.org/10.1016/j.biopha.2020.109821
https://doi.org/10.3389/fneur.2021.654739
https://doi.org/10.3389/fmolb.2021.697586
https://doi.org/10.3390/ijms19123847
https://doi.org/10.1126/science.1260419
https://doi.org/10.3389/fphar.2020.00697

Biomolecules 2023, 13, 1161 22 of 23

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Seo, S.; Macfarlan, T.; McNamara, P.; Hong, R.; Mukai, Y.; Heo, S.; Chakravarti, D. Regulation of histone acetylation and
transcription by nuclear protein pp32, a subunit of the INHAT complex. J. Biol. Chem. 2002, 277, 14005-14010. [CrossRef]

Wang, M.; Guo, H.; Zhang, X.; Wang, X.; Tao, H.; Zhang, T.; Peng, M.; Zhang, M.; Huang, Z. Small peptide targeting ANP32A as a
novel strategy for acute myeloid leukemia therapy. Transl. Oncol. 2022, 15, 101245. [CrossRef] [PubMed]

Lacombe, M.-L.L.; Munier, A.; Mehus, ].G.; Lambeth, D.O. The human Nm23/nucleoside diphosphate kinases. J. Bioenerg. Biomembr.
2000, 32, 247-258. [CrossRef] [PubMed]

Romani, P; Ignesti, M.; Gargiulo, G.; Hsu, T.; Cavaliere, V. Extracellular NME proteins: A player or a bystander? Lab. Investig.
2018, 98, 248-257. [CrossRef] [PubMed]

Mccorkle, J.R.; Leonard, M.K; Kraner, S.D.; Blalock, E.M.; Ma, D.; Zimmer, S.G.; Kaetzel, D.M. The metastasis suppressor NME1
regulates expression of genes linked to metastasis and patient outcome in melanoma and breast carcinoma. Cancer Genom. Proteom.
2014, 11, 175-194.

Lodillinsky, C.; Fuhrmann, L.; Irondelle, M.; Pylypenko, O.; Li, X.-Y.; Bonsang-Kitzis, H.; Reyal, E; Vacher, S.; Calmel, C.; de
Wever, O. Metastasis-suppressor NME1 controls the invasive switch of breast cancer by regulating MT1-MMP surface clearance.
Oncogene 2021, 40, 4019-4032. [CrossRef]

Anantha, J.; Goulding, S.R.; Tuboly, E.; O’'Mahony, A.G.; Moloney, G.M.; Lomansey, G.; McCarthy, C.M.; Collins, L.M.; Sullivan,
AM.; O’Keeffe, G.W. NMEI1 Protects Against Neurotoxin-, x-Synuclein-and LRRK2-Induced Neurite Degeneration in Cell Models
of Parkinson’s Disease. Mol. Neurobiol. 2022, 59, 61-76. [CrossRef]

Anantha, J.; Goulding, S.R.; Wyatt, S.L.; Concannon, R-M.; Collins, L.M.; Sullivan, A.M.; O’Keeffe, G.W. STRAP and NME1
mediate the neurite growth-promoting effects of the neurotrophic factor GDF5. iScience 2020, 23, 101457. [CrossRef]

Lieberman, J. Granzyme A activates another way to die. Immunol. Rev. 2010, 235, 93-104. [CrossRef]

Puts, G.S.; Leonard, M.K,; Pamidimukkala, N.V.; Snyder, D.E.; Kaetzel, D.M. Nuclear functions of NME proteins. Lab. Investig.
2018, 98, 211-218. [CrossRef]

Radi¢, M.; Sostar, M.; Weber, 1; Cetkovi¢, H.; Slade, N.; Herak Bosnar, M. The subcellular localization and oligomerization
preferences of NME1/NME2 upon radiation-induced DNA damage. Int. . Mol. Sci. 2020, 21, 2363. [CrossRef]

