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Retinal pigment epithelium (RPE) are specialized multifunctional cells indispensable for maintenance of vision.
Dysfunction and death of the RPE cells is implicated in the genesis and progression of age-related macular
degeneration (AMD). Oxidative stress and resulting cellular damage plays a critical mechanistic role in AMD

Err;l::;lme pathogenesis. Oxidized low-density lipoprotein (oxLDL), derived from LDL in a pro-oxidative environment, is
Oxidative stress found adjacent to the RPE as part of drusen, extracellular deposits that are a characteristic clinical feature of
Proteostasis AMD. OxLDL is cytotoxic and oxLDL-induced oxidative damage may contribute to functional impairment of the

RPE. Therefore, knowledge of how the RPE respond to oxLDL exposure is important to understand the mecha-
nisms underlying RPE dysfunction and death associated with AMD. The objective of this study was to charac-
terize alterations in the RPE proteome triggered by exposure to non-cytotoxic levels of oxLDL. Protein
identification and quantification were performed with a high -resolution LC-MS/MS-based proteomics workflow.
In total, out of the ca 3000 RPE proteins quantified, oxLDL treatment caused expression changes of 303 proteins.
As revealed by protein functional analysis, oxLDL uptake caused a multifaceted molecular response that involved
numerous biological pathways. This response included up-regulation of anti-oxidative stress proteins whose
expression is mediated by the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2), confirming
results of transcriptomics studies previously published by us and others. Significantly, and previously unreported,
the oxLDL treatment induced down-regulation of ribosomal and translation initiation proteins, and up-regulation
of proteins involved in autophagy, thus suggesting that a major cellular mechanism through which the RPE
mitigate oxLDL-induced damage involves inhibition of protein synthesis and removal of misfolded proteins.

1. Introduction effective treatments for dry AMD underscores the significance of efforts

aimed at understanding of mechanistic pathways underlying RPE

The retinal pigment epithelium (RPE) are specialized cells in the
macula that form a polarized monolayer located between photorecep-
tors and an extracellular matrix structure termed the Bruch membrane
that separates the RPE from the choroidal vasculature [1]. The RPE are
multifunctional cells primarily responsible for the maintenance and
health of photoreceptors, and hence they are essential for vision.
Age-dependent dysfunction and death of the RPE is linked to develop-
ment of age-related macular degeneration (AMD), a leading cause of
blindness in adults over 60 years of age in the US and other industrial-
ized countries [2-4]. Oxidative stress and resultant molecular and
cellular damage have been strongly implicated as contributors to the
progressive dysfunction and loss of the RPE associated with AMD, in
particular with the dry form of the disease [5,6]. The current lack of
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dysfunction, which will in turn inform development of vision-saving
therapies for AMD.

Oxidatively modified low-density lipoprotein (oxLDL) is an oxidative
stress-inducing, cytotoxic agent formed from LDL in a pro-oxidant
milieu through modification of its lipid and/or protein components
[7]. OxLDL has been found in extracellular deposits (drusen) that
accumulate in the sub-RPE space and are a prominent clinical feature of
AMD [8,9]. Because of this association, the mechanisms of how the RPE
respond when exposed to oxLDL are of high importance for under-
standing of the events involved in development and progression of AMD.

Unbiased systems biology approaches, including -omics strategies,
are increasingly recognized as integral to research endeavors focusing
on deciphering the molecular and cellular mechanisms that drive RPE
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dysfunction and AMD pathogenesis [10]. In our previous work we
studied the global molecular response at the transcriptome level of RPE
cells in vitro following short-term exposure to a non-cytotoxic dose of
oxLDL [11]. We showed that upon oxLDL uptake, the RPE cells mount an
extensive, multifaceted response evidenced by alterations affecting over
400 transcripts. From the functional standpoint, we found that these
early transcriptome alterations elicited by oxLDL include activation of
anti-antioxidant defense genes controlled by the transcription factors
nuclear factor erythroid 2-related factor 2 (NRF2) and aryl hydrocarbon
receptor (AhR), and down-regulation of elements of lipid metabolism,
including genes involved in cholesterol biosynthesis. Furthermore, we
discovered down-regulation of a set of genes related to circadian
rhythm, which suggests that oxLDL may perturb circadian
clock-dependent functions in the RPE [11].

