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A B S T R A C T   

Dry age-related macular degeneration (AMD) is a currently untreatable vision threatening disease. Impaired 
proteasomal clearance and autophagy in the retinal pigment epithelium (RPE) and subsequent photoreceptor 
damage are connected with dry AMD, but detailed pathophysiology is still unclear. In this paper, we discover 
inhibition of cytosolic protease, prolyl oligopeptidase (PREP), as a potential pathway to treat dry AMD. We 
showed that PREP inhibitor exposure induced autophagy in the RPE cells, shown by increased LC3-II levels and 
decreased p62 levels. PREP inhibitor treatment increased total levels of autophagic vacuoles in the RPE cells. 
Global proteomics was used to examine the phenotype of a commonly used cell model displaying AMD char-
acteristics, oxidative stress and altered protein metabolism, in vitro. These RPE cells displayed induced protein 
aggregation and clear alterations in macromolecule metabolism, confirming the relevance of the cell model. 
Differences in intracellular target engagement of PREP inhibitors were observed with cellular thermal shift assay 
(CETSA). These differences were explained by intracellular drug exposure (the unbound cellular partition co-
efficient, Kpuu). Importantly, our data is in line with previous observations regarding the discrepancy between 
PREP’s cleaving activity and outcomes in autophagy. This highlights the need to further explore PREP’s role in 
autophagy so that more effective compounds can be designed to battle diseases in which autophagy induction is 
needed. The present work is the first report investigating the PREP pathway in the RPE and we predict that the 
PREP inhibitors can be further optimized for treatment of dry AMD.   

1. Introduction 

Increased aging of the populations will be one of the major health-
care challenges in the upcoming decades. Age-related ocular diseases 
burden healthcare and significantly alter the life quality of patients since 
vision impairment or even blindness are outcomes in some late-stage 
age-related ocular diseases, such as age-related macular degeneration 

(AMD). AMD is the most common reason for vision impairment in the 
industrialized countries, and the total number of AMD patients world-
wide is expected to reach 288 million in 2040 [1]. AMD damages the 
central retina, macula, which is responsible for sharp vision, leading to 
loss of central vision [2]. The “wet” form of AMD is caused by neo-
vascularization in the posterior eye segment and it can be treated with 
intravitreal anti-VEGF agents. However, approximately 90% of the AMD 
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patients suffer from the dry form that currently has no treatment [3]. In 
advanced dry AMD, geographic atrophy of the retina causes vision 
impairment and as with the wet form, the patients progressively lose 
their central vision. The dry form can eventually progress into the wet 
AMD. Dry AMD can be classified into early, intermediate, and late form 
based on the appearance of the macula [4]. In early and intermediate 
AMD, pigmentary changes and extracellular protein deposits are present 
in the macular region causing alterations in the vision. These extracel-
lular protein deposits, ‘drusen’, located below the retinal pigment 
epithelium (RPE), are considered as the clinical hallmark for AMD [2,5, 
6]. In late AMD, neovascularization and/or geographic atrophy cause 
more severe vision impairment. The reasons behind retinal atrophy in 
dry AMD are not fully understood, but the vision loss is caused by RPE 
cell death that leads to photoreceptor damage. 

The RPE functionality involves daily clearance of shed photoreceptor 
outer segments that leads to reactive oxygen species (ROS) formation. 
Therefore, the RPE cells need to endure high levels of continuous 
oxidative stress [7]. The RPE cells are not renewed and it has been 
postulated that aged cells are no longer able to protect themselves 
against the continuous oxidative stress leading to lipid build-up, protein 
aggregation and chronic inflammation which are considered to be key 
factors in the formation of drusens and atrophic changes in the RPE cells 
[8]. Even though these aspects are known to be involved in the patho-
physiology of AMD, the detailed pathogenesis of the dry form is still 
unclear. Protein aggregation can be caused by dysfunction of several 
different pathways regulating the cellular protein homeostasis [9]. 
These include the functions of heat shock proteins (HSPs), 
ubiquitin-proteasome pathway and autophagy; ubiquitin-proteasome 
pathway being the main protein degradation pathway in eukaryotes. 
Both autophagy and proteasomal clearance are especially crucial for cell 
types with no proliferation, such as the RPE cells [10]. Dysfunctions in 
proteasomal clearance and autophagy are strongly connected to the 
etiology of AMD [11], even though the detailed pathway by which these 
mechanisms fail in aged cells is still unclear. 

Prolyl-oligopeptidase (PREP) is a cytosolic serine protease that is 
involved in the degradation of small (< 30 kDa) peptides [12–14]. In-
hibition of PREP has been under investigation in neurodegenerative 
diseases, as it has been suggested that PREP participates in the cognitive 
functions via maintenance of neuropeptide levels [12,13]. This led to 
intensive research on PREP inhibition, and several PREP inhibitors have 
been introduced during the 1990’ s and early 2000’s [14]. Most of the 
inhibitors are structural analogs of peptidomimetic z-proline-prolinal 
(ZPP, Table 1) [14,15]. The majority of the published inhibitors have 
been characterized by their in vitro potency (IC50) towards PREP’s 
cleaving activity, using brain extracts (e.g. bovine, porcine) or human 
recombinant PREP [14]. In recent years, the focus in the PREP research 
has however shifted from proteolytic functions of PREP to the other roles 
of PREP, including protein-protein interactions, cell proliferation and 
autophagy [16]. For example, inhibition of PREP has been shown to 
increase autophagy via activation of protein phosphatase 2 A (PP2A) – 
both in vitro and in vivo and this has led to beneficial effects in various 
Parkinson’s disease (PD) models [17,18]. Interestingly, in 
protein-protein interaction related effects, the efficacy of PREP in-
hibitors does not correlate with proteolytic IC50 [19] suggesting a novel 
mechanism-of-action for PREP inhibitors. 

Our hypothesis is that similarly as in PD models, inhibition of PREP 
could induce autophagy in RPE cells and thus have beneficial effects on 
cellular damages connected to AMD. Both diseases involve impaired 
autophagy and protein aggregation that cause cellular distress. Indeed, 
in this paper, we discover the relevance of PREP pathway in AMD by 
showing that PREP activity is elevated in RPE cells displaying AMD 
characteristics in vitro. The cell model used in our assays is based on 
ARPE19 cells that are exposed to proteasomal inhibitor MG-132 leading 
to reduced proteasomal clearance and consequently protein aggregate 
build-up in the cells. These cells display several characteristics relevant 
in AMD, such as oxidative stress and altered autophagy, shown earlier 
[20–22], and confirmed in this paper with pathway analysis based on 
global proteomics. Further, we characterized the potency and kinetics of 

Table 1 
PREP inhibitors.  