Yu, B.Y.K; Tossounian, M.-A.; Hristov, S.D.; Lawrence, R.; Arora, P; Tsuchiya, Y.; Peak-Chew, S.Y; Filonenko, V.; Oxenford, S.;
Angell, R. Regulation of metastasis suppressor NME1 by a key metabolic cofactor coenzyme A. Redox Biol. 2021, 44, 101978.
[CrossRef]

Clark, A.R.; Ohlmeyer, M. Protein phosphatase 2A as a therapeutic target in inflammation and neurodegeneration. Pharmacol. Ther.
2019, 201, 181-201. [CrossRef]

O’Connor, C.M,; Perl, A.; Leonard, D.; Sangodkar, J.; Narla, G. Therapeutic targeting of PP2A. Int. J. Biochem. Cell Biol. 2018, 96,
182-193. [CrossRef]

Latarya, G.; Mansour, A.; Epstein, I.; Cotlear, D.; Pikkel, J.; Levartovsky, S.; Yulish, M.; Beit-Yannai, E. Human aqueous humor
phosphatase activity in cataract and glaucoma. Investig. Ophthalmol. Vis. Sci. 2012, 53, 1679-1684. [CrossRef]

Chiasseu, M.; Vargas, ].L.C.; Destroismaisons, L.; Velde, C.V.; Leclerc, N.; Di Polo, A. Tau accumulation, altered phosphorylation,
and missorting promote neurodegeneration in glaucoma. J. Neurosci. 2016, 36, 5785-5798. [CrossRef] [PubMed]

Wang, J.; Xie, R.; Kou, X,; Liu, Y;; Qi, C.; Liu, R.; You, W.; Gao, J.; Gao, X. A protein phosphatase 2A deficit in the hippocampal
CA1 area impairs memory extinction. Mol. Brain 2019, 12, 51. [CrossRef]

Gaitanou, M.; Segklia, K.; Matsas, R. CENDI, a story with many tales: From regulation of cell cycle progression/exit of neural
stem cells to brain structure and function. Stem Cells Int. 2019, 2019, 2054783. [CrossRef] [PubMed]

Politis, PK.; Makri, G.; Thomaidou, D.; Geissen, M.; Rohrer, H.; Matsas, R. BM88/CENDI1 coordinates cell cycle exit and
differentiation of neuronal precursors. Proc. Natl. Acad. Sci. USA 2007, 104, 17861-17866. [CrossRef] [PubMed]

Siddiqui, A.M.; Sabljic, T.F.; Koeberle, P.D.; Ball, A.K. Downregulation of BM88 after optic nerve injury. Investig. Ophthalmol.
Vis. Sci. 2014, 55, 1919-1929. [CrossRef] [PubMed]

Boehme, N.A.; Hedberg-Buenz, A.; Tatro, N.; Bielecki, M.; Castonguay, W.C.; Scheetz, T.E.; Anderson, M.G.; Dutca, L.M.
Axonopathy precedes cell death in ocular damage mediated by blast exposure. Sci. Rep. 2021, 11, 11774. [CrossRef] [PubMed]
Segklia, K.; Stamatakis, A.; Stylianopoulou, F; Lavdas, A.A.; Matsas, R. Increased anxiety-related behavior, impaired cognitive
function and cellular alterations in the brain of Cend1-deficient mice. Front. Cell. Neurosci. 2019, 12, 497. [CrossRef] [PubMed]
Ye, H.; Gjelade, S.A.; Li-Kroeger, D.; Zuo, Z.; Wang, L.; Li, Y,; Gu, ].Y.]; Tepass, U.; Rodal, A.A.; Bellen, H.J. Retromer subunit,
VPS29, regulates synaptic transmission and is required for endolysosomal function in the aging brain. Elife 2020, 9, e51977.
[CrossRef]

Muhammad, A ; Flores, I.; Zhang, H.; Yu, R.; Staniszewski, A.; Planel, E.; Herman, M.; Ho, L.; Kreber, R.; Honig, L.S. Retromer
deficiency observed in Alzheimer’s disease causes hippocampal dysfunction, neurodegeneration, and A accumulation. Proc. Natl.
Acad. Sci. USA 2008, 105, 7327-7332. [CrossRef]