In the study reported here we expand the global molecular profiling
of the RPE response to oxLDL to interrogation of the RPE proteome. To
determine protein expression changes induced by exposure of the cells
to oxLDL, we used LC-MS/MS-based data-independent acquisition and
label-free quantification to analyze the proteome in ARPE-19 cells
following a 4 and 24 h treatment with oxLDL. We show that oxLDL
modulates the expression of RPE proteins in multiple functional modules
including proteins with anti-oxidative defense functions, glucose meta-
bolism and lipid metabolism. Most significantly, we uncovered down-
regulation of a large set of ribosomal assembly proteins and proteins
involved in translation initiation, and up-regulation of autophagy pro-
teins. This finding points to inhibition of protein synthesis and
concomitant enhancement of intracellular degradation processes as
major mechanisms through which the RPE respond to oxLDL-induced
oxidative stress.

2. Materials and methods
2.1. Cell culture and Western Blot analysis

The experiments were performed with the immortalized human
retinal pigment epithelial cell line ARPE-19. ARPE-19 cells were pur-
chased from ATCC (Manassas, USA) and maintained in DMEM-F12
medium (ATCC, Manassas, USA) containing 2 mM r-glutamine supple-
mented with 10% fetal bovine serum (ATCC, Manassas, USA), 100 pg/
mL of Primocin antibiotic (Invitrogen Carlsbad, USA) in a humidified
atmosphere with 5% CO at 37 °C. OxLDL (TBARS: 29-44 nmol MDA/
mg) was obtained from Alfa Aesar (Tewksbury, USA). Cells (150,000)
were seeded on 6 well plates and grown until confluence. Prior to oxLDL
treatment, the ARPE-19 cells were maintained in serum-free medium for
24 h, and then treated with oxLDL (100 pg/mL) for 4 h and 24 h. In our
previous studies we have determined that there is minimal cytotoxicity
(<5% cell death) after 24 h exposure of ARPE-19 cells to oxLDL at this
dose [11]. All experiments were performed in multiple biological rep-
licates (n = 6). To validate increased expression of one of the top
up-regulated proteins, heme oxygenase-1 (HO-1 or HMOX1), 60 pg of
ARPE-19 cell protein extracts under different treatment conditions were
separated on SDS-PAGE gels and transferred to a PVDF membrane. The
membrane was incubated in blocking buffer (5% BSA in TBST) for 1 h at
room temperature. After blocking, the membrane was incubated with a
rabbit polyclonal anti-human HMOX1 antibody (ThermoFisher Scienti-
fic, PA5-27338, diluted 1:1000) and mouse polyclonal anti-human
GAPDH antibody (Santa Cruz, sc-47724, diluted 1:1000) in blocking
buffer overnight at 4 °C. After washing in TBST buffer, Alexa
Fluor-conjugated secondary antibodies (ThermoFisher Scientific
A-11008 and A-11029) were added at 1:10,000 dilution in 0.5%
BSA/TBST. The membrane was incubated for 1 h, then washed with
TBST buffer (6X). Reactive bands were visualized by fluorescence im-
aging on a Biotek Cytation 5 reader.

Biochemistry and Biophysics Reports 32 (2022) 101345
2.2. Protein processing and LC-MS/MS