Inhibitor Structure Source 

2137 KYP compound library[33] 

2153 KYP compound library[33] 

2189 KYP compound library[34] 

ZPP (Z-prolyl-prolinal) Sigma Aldrich (#SML0205); reference compound[15] 

S17092 Sigma Aldrich (#SML0181); reference compound[32]  

L. Hellinen et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 146 (2022) 112501

3

small set of PREP inhibitors. We utilized both biochemical (microscale 
thermophoresis, MST; IC50 determination) and cellular methods 
(cellular thermal shift assay, CETSA; unbound partition coefficient, 
Kpuu) to verify that the compounds have desirable potency and kinetics 
in the RPE cells. Importantly, we demonstrate that PREP inhibitors are 
able to induce autophagy and prevent protein aggregation in the RPE 
cells. This report discovers the relevance of the PREP pathway in dry 
AMD and we predict that the inhibitors of PREP can be further optimized 
for dry AMD treatment. Fig. 1. 

2. Materials and methods 

2.1. Cell culture 

Spontaneously arisen human RPE cell line, ARPE19, was used as the 
RPE cell model in this study [23]. ARPE19 cells (product of American 
Type Culture Collection, ATCC, #CRL-2302, Manassas, VA, USA) were 
maintained in DMEM-F12 medium containing 10% of fetal bovine 
serum (both from Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 
1% penicillin-streptomycin and 2 mM L-glutamine (both products of 
Euroclone, Pero, Italy). Passages of 15–40 were used in all assays. 

The ARPE19 cells were exposed to 1 µM of proteasomal inhibitor 
MG-132 (#474790–5MG, Sigma-Aldrich, St. Louis, MO, USA) or to 
50 nM bafilomycin (#B1793–10UG, Sigma-Aldrich, St. Louis, MO, USA) 
or to both of these compounds, in serum-free HBSS-Hepes (pH 7.4) or in 
growth medium (described above) for 24 h. Proteasomal inhibitor MG- 
132 was used to induce protein aggregation, whereas bafilomycin A1 
was used to inhibit autophagy by preventing the formation of autoly-
sosomes. The cells were sub-cultured at 60,000 cells/cm2 one day prior 
the exposure. 

HBSS-Hepes based induction was used in proteomics, CETSA and 
Kpuu assays, whereas growth medium was utilized in activity assays and 
response experiments. In each assay, the control RPE cells (ARPE19) 
were cultured similarly than their counterparts, but the proteasomal 
inhibitor was not added and equal amount of vehicle (dimethyl sulf-
oxide, DMSO) was used instead. 

2.2. PREP activity in RPE cells 

Approximately 24 h after the bafilomycin and/or MG-132 treatment, 
the cells were collected, and PREP activity was measured. The cells were 
washed with phosphate buffered saline (PBS, Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA) and homogenization buffer (50 mM 
KH2PO4, 1.5 mM MgCl2, 10 mM NaCl, 1 mM EDTA, pH 7.4) was added 
for 5 min. The cells collected by scraping and were then incubated on ice 
for 20 min. The cell lysates were centrifugated (16,000 g, 10 min at +
4 ◦C) and the soluble fraction was collected for analysis. PREP activity 
was measured from supernatants using Suc-Gly-Pro- 
aminomethylcoumarin substrate (AMC; #4005321, Bachem, Buben-
dorf, Switzerland) as described earlier e.g. in Myöhänen et al., 2012 
[24]. Total protein amounts were measured using the bicinchoninic acid 
method (BCA; Pierce BCA Protein Assay Kit, #23225, Thermo Fisher 
Scientific, Waltham, MA, USA), and released AMC was correlated to 
that. 

2.3. Cell model validation with global proteomics approach 

The ARPE19 cells (exposed to 1 µM MG-132 to induce protein ag-
gregation) and normal ARPE19 cells were analyzed with global prote-
omics. Three normal and three MG-132 exposed ARPE19 cell samples 
were analyzed (passages for both were 19, 21 and 22). 

2.3.1. Peptide digestion 
Cell pellets with 1.4–3.4 × 106 cells were lysed with a 100 mM Tris- 

HCl buffer containing 50 mM dithiothreitol and 2% sodium dodecyl 
sulfate, and the tubes were heated for 5 min in boiling water followed by 
a sonication with a Branson-rod-type. The lysate was then centrifuged at 
14,000× g for 10 min to clarify the lysate. The protein concentration 
was measured with tryptophan fluorescence assay [25], and 100 µg of 
the samples were used for multi-enzyme digestion filter-aided sample 
preparation (MED-FASP), where the proteins were consecutively 
digested with LysC and trypsin [26]. 

2.3.2. Peptide sample analysis 
The digest were concentrated using a GeneVac EZ-2plus and injected 

on an Ultimate 3000 RSLCnano system coupled to a QExactive HF mass 

Fig. 1. Overview of the project.  
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spectrometer. Peptides were separated on an EASY-spray C18 reversed 
phase column (50 cm, 75 µm inner diameter) with a 145 min water/ 
acetonitrile gradient containing 0.1% formic acid. Eluting peptides were 
subjected to a TopN = 15 method (full MS followed by ddMS2). 

2.3.3. Proteomics data analysis 
MaxQuant (version 1.6.3.4) with the complete human proteome 

extracted from Uniprot (2018 November) was used to process the data 
obtained in peptide MS analysis, using the match-between-run function. 
The maximum false discovery rates for peptides and proteins were set to 
0.01. Total protein approach was used to determine the protein 
expression values in fmol/µg protein [27] (Eq. 1): 

c(i) =
MS signal (i)

Total MS signal × MW (i)

[
mol

g total protein

]

(1)  

where MS signal (i) is the sum intensities of each peptide matching the 
sequence of protein (i), and the total MS signal is the sum of intensities of 
all identified peptides. MW is the molecular weight of protein i. 

The protein expression data was processed using the Perseus soft-
ware [28]. The expression data of all three individually generated cell 
samples of both treated and untreated cells were incorporated into the 
data analysis. The Student’s t-test (with permutation based FDR of 0.05) 
was used to determine proteins with significantly different expression 
values in MG-132 exposed and normal cell samples. Pathway analysis 
for proteins up-regulated by MG-132 treatment was performed using 
functional annotation clustering in DAVID (version 6.8) [29] and the 
PANTHER Classification system (version 14.0) [30]. In DAVID, Uni-

ProtKb keywords, GO terms for molecular function, biological process 
and cellular component and an EASE score of 0.5 were used for the 
functional annotation clustering. Enrichment scores of > 1.3 are re-
ported (corresponding to statistically significance of p < 0.05). The 
mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE [31] partner repository with the 
dataset identifier PXD028354. 