Gray, L.R.; Tompkins, S.C.; Taylor, E.B. Regulation of pyruvate metabolism and human disease. Cell. Mol. Life Sci. 2014, 71,
2577-2604. [CrossRef]

Harder, ]. M.; Guymer, C.; Wood, ].P.M.; Daskalaki, E.; Chidlow, G.; Zhang, C.; Balasubramanian, R.; Cardozo, B.H.; Foxworth,
N.E.; Deering, K.E. Disturbed glucose and pyruvate metabolism in glaucoma with neuroprotection by pyruvate or rapamyecin.
Proc. Natl. Acad. Sci. USA 2020, 117, 33619-33627. [CrossRef]


https://doi.org/10.1074/jbc.M112455200
https://doi.org/10.1016/j.tranon.2021.101245
https://www.ncbi.nlm.nih.gov/pubmed/34678588
https://doi.org/10.1023/A:1005584929050
https://www.ncbi.nlm.nih.gov/pubmed/11768308
https://doi.org/10.1038/labinvest.2017.102
https://www.ncbi.nlm.nih.gov/pubmed/29035383
https://doi.org/10.1038/s41388-021-01826-1
https://doi.org/10.1007/s12035-021-02569-6
https://doi.org/10.1016/j.isci.2020.101457
https://doi.org/10.1111/j.0105-2896.2010.00902.x
https://doi.org/10.1038/labinvest.2017.109
https://doi.org/10.3390/ijms21072363
https://doi.org/10.1016/j.redox.2021.101978
https://doi.org/10.1016/j.pharmthera.2019.05.016
https://doi.org/10.1016/j.biocel.2017.10.008
https://doi.org/10.1167/iovs.11-9120
https://doi.org/10.1523/JNEUROSCI.3986-15.2016
https://www.ncbi.nlm.nih.gov/pubmed/27225768
https://doi.org/10.1186/s13041-019-0469-9
https://doi.org/10.1155/2019/2054783
https://www.ncbi.nlm.nih.gov/pubmed/31191667
https://doi.org/10.1073/pnas.0610973104
https://www.ncbi.nlm.nih.gov/pubmed/17971443
https://doi.org/10.1167/iovs.13-12986
https://www.ncbi.nlm.nih.gov/pubmed/24526440
https://doi.org/10.1038/s41598-021-90412-2
https://www.ncbi.nlm.nih.gov/pubmed/34083587
https://doi.org/10.3389/fncel.2018.00497
https://www.ncbi.nlm.nih.gov/pubmed/30760981
https://doi.org/10.7554/eLife.51977
https://doi.org/10.1073/pnas.0802545105
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1073/pnas.2014213117

Biomolecules 2023, 13, 1161 23 of 23

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zilberter, Y.; Gubkina, O.; Ivanov, A.I. A unique array of neuroprotective effects of pyruvate in neuropathology. Front. Neurosci.
2015, 9, 17. [CrossRef]

Sato, K.; Mochida, S.; Tomimoto, D.; Konuma, T.; Kiyota, N.; Tsuda, S.; Shiga, Y.; Omodaka, K.; Nakazawa, T. A pyruvate dehy-
drogenase kinase inhibitor prevents retinal cell death and improves energy metabolism in rat retinas after ischemia/reperfusion
injury. Exp. Eye Res. 2020, 193, 107997. [CrossRef]

Habarou, E; Brassier, A.; Rio, M.; Chrétien, D.; Monnot, S.; Barbier, V.; Barouki, R.; Bonnefont, J.P.; Boddaert, N.; Chadefaux-
Vekemans, B. Pyruvate carboxylase deficiency: An underestimated cause of lactic acidosis. Mol. Genet. Metab. Rep. 2015, 2, 25-31.
[CrossRef]

Schousboe, A.; Waagepetersen, H.S.; Sonnewald, U. Astrocytic pyruvate carboxylation: Status after 35 years. |. Neurosci. Res.
2019, 97, 890-896. [CrossRef]