Proteome analyses were performed as previously described [12].
Proteins extracted from control and oxLDL-treated cells (n = 6 per
group) were digested with the iST sample preparation kit (PreOmics
GmbH, Planegg/Martinsried, Germany) using the manufacturer’s pro-
tocol with some modifications. Specifically, after digestion the peptide
samples were dried in a speed vacuum centrifuge, and a custom solution
(98% H0, 2% ACN, 0.1% TFA) was used instead of the
manufacturer-supplied LC-Load solution to reconstitute the dried pep-
tide samples. The peptide solutions were mixed in a 1:1 (v:v) ratio with
an internal standard solution consisting of 25 fmol/pL yeast alcohol
dehydrogenase 1 (ADH1, P00330) tryptic digest (Waters, Milford, USA).
All peptide analyses were performed with a Synapt G2-Si quadrupole
time-of-flight (QTOF) tandem mass spectrometer with ion mobility
separation, IMS (Waters, Milford, USA), interfaced to an Acquity
M-Class UPLC nano-LC system (Waters). The LC-MS/MS system was
controlled via the MassLynx software suite (v. 4.1). To pre-concentrate
the samples, the peptide solutions (2 pL) were injected on-line onto a
Symmetry C18 trap column (100 A5 pm, 180 pm x 20 mm; Waters).
Peptides eluted from the trap were separated on a nano-flow UPLC C18
column (HSS T3, 1.8 pm, 75 pm x 250 mm; Waters) with a 180 min
linear gradient of 2%-40% mobile phase B at a flow rate of 300 nL/min.
Mobile phase B was ACN/0.1% formic acid and mobile phase A was
H20/0.1% formic acid. The analytical column temperature was kept at
45 °C. The eluted peptides were ionized by nanoelectrospray, with
source temperature set at 80 °C and capillary voltage of 2.8 kV. For
lock-mass correction, [Glul]-fibrinopeptide B standard was introduced
concomitantly with the peptide analytes via infusion. The data were
collected in a HDMSE (High Definition MSF) data-independent acquisi-
tion mode [13], with the mass spectrometer acquisition parameters set
into an HDMS® method created through MassLynx. The method included
settings for the TOF to detect ions in the 50-2000 m/z range, and for the
inclusion of IMS that preceded peptide precursor ion dissociation in the
transfer cell. The TOF analyzer was operated in resolution mode (reso-
lution >20,000 FWHM). Furthermore, the HDMS® method included
optimized collision energy settings, with low collision energy set at 6 V
and the high collision energy set to be precursor ion drift time-specific
and ramped during acquisition from 17 V to 60 V [14,15].

2.3. Data analysis

The LC-MS/MS datasets were analyzed with the Progenesis QI for
proteomics (v. 2.1, Nonlinear Dynamics) software platform. The soft-
ware default peak-picking settings were used to process the raw data.
Proteins were identified via the ProteinLynx Global Server (PLGS)
search engine (v. 3.0.3, Waters) through searches of the Uniprot protein
sequence database (human). The searches allowed up to 1 missed
trypsin cleavage per peptide, static modification of cysteine (carbami-
domethylation), and variable modification of methionine (oxidation).
The peptide false discovery rate (FDR) was set to less than 4%. Label-free
quantification was performed based on signal intensities by application
of the “Hi-3"” method [16] using ADH1 as an internal calibrant for ab-
solute quantification. The normalized protein abundance fold changes
and related statistical significance among groups were calculated in
Progenesis using the software default settings. Differentially expressed
proteins were considered based on cutoff values of |fold change| > 1.5
and q value < 0.05.

For functional annotation, sets of differentially expressed proteins
(up-regulated and down-regulated) were analyzed with the DAVID [17]
and STRING [18] bioinformatics tools. Manual inspection of the differ-
entially expressed protein datasets and searches of primary literature
were also carried out to identify additional proteins/themes with
mechanistic significance.
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3. Results

To investigate the effects of oxLDL exposure on the proteome in RPE
cells, we applied an LC-MS/MS-based quantitative proteomics workflow
summarized in Fig. 1. In this workflow, separations of highly complex
peptide mixtures produced by proteolytic digestion of whole RPE pro-
teomes were carried out by ultra-high performance LC (UPLC) in the
nanoflow regime. The data were acquired using the HDMSE data-
independent acquisition (DIA) method, which uses an additional
dimension of analyte separation by inclusion of ion mobility (IMS) in the
QTOF instrument platform. In conventional HDMSE, the instrument is
set to allow the collision energy to alternate between low and high
values in order to generate full-mass range MS and fragment MS/MS
spectra without precursor ion isolation. In our workflow, we used a
modified HDMSE approach that included application of IMS drift time-
dependent ramping of collision energies as described by Distler et al.
[14]. Peptide/protein quantification was performed with a label-free
approach based on precursor ion signal intensities.