2.4. PREP inhibitors 

Two commercially available PREP inhibitors ZPP and S17092 were 
purchased from Sigma Aldrich (St. Louis, MO, USA). In addition, we 
used three molecules obtained from KYP-library (Table 1). Like majority 
of PREP inhibitors, including S17092 [13,14,32], KYP library com-
pounds are peptidomimetics and structural modifications of ZPP 
(Table 1). 

2.5. Biochemical screening methods to compare PREP inhibitor potencies 

2.5.1. Determination of dissociation constants (Kd) using microscale 
thermophoresis (MST) 

Human recombinant PREP (#80105, BPS Bioscience, San Diego, CA, 
USA) was labeled with Monolith His-Tag Labeling Kit RED-tris-NTA 2nd 
Generation (#MO-L018, NanoTemper Technologies GmbH, München, 
Germany) using the manufacturer’s instructions. An equal volume of 
200 nM hPREP in PBS-Tween (0.1%) was mixed with 100 nM RED His- 
Tag label (also in PBS-Tween 0.1%) and incubated at room temperature 
for 30 min. The labeled protein was centrifuged at 13,000 rpm for 
10 min (at room temperature) and diluted into 10 nM prior the binding 
assay in homogenization buffer. 

The binding of PREP inhibitors was determined using 7 concentra-
tions ranging from 0.05 nM to 5000 nM. The dilutions were prepared on 
a PCR plate (4titude PCR Plate, Skirted, #4ti-0740, Brooks Life Sciences, 
Chelmsford, MA, USA) in homogenization buffer. The labeled hPREP 
(10 nM, V = 10 µl) was transferred into 0.2 ml PCR tubes (#I1402- 
8100, STARLAB GmbH, Hamburg, Germany) and an equal volume of the 
compound dilutions were added into the tubes. A reference sample with 
only labeled hPREP (c = 5 nM) in homogenization buffer was included 
in each assay to confirm the unbound state in the thermophoresis 
experiment. 

After > 2 h incubation at room temperature, the hPREP–ligand 
complexes were centrifuged at 10,000 rpm for 5 min and transferred 
into the measurement capillaries (Monolith NT.115 Standard capil-
laries, #MO-K022, NanoTemper Technologies GmbH, München, Ger-
many). The thermophoresis experiment was conducted with a Monolith 
NT.115 pico device using MO.Control Software (both from NanoTemper 
Technologies GmbH, München, Germany) using pico-red excitation, 
LED light adjusted to 60% excitation power, and MST power (infrared 
laser) set to high. To allow thermophoresis and fluorescence detection 
for 30 s, the software was used in Expert mode. 

MO.Binding Affinity Software (NanoTemper Technologies GmbH, 
München, Germany) with the Kd binding model was used to determine 
the dissociation constants (Kd values). The equation is based on the 
Langmuir binding isotherm and it is presented below (Eq. 2; built-in 
analysis in the MO.Binding Affinity Software). The optimal time win-
dow to evaluate binding was selected manually by determining a region 
with a high signal-to-noise ratio (>5).  

where f(c) is the fraction bound at a given ligand concentration c; Un-
bound is the normalized fluorescence (Fnorm) at unbound state; Bound is 
the Fnorm of the hPREP-ligand complex; Kd is the dissociation constant or 
binding affinity and c(target) is the final concentration of the target in 
the assay (in this case, the final concentration of hPREP was 5 nM). Fnorm 
is calculated as the ratio of fluorescence at the selected time region 
(during thermophoresis) compared to the fluorescence at the initial 
phase (before heating). 

2.5.2. Determination of IC50 values 
The inhibitor potencies were determined with human recombinant 

PREP using commercially available PREP activity kit (BPS Biosciences). 
The assay was conducted on black-bottomed 96 well plates, and the 
formation of free AMC was monitored at one-minute intervals for 
30 min. The measurements were conducted either with excitation at 
360 nm and emission at 450 nm using Magellan Safire II Plate reader or 
with Victor Multilabel Counter with excitation 355 nm and emission 
460 nm. The plate was shaken for 1 min between the measurement cy-
cles, and the measurements were conducted at room temperature. The 
inhibitor concentrations were 0.005 pM-50 nM. The IC50 values were 
determined with GraphPad Prism Software (version 8.4.3), using % in-
hibition values at the end of the incubation time (see the details in 
Supplementary material). 

2.6. Target engagement at cellular level (cellular thermal shift assay, 
CETSA) 

Target engagement of the PREP inhibitors was studied with cellular 
thermal shift assay (CETSA) in live ARPE19 cells displaying protein 
aggregation (induced with 1 µM MG-132). The assay is based on ligand- 

f (c) = Unbound +
(Bound − Unbound) × c + c(target) + Kd −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(c + c(target) + Kd )2 − 4c × c(target)

√

2c(target)
(2)   
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induced changes in the protein’s thermal stability and the target 
engagement is evaluated by the observed differences in the protein’s 
aggregation temperatures (Tagg) in ligand-treated and vehicle-treated 
treated cells [35]. 

2.6.1. CETSA 
ARPE19 cells were seeded at 60,000 cells/cm2. One day after the 

subculture, the medium was removed, and the cells were exposed to 
1 µM MG-132 and the PREP inhibitors (10 µM) in HBSS-Hepes (pH 7.4). 
After the exposure, the cells were collected in PBS and aliquoted into 7 
PCR tubes (100,000 cells/tube). The cells were pre-warmed at 37 ◦C for 
3 min, then heated into 37, 47, 50, 53, 56, 63 or 67 ◦C for 3 min and 
subsequently cooled at 25 ◦C for 3 min using PCR Mastercycler (Mas-
tercycler Pro, Eppendorf, Hamburg, Germany). After the heating, the 
cells were disrupted with two freeze-thaw cycles by submerging the 
tubes into liquid nitrogen and subsequently thawed by incubation at 
25 ◦C for 3 min. The aggregated proteins were removed by centrifuga-
tion (at 20,000 g for 20 min at 4 ◦C) and the soluble fractions were 
diluted with Laemmli buffer (Bio-Rad, Hercules, CA, USA) and analyzed 
with Western blot. 