Andersen, J.V.; Christensen, S.K.; Westi, E.W.; Diaz-delCastillo, M.; Tanila, H.; Schousboe, A.; Aldana, B.I.; Waagepetersen, H.S.
Deficient astrocyte metabolism impairs glutamine synthesis and neurotransmitter homeostasis in a mouse model of Alzheimer’s
disease. Neurobiol. Dis. 2021, 148, 105198. [CrossRef] [PubMed]

Tiwari, V.; Patel, A.B. Pyruvate carboxylase and pentose phosphate fluxes are reduced in ABPP-PS1 mouse model of Alzheimer’s
disease: A 13C NMR study. J. Alzheimer’s Dis. 2014, 41, 387-399. [CrossRef] [PubMed]

Moreno, M.C.; Sande, P.; Marcos, H.A.; de Zavalia, N.; Sarmiento, M.LK.; Rosenstein, R.E. Effect of glaucoma on the retinal
glutamate/glutamine cycle activity. FASEB J. 2005, 19, 1161-1162. [CrossRef]

Garcia-Bermudez, M.Y,; Freude, K.K.; Mouhammad, Z.A.; van Wijngaarden, P.; Martin, K.K.; Kolko, M. Glial cells in glaucoma:
Friends, foes, and potential therapeutic targets. Front. Neurol. 2021, 12, 169. [CrossRef] [PubMed]

Xu, J.; Liu, Q.; Ma, M,; Chen, L.-J.; Yu, J.; Xiong, K.; Wu, J. Involvement of moesin phosphorylation in ischemia/reperfusion
induced inner blood-retinal barrier dysfunction. Int. J. Ophthalmol. 2020, 13, 545. [CrossRef]

Al-Humimat, G.; Marashdeh, 1.; Daradkeh, D.; Kooner, K. Investigational Rho kinase inhibitors for the treatment of glaucoma.
J. Exp. Pharmacol. 2021, 13, 197. [CrossRef]

Lin, C.-W,; Sherman, B.; Moore, L.A.; Laethem, C.L.; Lu, D.-W,; Pattabiraman, PP; Rao, P.V.; deLong, M.A; Kopczynski, C.C.
Discovery and preclinical development of netarsudil, a novel ocular hypotensive agent for the treatment of glaucoma. J. Ocul.
Pharmacol. Ther. 2018, 34, 40-51. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnins.2015.00017
https://doi.org/10.1016/j.exer.2020.107997
https://doi.org/10.1016/j.ymgmr.2014.11.001
https://doi.org/10.1002/jnr.24402
https://doi.org/10.1016/j.nbd.2020.105198
https://www.ncbi.nlm.nih.gov/pubmed/33242587
https://doi.org/10.3233/JAD-122449
https://www.ncbi.nlm.nih.gov/pubmed/24625793
https://doi.org/10.1096/fj.04-3313fje
https://doi.org/10.3389/fneur.2021.624983
https://www.ncbi.nlm.nih.gov/pubmed/33796062
https://doi.org/10.18240/ijo.2020.04.03
https://doi.org/10.2147/JEP.S259297
https://doi.org/10.1089/jop.2017.0023

	Introduction 
	Materials and Methods 
	Synthetic CDR Peptides 
	Retina Organ Culture Model and Immunohistochemical Staining 
	Peptide-Based Immunoprecipitation 
	Molecular Dynamics (MD) Simulations and Virtual Docking Analysis 
	In-Solution Trypsin Digestion 
	Mass Spectrometric (MS) Analysis 
	Quantitative Analysis of the Proteomic MS Data 
	Statistics and Bioinformatics 
	Western Blot Analysis 

	Results 
	Effects of Synthetic CDR1 on RGCs Ex Vivo 
	Peptide-Based Immunoprecipitation of Retinal Protein Interaction Partners 
	MD Simulations and Binding Prediction Analyses of Synthetic CDR1 
	Quantitative Proteomic Analysis of CDR1-Treated Retinal Explants 
	Western Blot Analysis 

	Discussion 
	Conclusions 
	References