With our unbiased HDMSF strategy, we identified and quantified a
total of 2889 ARPE-19 proteins. Differential protein expression analysis
revealed that exposure of ARPE-19 cells to non-cytotoxic levels of oxLDL
for 24 h generated a reproducible and robust proteome response: in
total, 303 proteins exhibited alterations induced by oxLDL (see Sup-
plementary Table). Representative examples of peptide expression
profiles are shown in Fig. 2 (A-B), together with validation by Western
Blotting of one of the most up-regulated proteins (Fig. 2C). In the panel
of differentially expressed proteins, 104 were up-regulated, and 199
were found to be down-regulated in response to oxLDL (Fig. 3A-B). The
protein with the largest magnitude of change was heme oxygenase 1
(HO-1 or HMOX1), whose expression was up-regulated >19-fold after
24-h oxLDL treatment. This finding parallels our earlier ARPE-19 tran-
scriptomic study, in which we observed up-regulation of HMOX1 as by
far the largest change following oxLDL exposure for 2hand 4 h [11]. Of
note, however, is the fact that, in contrast to the pronounced tran-
scriptome alterations encompassing more than 400 genes after 4 h
oxLDL treatment, early response at the proteome level assessed at the 4
h-exposure time point showed minimal alterations: within the probed
set of ARPE-19 proteins, we found expression changes in only 4 proteins,
including HO-1 (data not shown).

For functional annotation, the datasets of differentially expressed
proteins up- or down-regulated upon oxLDL treatment were analyzed by
the DAVID and STRING tools, together with additional manual inspec-
tion of the results. For the up-regulated proteins, this combined

+ OxLDL (100 pg/mL)
forahor24h
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approach showed anti-oxidative stress response proteins and regulators
of autophagy as the most prominent functional groups (Table 1). For the
down-regulated proteins, major functional groups were represented by
ribosome components and proteins involved in translational initiation
(Table 1; Figs. 4 and 5). As revealed by the bioinformatics analyses of the
down-regulated proteins, the most significantly enriched biological
process was Translational Initiation (GO:0006413) encompassing 31
differentially expressed proteins (Figs. 4 and 5). It should also be noted
that, in addition to the down-regulated proteins listed in Table 1, in-
spection of our raw data showed another large set of ribosomal com-
ponents and translation initiation factor proteins (see Supplementary
Table) whose expression was significantly down-regulated in oxLDL-
treated cells even though the magnitude of the change was slightly
below the 1.5-fold cutoff. Thus, the functional analyses results highlight
an extensive negative impact of oxLDL on the cellular protein synthesis
machinery.

4. Discussion

AMD is a multi-factorial, degenerative disorder of the central regions
of the retina — the macula. By far, the most common form of the disease is
dry AMD, which accounts for 85-90% of cases; at present there is no
effective treatment for dry AMD. From the mechanistic standpoint, AMD
is a complex disease, with an interplay of genetic and environmental risk
factors contributing to disease development. Oxidative stress and
resulting molecular alterations and cellular damage to the retina have
been implicated as critical contributors in the mechanisms of AMD pa-
thology. OxLDL is present in vivo in drusen, which are extracellular
deposits that accumulate in areas adjacent to the RPE and represent a
hallmark clinical sign of AMD. Even though AMD is usually a chronic
disease with a multi-year development course, the acute effects caused
by cytotoxic metabolites, such as oxLDL, are of relevance to understand
the early mechanistic events that lead to RPE dysfunction and death in
the context of AMD. Previous studies have shown the presence of
oxidized lipoproteins in early AMD patient samples suggesting that
oxLDL is a contributor in the early phase of the AMD phenotype [8].

OxLDL is generated through chemical modifications of LDL that
generate oxidation-specific epitopes (OSE). It is the presence of oxidized
moieties on oxLDL that triggers the targeting of this endogenous
“modified self” biomolecule by the innate immune system through the
action of scavenger receptors, which mediate the cellular uptake of
oxLDL as part of protective clearance mechanisms essential for normal
physiology [7,19]. We and others have shown that RPE internalize