2.6.2. Western blot 
The proteins were separated with SDS-PAGE. Commercially avail-

able pre-cast gels (Mini-Protean TGX 4–20%) and molecular weight 
standard (Precision Plus Protein™ Dual Color Standard) were purchased 
from Bio-Rad. The proteins were transferred onto PVDF membrane with 
dry blotting (iBlot; Thermo Fisher Scientific, Waltham, MA, USA). The 
primary antibody incubation (1:1000, ab58988; Anti-Prolyl Endopep-
tidase antibody, Abcam, Cambridge, United Kingdom) was conducted 
overnight at + 4 ◦C. The secondary antibody incubation (1:10,000, 
mouse anti-rabbit IgG-HRP, Santa Cruz Biotechnology Inc, Dallas, TX, 
USA) took place at room temperature (for 1 h). Protein-antibody- 
complexes were imaged with chemiluminescence reaction (Chem-
iDoc™ MP Imaging System, Bio-Rad) using Amersham™ ECL™ Prime 
Western Blotting Detection Reagent (GE Healthcare, Chicago, IL, USA). 

2.6.3. Determination of the aggregation temperature (Tagg) 
Image Lab Software (Bio-Rad) was used to determine the intensities 

of the blots corresponding to the molecular weight of PREP (approxi-
mately 73 kDa in reducing conditions). The blot areas were selected 
with the free-hand volume tool and the band intensities (adjusted vol-
umes) were obtained with a local background subtraction for each blot. 
The non-denaturated protein fractions (%) were calculated by 
comparing the intensities of temperature-treated cell samples to the 
corresponding cell samples from 37 ◦C. 

The aggregation temperatures (Tagg; the temperature where 50% of 
the protein is in non-denaturated form) was obtained with non-linear 
curve fitting conducted with GraphPad Prism (version 8.4.3) using 
Bolzmann sigmoidal equation, as described earlier for CETSA data ob-
tained with immunoblotting [36,37]. Thermal shift (◦C) displays the 
difference of Tagg of inhibitor-treated and vehicle-treated cells. 

2.7. Cellular kinetics 

2.7.1. The unbound partition coefficients (Kpuu) were determined as 
described previously [38,39] 

Briefly, ARPE19 cells were sub-cultured at 60,000 cells/cm2 on a 24 
well plate. On the following day, the cells were treated with 1 µM MG- 
132 for 24 h in HBSS-Hepes (pH 7.4). Approximately 24 h after MG- 
132 treatment, the cells were exposed to 1 µM of the PREP inhibitors 
(2137, 2153, 2189, ZPP and S17092) and incubated for 1 h. After the 
incubation, the extracellular solution was collected for analysis, and the 
cells were rinsed rapidly twice with ice-cold PBS, followed by the 
intracellular compound extraction with 15 min incubation in ACN-H2O 
(60:40) containing the internal standard (50 nM warfarin) at room 
temperature. The extracellular sample was diluted at 1:10 into ACN-H2O 

(60:40) containing the internal standard (50 nM warfarin) prior the LC- 
MS/MS analysis. BCA protein assay (Thermo Fisher Scientific, Waltham, 
MA, USA) was used to determine the protein amounts in representative 
cell wells. 

The cellular accumulation ratio (Kp) was calculated with the Eq. (3): 

Kp =
Acell/Vcell

cmedium
(3)  

Where Vcell is the volume of the cells (calculated with 6.5 µl/mg protein 
[40]), Acell is the intracellular drug amount and cmedium is the compound 
concentration in the medium. 

The unspecific binding to cell interior (fu, cell) was determined with 
cell lysates in rapid equilibrium dialysis (RED) inserts. The compounds 
were dialyzed as a mixture, in which the concentration of each inhibitor 
was (0.5 µM), in cell lysates for 4 h. The fu, homogenate was determined 
with the Eq. (4) below: 

f u, homogenate =
cbuffer

chomogenate
(4)  

Where cbuffer is the concentration of the compound in the buffer and the 
chomogenate is the compound concentration in the homogenate. Uniform 
matrix in the analysis was obtained by diluting the samples with either 
blank cell homogenate or HBSS-Hepes buffer. 

The intracellular unbound fraction (fu,cell) was calculated with Eq. 
(5): 

f u, cell =
1

D × (1/f u, homogenate − 1) + 1
(5)  

Where fu, homogenate is the unbound fraction in the homogenate (as 
described above) and the D is a dilution factor, calculated with the Eq. 
(6) below: 

D =
1000

Protein concentration
(mg

ml

)
× 6.5

(µg
ml

)
protein

(6) 

In case of extremely low or no binding to cell homogenate (average 
fu, homogenate of 6 parallel samples > 1 and 5/6 these samples displaying 
fu, homogenate ≥ 0.95), the fu, homogenate was considered to be 1, and 
consequently the fu, cell was 1. 

The unbound partition coefficient Kpuu was obtained by multiplying 
the cellular accumulation ratio, Kp, with the intracellular unbound 
fraction, fu, cell (Eq. 7): 

Kpuu = Kp × f u, cell (7)  

2.7.2. LC-MS/MS analytics 
The compound quantification was determined with liquid chroma-

tography (Waters Acquity UPLC LC-system with either HSS T3 1.8 µm, 
2.1 ×50 mm or BEH 1.7 µm, 2.1 ×50 mm column) and a triple- 
quadrupole mass spectrometry (QTRAP 6500, AB Sciex) using electro-
spray ionization. The mobile phases were formic acid (0.1%) in water 
(A) and acetonitrile (B). The used MS/MS conditions are described in  
Table 2. Warfarin was used as an internal standard in all samples. 

Table 2 
ESI-MS/MS conditions.  

Compound Retention 
time 

Parent 
m/z 

Declustering 
potential (V) 

Collision 
energy (V) 

Daughter 
m/z 

2137  1.65  387.2  56  15  258.1 
2153  1.57  324.2  51  27  171 
2189  1.90  328.2  81  35  164 
ZPP  1.62  331.2  96  23  160.2 
S17092  1.93  385.3  91  33  124.1 
warfarin  1.84  309.1  80  20  163  
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2.8. Response 

2.8.1. Response (autophagy) evaluation with LC3-II and p62 protein 
expression 

ARPE19 cells were seeded at 66,000 cells/cm2 onto 12-well plates 
and incubated for 48 h to reach confluency. To study the effects of PREP 
inhibitors to prevent protein aggregation, the cells were treated with 
proteasome inhibitor MG-132 and PREP-inhibitors simultaneously. The 
old growth medium was replaced with a new medium containing study 
compounds (KYP-2137,− 2153, KYP-2189, ZPP or S17092) in a range of 
0.1–50 µM and MG-132 (1 µM). Control samples were treated with 
solvent of test compounds, DMSO, in a concentration of 25 µM. To study 
the ability of PREP-inhibitors to induce autophagy, the cells were first 
treated with the PREP-inhibitors as described above at concentration of 
25 µM for 21 h. After PREP-inhibitor incubation, the lysosome inhibitor 
Bafilomycin 1 A (50 nM) was added to the cells to stop the autophago-
some degradation and incubated for additional 3 h. 

After treatments the cells were washed twice with PBS (Dulbecco’s 
phosphate-buffered saline, Sigma-Aldrich) and 75 µl of Mammalian 
Protein Extraction reagent (M-PER, Thermo Scientific, Rockford, IL, 
USA) was added to each well for 3 min. The protein lysates were 
collected by scraping on ice and centrifuged at 13,000× g for 15 min at 
+ 4 ◦C. The protein content of supernatants were determined using a 
Bradford protein assay. 20 µg of proteins were separated in 15% SDS- 
PAGE and transferred by wet blotting to a nitrocellulose membrane 
(Amersham Protran premium 0.45 µM NC, GE Healthcare, Germany). 
The membranes were cut above the 25 kDa band and blocked with 0.3% 
skim milk in Tween PBS for 1.5 h. The primary antibody for p62/ 
SQSTM1 (Cell Signaling Technology, Danvers, MA, USA) was diluted 1:1 
000 with bovine serum albumin (BSA) in 0.3% Tween PBS and incu-
bated on the membrane over night at + 4 ◦C. The primary antibody for 
LC3 (Cell Signaling Technology) was diluted in 1:1 000 with 5% BSA in 
0.1% Tween Tris-buffered saline (TBS) and added to the membranes as 
described above. The loading control, alpha-Tubulin (#T5168, Sigma- 
Aldrich, Saint Louis, MO, USA) was diluted 1:8 000 with 1% skim 
milk in 0.05% Tween PBS and incubated at room temperature for 
15 min. After primary incubations, the secondary antibody for p62 and 
alpha-Tubulin, horseradish peroxidase (HRP)-linked anti-mouse 
(NA931, GE Healthcare), diluted 1:10,000 in 3% skim milk in 0.3% 
Tween PBS (for p62, 2 h) or 1% skim milk in 0.05% Tween PBS (for 
alpha-Tubulin, 15 min) were added on membranes. The secondary 
antibody for LC3, HRP-linked anti-rabbit (Novex™, #A16014, Ther-
moFisher Scientific, Rockford, IL, USA) was diluted 1:10,000 in 3% skim 
milk in 0.1 Tween TBS and added on the membranes for 2 h. All sec-
ondary antibody incubations were performed at room temperature. The 
bands were visualized using Immobilon Western Chemiluminescent 
HRP Substrate (Millipore, Billerica, MA, USA) and captured using 
ImageQuant RT ECL system (GE Healthcare, Little Chalfont, UK). The 
band quantification was performed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) and the band intensities of p62 
and LC3-II were normalized against alpha-Tubulin. 

The immunoblotting data is presented as mean ± standard deviation 
(SD) (n = 3). Statistical analyses were performed using IBM SPSS sta-
tistics software version 27 (IBM, Armonk, NY, USA). The data was 
subjected to one-way analysis of variance (ANOVA) followed by Tukey’s 
test for multiple comparison. P-values < 0.05 were considered 
significant. 

2.8.2. Response evaluation with commercially available autophagy assay 
We evaluated whether a commercially available Autophagy Assay 

Kit (#ab139484, Abcam, Cambridge, United Kingdom) could be utilized 
to study autophagy in the RPE cells and to detect autophagy induction 
caused by PREP inhibitors. According to the manufacturer, The Green 
Detection Dye causes minimal staining of lysosomes, but produces 
bright fluorescence when incorporated into pre-autophagosomes, auto-
phagosomes and autolysosomes. 

ARPE19 cells were seeded at 60,000 cells/cm2 onto black 96 well 
plates with clear bottom (#10530753, Corning, NY, USA) approxi-
mately 24 h prior the compound treatment. The cells were exposed to 
PREP inhibitors for 24 h in serum-free growth medium (DMEM-F12 
supplemented with 2 mM L-glutamine). After 24 h compound treat-
ment, the cells were washed once with PBS and stained with Green 
Detection Dye (1:500 in HBSS-Hepes) for 45 min at + 37 ◦C. After the 
staining, the excess dye was removed, the cells were washed once with 
PBS and the fluorescence signal was measured with Hidex Sense 
microplate reader (Hidex, Turku, Finland) at Ex463/Em534 nm. The 
fluorescence values were normalized with the corresponding protein 
content (µg) in each cell well quantitated with the Bradford assay using 
Bio-Rad Protein Reagent. The level of autophagy was also evaluated in 
the presence of lysosomal inhibitor bafilomycin A1, and the assay was 
otherwise identical, but the exposure solutions were replaced to fresh 
ones containing bafilomycin A1 for the last 2 h of compound exposure 
(22–24 h). The KYP library compound 2153 was not included in these 
assays. 

The statistical significance was evaluated with One-Way ANOVA 
followed by Dunnett’s multiple comparisons test using GraphPad Prism 
Software (version version 8.4.3). P-values < 0.05 were considered sig-
nificant. The number of replicates were 6–28 in different assay condi-
tions (see the Supplementary material for details). 

2.8.3. LDH release assay 
ARPE19 cells were cultivated as in Section 2.8. After reaching con-

fluency, study compounds (in a range of 15–100 µM) were added to cells 
in a new growth medium with or without proteasome inhibitor MG-132 
(1 µM). Control cells were treated with DMSO in a concentration of 
50 µM. After 24 h of exposure to the study compounds, MG-132, or 
DMSO, 50 µl of culture medium from each sample was added to a 96- 
well flat bottom microtiter plate. 50 µl of LDH assay buffer (CytoTox 
96© Non-Radioactive Cytotoxicity Assay, Promega, Madison, WI, USA) 
was added to each sample well and mixed gently. The plate was incu-
bated in a dark for 30 min before addition of stop solution (50 µl). 
Finally, the plate was gently mixed, and the absorbance was recorded at 
490 nm (ELx808, BioTek Instruments, Highland Park, VT, USA). The 
results are shown as fold change compared to control (DMSO). 