% Cortrol +  Celllysis
*  Protein extraction
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Fig. 1. Comparative proteomics analysis of ARPE-19 response to oxLDL. Replicates of whole protein extracts from ARPE-19 cells (oxLDL treated and control) were
digested with trypsin. Desalted peptides were mixed with ADH1 (yeast alcohol dehydrogenase 1) as internal standard and analyzed by LC-MS/MS in the data-
independent acquisition (DIA) mode. Label-free protein quantification was performed with Progenesis QIP. Data sets of differentially expressed proteins (|fold
change| > 1.5 and q value < 0.05) were analyzed with DAVID and STRING for functional classification.
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Fig. 2. Proteome changes in ARPE-19 following oxLDL treatment. (a) Peptide ion profile of heme oxygenase-1 (up-regulated); (b) peptide ion profile of 408S ri-
bosomal protein S2 (down-regulated). (Each point in the peptide ion profile corresponds to a biological replicate); (c) WB analysis of ARPE-19 cell protein extracts:
lane 1-MW markers; 2-untreated cells (4h); 3-untreated cells (24h); 4-oxLDL treated cells (4h); 5-0xLDL treated cells (24h).
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Fig. 3. Global proteome analysis of ARPE-19 following 24 h exposure to oxLDL. (a) Volcano plot of the mean expression fold-change versus significance following 24
h treatment with oxLDL. The horizontal dashed line represents the threshold limits for statistical significance (q = 0.05); the vertical dashed lines represent fold
change threshold limits (>+ 1.5). Down-regulated proteins are on the left; up-regulated proteins are on the right. The top 5 most up- and down-regulated proteins are
labeled with their respective Uniprot accession number. (b) Number of significantly up- and down-regulated proteins following exposure to oxLDL (fold

change >1.5).

oxLDL primarily through the CD36 scavenger receptor [11,20-22].
Following oxLDL uptake, the RPE cells activate a multifaceted molecular
response that encompasses alterations (up-regulation as well as
down-regulation) in gene expression. As we reported recently, at the
transcriptome level a 4 h exposure of RPE cells in culture to oxLDL
resulted in expression changes of over 400 genes [11]. In contrast to the

pronounced transcriptome alterations, at the proteome level (within the
ca 3000 RPE proteins quantified with our bioanalytical workflow), after
4 h oxLDL exposure we only observed a few expression changes, the
most relevant being the up-regulation of heme oxygenase 1 (HO-1), a
molecular marker of cellular acute response to oxidative stress. How-
ever, extension of the oxLDL exposure time from 4 to 24 h induced a
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Table 1
OxLDL-induced expression changes in selected proteins with high functional
significance.

Uniprot accession Protein Name Fold
number Change
oxLDL/
ctrl
Anti-oxidant response
P09601 Heme oxygenase 1 19.3
P15559 NAD(P)H dehydrogenase [quinone] 1 1.9
P48507 Glutamate-cysteine ligase regulatory subunit 1.9
Autophagy
Q13501 Sequestosome-1 2.9
094964 Protein SOGA1 1.8
P53365 Arfaptin-2 3.6
Glucose metabolism
P29401 Transketolase 1.7
P37837 Transaldolase 1.8
Q01813 ATP-dependent 6-phosphofructokinase, -1.8
platelet
P17858 ATP-dependent 6-phosphofructokinase, liver -2.3
P52790 Hexokinase-3 -1.5
P14618 Pyruvate kinase -1.6
Lipid metabolism
P37268 Squalene synthase -1.9
Q16850 Lanosterol 14-alpha demethylase -2.2
Translation initiation
Q9BY44 Eukaryotic translation initiation factor 2A -2.5
Q14152 Eukaryotic translation initiation factor 3 -1.8
P55010 Eukaryotic translation initiation factor 5 -1.7
P60842 Eukaryotic translation initiation factor 4A-I -1.7
P05198 Eukaryotic translation initiation factor 2 -1.5
subunit 1
Q14240 Eukaryotic initiation factor 4A-1I -1.9
000303 Eukaryotic translation initiation factor 3 -1.5
subunit F
075822 Eukaryotic translation initiation factor 3 -1.6
subunit J
015371 Eukaryotic translation initiation factor 3 -1.5
subunit D
Ribosome structure
P61513 608 ribosomal protein L37a —-2.4
P62888 60S ribosomal protein L30 -2.3
P22090 40S ribosomal protein S4y isoform 1 -2.3
P46783 40S ribosomal protein S10 -1.9
P15880 408 ribosomal protein S2 -1.6
P46781 40S ribosomal protein S9 -1.6
P61247 40S ribosomal protein S3a -1.6
P62081 408 ribosomal protein S7 -1.7
P62701 40S ribosomal protein S4_ X isoform -1.6
P62249 40S ribosomal protein S16 -2.1
P62917 608S ribosomal protein L8 -1.5
P62244 40S ribosomal protein S15a -1.6
P84098 60S ribosomal protein L19 -1.6
P62241 408 ribosomal protein S8 -1.6
P62910 60S ribosomal protein L32 -2.0
P42766 60S ribosomal protein L35 -2.2
P46777 608 ribosomal protein L5 -1.6
P62263 40S ribosomal protein S14 -1.5
P46779 60S ribosomal protein L28 -1.5
P62857 40S ribosomal protein S28 -1.6
P26373 608 ribosomal protein L13 -1.5
P46778 60S ribosomal protein L21 -2.0
Other - Protein Synthesis
Q9Y4W2 Ribosomal biogenesis protein LAS1L -1.9
Q9UHB9 Signal recognition particle subunit SRP68 -1.9
P26641 Elongation factor 1-gamma -1.6
P13639 Elongation factor 2 -1.9