3. Results 

3.1. The RPE cells treated with MG-132 display characteristics relevant to 
AMD in vitro 

Altogether 5989 proteins were quantitated in both normal and 
disease-state (MG-132 exposed) ARPE19 cells (Fig. 2) – neither dis-
played expression of unique proteins. Out of these 5989 proteins, 149 
displayed statistically significant differences in their expression levels, 
from which 19 proteins were down-regulated and 130 up-regulated in 
ARPE19 cells exposed to MG-132 (these proteins and their expression 
levels are presented in the Supplementary material). Pathway analysis 
showed that the proteins with elevated expression levels were involved, 
for instance, in protein ubiquitination, macromolecule metabolism, and 
regulation of autophagy and apoptosis (Fig. 2). The biological process 
classification further showed that the majority of the up-regulated pro-
teins are involved in protein metabolism, and more specifically protein 
modification (Fig. 2). In addition, the MG-132 treated cells displayed up- 
regulation of stress-related proteins, such as HSP70 (Supplementary 
material). These findings confirm that the protein aggregation-induced 
ARPE19 cells display altered protein processing (especially proteaso-
mal clearance due the clear up-regulation of proteins involved in ubiq-
uitination) and suffer from oxidative stress, both known to be involved 
in dry AMD [11]. 
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3.2. PREP activity, but not protein expression, is elevated in RPE cells 
treated with MG-132 

The PREP activity increases in the presence of proteasomal inhibitor 
MG-132 in ARPE19 cells but not when autophagy was inhibited by 
bafilomycin A1 (Fig. 3A). However, the PREP protein levels were not 
elevated, shown with immunoblotting (Fig. 3B). Similar protein 
expression was verified with proteomics: the PREP expression in 
ARPE19 cells treated with 1 µM MG-132 was 1.96 ± 0.25 fmol/µg pro-
tein and 1.59 ± 0.17 fmol/µg protein in untreated ARPE19 cells. 

3.3. PREP inhibitors displayed affinity to and inhibition of human 
recombinant PREP at nanomolar concentrations 

We performed both biochemical and cellular assays to assess PREP 
inhibition and ligand binding potency of our compound set since in the 
earlier studies target engagement of PREP inhibitors has been generally 
shown only by measuring IC50 of proteolytic inhibition. The Kd values 
and IC50 values were both determined with human recombinant PREP, 
and all the compounds displayed affinity and inhibition at nanomolar 
concentrations (Table 3, see the graphs in Supplementary material). 
Importantly, our in-house compounds had similar level of affinity and 
potency than the known potent PREP inhibitors (ZPP, S17092) [14] 
(Table 3). The rank order in the Kd values and IC50 values among the 
inhibitors was not identical. However, reasonable correlation of linear 
regression (R2 =0.68) was observed between these two parameter-
s—both displaying narrow range (Fig. 4). The details regarding MST 
analysis (e.g. MST trace curves) are presented in the Supplementary 
material. 

3.4. Differences in the intracellular target engagement by the PREP 
inhibitors was explained by cellular kinetics 

CETSA was performed to further assess the target engagement of 
inhibitors on PREP. Clear differences in the intracellular target 

Fig. 2. Proteomics confirmed that the MG- 
132 induced cells display phenotype rele-
vant in dry AMD. In total, 5989 proteins were 
detected in both normal and MG-132 treated 
cells. The 130 proteins with up-regulated 
expression in MG-132 treated cells are 
involved in, e.g., protein ubiquitination, growth 
factor and apoptosis regulation, and cellular 
stress. These pathways are relevant in dry AMD. 
Annotation clusters obtained with DAVID with 
enrichment scores > 1.3 are displayed in the 
image. The classification of cellular processes of 
up-regulated proteins in MG-132 exposed 
ARPE19 cells confirmed that these proteins are 
involved in protein metabolism and especially 
proteins involved in ubiquitination are up- 
regulated in MG-132 treated ARPE19 cells.   

Fig. 3. PREP activity is elevated in the RPE 
cells treated with proteasomal inhibitor, but 
the protein expression is not altered. A) 24 h 
treatment with proteasomal inhibitor MG-132 
induced PREP activity, also when co- 
administered with autophagy inhibitor bafilo-
mycin A1. Bafilomycin A1 alone did not induce 
PREP activity (n = 4). The Western blot anal-
ysis of control RPE cells (n = 2) and MG-132 
treated cells (n = 2) had similar PREP expres-
sion confirming that the activity induction was 
not caused by elevated PREP levels in MG-132 
treated cells.   

Table 3 
Kd and IC50 values of PREP inhibitors.  

Compound Kd 

(nM) 
Kd confidence 
(nM)a 

IC50 

(nM) 
IC50 Standard error 
(nM) 

2137  11.7  4.9  4.7  1.5 
2153  37.1  23.1  7.9  1.5 
2189  36.9  8.0  11  1.6 
ZPP  4.6  3.7  5.4  1.7 
S17092  10.1  7.4  2.0  1.5  

a 68% confidence values for Kd obtained within the MO. Affinity Analysis 
Software. 
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engagement by the five PREP inhibitors were seen with the CETSA. The 
aggregation temperature (Tagg) was 49.6 ◦C for vehicle-treated RPE 
cells. Significant thermal shifts were observed for cells treated with the 
library compounds 2137, 2135 and reference compound ZPP (Fig. 5a, b, 
d, f; Table 4), indicating that these compounds bound to PREP inside 
RPE cells. The thermal shifts for 2137 and 2153 were 4.8 and 3.2 ◦C, 
respectively. The non-linear curve fitting was unsuccessful for ZPP, i.e., 
Tagg in the presence of ZPP could not be reliably determined and 
therefore thermal shift of 7 ◦C is a rough estimate (Table 4). However, 
there were clear differences among the PREP protein amounts in the 
vehicle- and ZPP-treated cells at elevated temperatures (50, 53 and 
56 ◦C, Fig. 5d), confirming that also ZPP bound to PREP inside RPE cells. 
The Tagg of KYP library compound 2189 and reference inhibitor S17092 
were not significantly different from the vehicle results: the thermal 
shifts were ≤ 1 ◦C and the confidence intervals (CI) overlapped with the 
range of the vehicle data (Fig. 5c, e, f; Table 4). 

The cellular kinetics explained the observed differences in the 
intracellular target engagement, as the KYP library compound 2189 and 
reference S17092 had lower intracellular exposure, as measured by Kpuu 
(3–3.5), compared to 2137, 2153 and ZPP (7.5–10.7; Fig. 6) for which 
the interaction with PREP within the cellular environment was 
confirmed with CETSA (Fig. 5, Table 4). 

3.5. PREP inhibition induces autophagy in RPE cells 

We studied the pharmacological response of PREP inhibitors at the 
cellular level by evaluating the expression levels of p62 and LC3-II and 
by assessing the total amount of autophagosomal structures in RPE cells 
after 24 h compound treatment. 

Based on p62 expression, the level of protein aggregation in RPE cells 
exposed to 1 µM MG-132 was more modest when the proteasomal in-
hibitor was co-administered with PREP inhibitors 2137, 2153, 2189 and 

S17092 (Fig. 7). This indicates that PREP inhibitor treatment increased 
the autophagic degradation and prevented the protein aggregation in 
RPE cells. Our library compound 2189 lacked statistical significance for 
p62 accumulation, however clear dose-response in the level of p62 was 
observed (Fig. 7c). 

The levels of LC3-II were evaluated in the presence of bafilomycin A1 
to stabilize autophagic flux, as bafilomycin A1 prevents the disruption of 
autophagosomes [41]. The expression of LC3-II clearly increased upon 
bafilomycin A1 treatment in the presence of PREP inhibitors 2137, 
2153, 2189 and S17092 (25 µM) indicating increased formation of 
autophagosomes due to PREP inhibitor treatment (Fig. 8). The reference 
inhibitor ZPP did not have statistically significant impact on the levels of 
either marker protein (Figs. 7 and 8). 

In addition to protein expression studies with autophagy markers 
LC3-II and p62, we evaluated how the level of autophagy in the RPE cells 
is modulated by PREP inhibitor treatment by assessing the total amount 
of autophagosomal structures with commercially available fluorescent 
dye. As serum starvation (24 h) had little effect on the observed auto-
phagy levels in the RPE cells (Fig. 9a, inset), the relative autophagy was 
evaluated by comparing the cells exposed to PREP inhibitors for 24 h to 
untreated cells in serum-free conditions. After 24 h compound treat-
ment, the total amount of pre-autophagosomes, autophagosomes, and 
autolysosomes was elevated in the RPE cells treated with PREP in-
hibitors 2137 (50 µM), 2189 (50 µM), and S17092 (25 and 50 µM) 
(Fig. 9a). Similar to the p62 and LC3-II marker studies (Figs. 7 and 8), 
the reference PREP inhibitor ZPP did not display statistically significant 
differences in autophagy levels compared to untreated control cells 
(Fig. 9a). These results were confirmed in the presence of bafilomycin 
A1—the level of autophagy in the RPE cells were higher in the cells 
exposed to 50 µM of our KYP library compounds 2137 and 2189 and the 
commercial reference S17092 (Fig. 9b), compared to cells without PREP 
inhibitor treatment. Bafilomycin A1 itself reduced the total fluorescence 
signal in the RPE cells (Fig. 9b, inset) which can be explained by the lack 
of autolysosome formation. 

3.6. PREP inhibition did not cause toxicity in RPE cells 

We examined the cellular tolerance to our library PREP inhibitors 
and proteasome inhibitor MG-132 with LDH leakage assay. The relative 
LDH leakage was similar in treated and untreated RPE cells indicating 
that PREP inhibitors did not cause cytotoxicity with the studied con-
centrations (up to 100 µM, 24 h exposure; Fig. 10). The proteasome 
inhibitor MG-132 expectedly increased the LDH leakage by 2-fold. 
However, co-treatment with PREP inhibitors did not result any further 
toxicity. 

4. Discussion 

Previous studies regarding the PREP inhibition and its potential in 
age-related diseases have been focusing on CNS applications, mainly to 
memory-related diseases and PD. In the current paper, we show that 
PREP activity, but not protein expression, is elevated in a cellular model 
that mimics AMD characteristics in vitro (Fig. 3). This suggests that 
similarly to neurodegenerative diseases, PREP might have an important 
role in age-related retinal dysfunctions. Due to this finding, we further 
explored a small set of PREP inhibitors in RPE cells regarding kinetics 
and efficacy. 

Even though the detailed etiology of AMD is currently unknown, it is 
evident that the diseased RPE cells are unable to process cellular waste, 
leading to protein aggregation, inflammation and ultimately to cell 
death. Proteasomal clearance and autophagy are key pathways in 
cellular waste disposal and the loss of these functions is believed to be 
the major reasons behind cell distress of RPE cells in AMD [11,42,43]. 
Ubiquitin-proteasome system is mainly responsible for the degradation 
of short-lived proteins whereas autophagy can remove protein aggre-
gates and organelles [44]. If the HSPs fail to repair proteins with 

Fig. 4. The KYP PREP inhibitor library compounds 2137, 2153 and 2189 
display similar affinity and inhibition potency towards human recombi-
nant PREP as the reference inhibitors ZPP and S17092. The Kd values were 
between 4.6 and 37.1 nM and the IC50 values had a narrow range of 2.0–11 nM 
(Table 3). No major discrepancies were observed in the obtained Kd and IC50 
values of the inhibitors (with simple linear regression R2 = 0.68, generated with 
GraphPad Prism Software, version 8.4.3), even though the rank order was not 
identical. Error bars represent the 68% confidence for Kd and the standard error 
for IC50 values. 
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oxidative damage, the damaged proteins are degraded by the 
ubiquitin-proteasome system [10]. However, damaged proteins often 
aggregate creating a need for autophagic degradation [45] and auto-
phagic sequestration from the cytosol by formation of autophagosomes 
[46]. Eventually these vesicles fuse with lysosomes and the 

autophagosomal cargo is degraded by the lysosomal hydrolases. Prior to 
degradation by the proteasomes or autophagy, the damaged proteins are 
tagged via ubiquitination which involves function of several enzymes. 
Ubiquitination has been suggested to act as a sorting mechanism to 
guide proteins to be degraded by proper pathway [47]. 