prominent proteome response encompassing ca 10% of the probed
proteins. Functional analyses of the differentially expressed proteins
revealed several themes within this multifaceted response. The most
significant themes/findings at the proteome level were ribosome
reduction and inhibition of protein synthesis, and up-regulation of
autophagy. In addition, response of RPE to oxLDL as revealed by
bioinformatics-aided functional analysis included alterations in
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anti-oxidative defense, glucose metabolism and lipid metabolism.
4.1. Antioxidant response

The RPE exist in a highly oxidative environment and are therefore
highly susceptible to oxidative stress. Multiple sources contribute to this
oxidative milieu: high metabolic activity, high partial pressure of oxy-
gen, high amounts of polyunsaturated fatty acids (PUFAs), presence of
retinal pigments and exposure to light [6]. In response to damaging
effects of oxidative stress, the RPE have developed a complex set of
anti-oxidant protective mechanisms. A central component of the RPE
cytoprotective network is cytoprotection mediated through the tran-
scription factor nuclear factor erythroid-2 related factor 2 (NRF2),
which induces the expression of various detoxifying enzymes [6]. Ample
evidence has established the importance of NRF2-controlled signaling in
protective response of RPE to stress and injury [23]. Major contributors
to the NRF2 mediated antioxidant cellular defense mechanism are the
catalases (CAT) and superoxide dismutases (SOD) [24,25], the gluta-
thione redox system [26], and the aldehyde dehydrogenases (ALDH).
The ability to up-regulate the expression of cytoprotective genes,
including the NRF2 system, is critical for restoring retinal homeostasis
following oxidative stress challenge. Activation of NRF2 signaling has
been shown to underlie, at least in part, the cytoprotective effects of
diet-related compounds studied in the context of RPE, including the fatty
acid DHA [27] and the dithiolethione D3T [28]. With aging and/or
under influence of environmental factors such as cigarette smoking, the
NRF2-controlled cytoprotective pathway may become impaired or
insufficient to provide adequate anti-oxidant response. RPE in aging
mice have been shown to exhibit a decreased ability to activate
NRF2-mediated response, and this impairment resulted in accumulation
of oxidatively modified lipids and proteins [29].

In our proteomics study, the HO-1 (HMOX1) up-regulation stands
out, displaying the largest magnitude of increase in expression (>19
fold) in oxLDL-treated cells (24 h treatment) compared to controls.
Furthermore, expression of the HO-1 protein was up-regulated after a 4
h oxLDL exposure (as the only protein within the proteome probed with
our platform that was differentially expressed and up-regulated at this
time point). HO-1 is a marker of cellular response to oxidized phos-
pholipids (components of oxLDL) and its up-regulation through the
cAMP responsive element-binding protein (CREB) is believed to repre-
sent a feedback mechanism to limit inflammation [30]. Many of the
alterations in anti-oxidant defense identified at the proteome level were
also observed as part of the early (4 h) transcriptome response to oxLDL
study [11].

4.2. Glucose and lipid metabolism

Glucose catabolism involves conversion of glucose to glucose-6-
phosphate (G6P) as the first step in glycolysis, which proceeds in 10
steps to produce pyruvate. Alternatively, G6P is routed to pentose
phosphate pathway (PPP), which is responsible for production of
NADPH and of ribose-5-phosphate for nucleotide synthesis. NADPH is a
major anti-oxidant molecule that provides reducing power, and the PPP
is upregulated under oxidative stress conditions to provide adequate
amounts of NADPH [31]. In our study, differential profiling of the RPE
proteome revealed oxLDL-induced expression changes in several en-
zymes catalyzing key reactions in glucose metabolism (Table 1). Spe-
cifically, we observed down-regulation of hexokinase-3 (HK3),
phosphofructokinase (PFK, two isoforms), and of pyruvate kinase. These
enzymes catalyze rate-limiting steps in glycolysis and constitute
important regulatory points, in particular PFK which catalyzes the first
committed reaction in glycolysis. Concomitantly with reduced expres-
sion of glycolytic enzymes critical for regulation of the pathway, our
results showed an increased expression of transaldolase (TAL) and
transketolase (TK), which catalyze reactions in the pentose phosphate
pathway. Transketolase, whose expression is modulated by NRF2, has
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Fig. 4. DAVID bioinformatics analysis of down-regulated proteins in oxLDL treated ARPE-19 cells. The top functional cluster includes proteins involved in trans-

lational initiation (GO:0006413).
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Fig. 5. STRING bioinformatics analysis of the down-regulated proteins in oxLDL treated ARPE-19 cells. Nodes labeled with Uniprot accession numbers correspond to
proteins, edges represent interactions. The highly interconnected region of the protein-protein interaction network corresponds to proteins (highlighted with colored

circles) that are part of translation initiation pathways.

been shown to play a major role in counteracting oxidative stress
through generation of NADPH in the PPP [32]. Overall, alterations in the
expression of glycolytic and PPP enzymes observed in our proteomics
analysis indicate oxLDL-induced effects on glucose metabolism and
suggest that RPE respond to oxLDL exposure by enhancing metabolite
flux to the pentose phosphate pathway for an increased production of
NADPH to supply cellular NADPH-dependent antioxidant systems.
Aging-related depositions of lipids/lipoprotein particles occur in the
Bruch membrane at the basolateral side of the RPE. Accumulation and
subsequent oxidation of these retained lipids and lipoproteins are

postulated to represent precursor events leading to formation of drusen,
the hallmark lesions in AMD [9,33]. CD36-mediated uptake of oxidized
lipoproteins by the RPE is suggested to function as a protective mech-
anism to clear sub-RPE deposits [20]. Internalization of oxidized LDL by
the RPE exposes the cell to an increased load of cholesterol and oxidized
cholesterol derivatives including 7-ketocholesterol [34]. In our prote-
omics study of the RPE response to oxLDL, the subset of proteins whose
expression was down-regulated by oxLDL treatment includes two en-
zymes from the de novo cholesterol biosynthesis pathway: squalene
synthase and lanosterol 14-alpha demethylase (CYP51A1). Squalene
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synthase is involved in the formation of squalene, a key cholesterol
precursor, and is an important regulatory point in cholesterol biosyn-
thesis [35]. CYP51A1 catalyzes an early step in the
lanosterol-to-cholesterol stage of cholesterol biosynthesis [36]. These
results, obtained by examination of oxLDL effects at the proteome level
are consistent with our earlier data from the RPE transcriptomics study
that also revealed oxLDL-induced downregulation of enzymes from the
cholesterol biosynthetic pathway [11]. Collectively, our findings point
out that following uptake of oxLDL and intracellular release of its
bioactive molecular components, the RPE response to the increased
sterol levels includes attenuation of de novo cholesterol synthesis.

4.3. Ribosome reduction and protein synthesis inhibition

In our view, the most significant and novel finding of this study was
the effect oxLDL exerted on protein homeostasis disruption. We found
that more than a third of all known structural components of the ribo-
some where down-regulated together with proteins involved in ribo-
some biogenesis and numerous proteins involved in protein synthesis
and proteins components of the signal-recognition particle (SRP) com-
plex. These findings support a model for the toxicity of oxLDL that in-
volves the down-regulation of pathways that promote protein synthesis,
while at the same time proteins involved in degradation pathways are
being up-regulated. Taken together, these data suggest a mechanism for
oxLDL toxicity in the RPE that involves protein misfolding, with a
decrease in protein synthesis and an increase of protein degradation
pathways as a response to the proteotoxic agent, ultimately resulting in
the reorganization of cellular proteostasis. OxLDL is generated by
oxidative modifications of LDL through enzymatic and/or non-
enzymatic routes, and encompasses a heterogeneous mixture of bioac-
tive components including oxidized phospholipids, oxysterols, and
oxidatively modified apoB 100. The presence of carbonyl groups (ke-
tones and aldehydes), e.g. 4-hydroxynonenal and malondialdehyde,
derived from lipid oxidation by reactive oxygen species [37-39] makes
oxLDL capable to react with protein nucleophilic amino acids and
modify them. These amino acid modifications ultimately cause protein
misfolding, subsequent disruption of protein homeostasis and endo-
plasmic reticulum (ER) stress [40]. The cellular response to protein
misfolding events involves the activation of the unfolded protein
response (UPR) and autophagy pathways [41-43]. Both mechanisms
balance protein synthesis with protein folding. Other studies in different
cell models have shown that when excess of protein misfolding is
detected the early cellular response includes reduction of protein syn-
thesis. Similarly, the attenuation of protein synthesis through ribosome
reduction and down-regulation of translation factors in our data indicate
that the same mechanisms take place in the RPE 24 h following oxLDL
treatment. Protein misfolding and dysregulated protein homeostasis
have been implicated in numerous autoinflammatory pathologies [44]
and age-related neurodegenerative diseases [45].

4.4. Autophagy

Autophagy is a highly conserved cellular degradation pathway for
removal of damaged cellular components including misfolded proteins
resulting from oxidative damage [46-48]. It is a lysosome-dependent
process essential to the maintenance of cellular and tissue homeostasis
[49]. The RPE, through autophagy-mediated cellular clearing processes
metabolize spent photoreceptor outer segments (POS) and recycle their
visual components, an essential function for the maintenance of a
healthy retina. Due to their physiological role, the RPE have a very high
metabolic rate and are located in an environment rich in oxygen and
exposed to light, all factors that make them highly susceptible to
oxidative damage [50]. Therefore, it is easy to recognize how crucial
autophagy mechanisms are in the RPE and how their activation requires
timely regulation at the transcriptional and post-transcriptional levels in
response to changes in light and according to the organism’s circadian
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rhythms [51]. It has been postulated that impairment of autophagy with
age may contribute to the pathophysiological processes in AMD,
including formation of extracellular drusen deposits [52]. Paralleling
our transcriptomics findings [11], our proteomics investigation showed
that exposure of the RPE to oxLDL results in an increased expression of
sequestosome-1, a key regulator of autophagy and other
autophagy-related proteins. This result provides further evidence that
the cytoprotective response of the RPE to oxLDL-induced oxidative
stress involves activation of autophagy, through activation of the
KEAP1/NRF2 axis. Increased autophagy together with decreased pro-
tein synthesis suggest the activation of cytoprotective mechanisms
aimed at reducing the intracellular accumulation of misfolded proteins,
thus countering oxLDL-induced proteotoxicity.

5. Conclusions

We found that oxLDL exposure in RPE elicits a complex response that
includes proteins with antioxidant properties, proteins involved in
cellular clearance processes and a reduction of the cellular translational
machinery; the latter response is an indication of an imbalance between
de novo protein synthesis and proper protein folding. The cellular
pathways involved in the attenuation of protein synthesis in the RPE
remain to be elucidated, although examples are known in other cellular
models that involve signal transduction mediated by PKR-like endo-
plasmic reticulum kinase (PERK) or the inositol-requiring enzyme 1
(IRE1) [53]. Guerra-Moreno et al. showed that arsenite-induced stress in
yeast leads to increase protein degradation and reduced protein pro-
duction through inhibition of the translation initiation factor eIF2-a,
which is part of the PERK signal transduction pathway. They also re-
ported reduction of ribosomal proteins that was independent of the
elF2-a inhibition pathway, suggesting a yet to be elucidated separate
cellular mechanism [54]. Similarly, our data showed the inhibition of
protein translation and a decrease of ribosomal proteins. While the exact
cellular mechanisms involved in the RPE response to the proteotoxic
agent remain to be elucidated, we believe that our study can be useful in
the quest for a better understanding of AMD mechanisms and the
identification of actionable targets/pathways such as the development
of therapeutic agents that could restore the RPE proteostasis.
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