Proteasomal inhibitor MG-132 has been used as an AMD phenotype 
inducer, as it has been shown to reduce proteasomal clearance [22] and 
cause oxidative stress [20] in the RPE, both relevant in AMD [11]. In this 
study, we wanted to further characterize ARPE19 cells induced to 
display protein aggregation with MG-132 exposure and performed 
global proteomics analysis of untreated and treated ARPE19 cells. Our 
findings confirm that the cells exposed with MG-132 represent relevant 
phenotype in culture, i.e., altered expression in the pathways related to 
macromolecule metabolism and regulation of macroautophagy and 
apoptosis (Fig. 2). Due the usage of proteasomal inhibitor, protein 
ubiquitination was clearly altered in the treated RPE cells (Fig. 2). In 
addition, stress markers had elevated expression levels in these cells 
compared to their untreated counterparts. For instance, the expression 
of HSP70 was induced > 10-fold in the MG-132 treated RPE cells 
compared to non-treated cells (Supplementary material). This indicates 

Fig. 5. Cellular thermal shift assay confirmed intracellular target engagement for KYP compounds 2137 (a), 2153 (b) and reference compound ZPP (d), 
whereas thermal shift was not observed after exposure of the UEF compound 2189 (c) or reference compound S17092 (e). The images display the average of 
non-denatured fractions of two individual heating cycles of treated cells and standard deviation SD. The blots are representative for both reactions. The curve fitting 
of vehicle controls was conducted with data from 10 individual heating cycles (the obtained data of all vehicle-treatments were combined to utilize the same vehicle 
control melting curve for each compound). Non-linear curve fitting (Boltzmann sigmoidal) was used to determine the temperature (Tagg) at which 50% of the protein 
(dotted line) is in its non-denatured form. f) The fitted mean aggregation temperatures (Tagg) and their 95% confidence intervals. Curve fitting was unsuccessful for 
ZPP (unable to calculate complete confidence interval, only mean estimation for Tagg displayed). 

Table 4 
CETSA parameters.  

Compound Tagg 

(◦C) 
95% Confidence 
interval (for Tagg) 

Thermal shift (◦C) 

vehicle 48.8 47.9–49.6 n.a. 
2137 54.4 53.1–55.7 4.8 
2153 52.7 50.6–54.8 3.2 
2189 49.3 47.3–50.8 n.d. (< 1◦C), overlapping 

confidence interval with the 
vehicle 

ZPP ~56.1 fit unsuccessful ~ 7 
S17092 49.8 41.8–53.4 n.d. (≤ 1 ◦C), overlapping 

confidence interval with the 
vehicle 

n.a. not applicable, n.d. not detected. 
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acute oxidative stress in our RPE cell model mimicking dry AMD [20]. It 
has been reported that HSP70 expression decreases with the severity of 
dry AMD [48]. Our in vitro model represents characteristics relevant to 

early-intermediate AMD, as the cells are not reaching atrophy. These 
stages are relevant in AMD drug discovery where the primary goal is to 
prevent the disease progression to the advanced AMD in which 

Fig. 6. Compounds with verified target engagement inside the cells (2137, 2153 and ZPP) had the highest unbound cellular accumulation ratios (Kpuu). a) 
Cellular accumulation, Kp, was relatively high (7.5–52.9) for all studied compounds, and clearly highest for 2189 and S17092 (52.9, 32.2, respectively) b) Com-
pounds 2137, 2153, and ZPP did not display unspecific binding to cell interior, whereas the free fraction (cellular unbound drug fraction, fu, cell) was low for 2189 and 
S17092. c) Unbound partition coefficient (Kpuu) explained the CETSA result, as the Kpuu values of 2189 and S17092 were lower (3–3.5) than those observed for 2137, 
2153 and ZPP (7.5–10.7). 

Fig. 7. PREP inhibitors a) 2137 b) 2153 and d) S17092 increase the autophagic clearance of protein aggregates upon proteasome inhibition with MG-132 
(1 µM). The changes in the accumulation of p62 was used as an indicator for autophagic clearance and the statistical significance was evaluated with One-way 
ANOVA (*p < 0.05; compared to the MG-132 treated cells displayed with black bars). Neither 2189 (c) or ZPP (d) treatment resulted in statistically significant 
changes in the p62 levels, however, dose-response in the p62 levels is evident in case of 2189. (n = 3). 
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geographic atrophy and vision loss are seen. In late AMD where the RPE 
and photoreceptor cells are already lost, the treatment options would be 
limited to cell therapy applications, which are still experimental [49, 
50]. Overall, the cell model we have utilized is a useful tool in early drug 
discovery to study autophagy after drug exposure in RPE cells, even 
though the cells do not represent all features of AMD. 

Autophagy is specialized to degrade aggregated proteins and cell 
organelles marked with p62 or ubiquitin. In this process, the p62 tagged 
material is first engulfed to an autophagosome via p62-LC3 interaction 
in a process where LC3-I is converted to a LC3-II [51]. In the second step, 
the autophagosome fuses with a lysosome and the material destined to 
autophagic clearance, along with the protein aggregation marker p62, is 
degraded by the lysosomal enzymes [46]. We examined the formation 
and degradation of protein aggregates and autophagosomes in the RPE 
cells by evaluating the p62 and LC3-II levels with immunoblotting and 
evaluated the impact PREP inhibitor treatment has for their expression. 
Our findings clearly show that the LC3-II levels were elevated by KYP 
library compounds 2137, 2153, 2189 and the commercial reference 
inhibitor S17092 in the presence of bafilomycin A1 that points to 
induced autophagy (Fig. 8). In addition, PREP inhibitors 2137, 2153 and 
S17092 clearly prevented the protein aggregation in the RPE cells 

treated with proteasomal inhibitor, evident by the lower levels of p62 
after treatment with these compounds (Fig. 7). Similarly, the autophagy 
assay with the fluorescent dye showed that the total amount of 
pre-autophagosomes, autophagosomes and autolysosomes was higher 
after treatment with PREP inhibitors 2189, 2137 and S17092 (Fig. 9), 
whereas ZPP treatment did not alter the autophagy levels in the RPE 
cells. Taken together, these findings clearly show that treatment with 
PREP inhibitors can induce autophagy in RPE cells. 

We compared the affinity of three in-house PREP inhibitors (2137, 
2153, 2189) and two commercial reference inhibitors (ZPP, S17092) 
towards human recombinant PREP with MST. We showed that all 
studied PREP inhibitors displayed binding at nanomolar concentrations 
to human recombinant PREP (Kd values between 4.6 and 37 nM), and 
importantly, the level of binding of our library compounds was similar 
than the reference compounds ZPP and S17092 (Table 3). The second 
biochemical assay we used, the determination of IC50 values, is widely 
used to describe PREP inhibition potency [13,14]. Our data is in line 
with previously published IC50 values for inhibitors from the same 
molecule family (KYP library), displaying nanomolar level inhibition 
against porcine PREP [43–45]. Like in Kd experiments, the IC50 values of 
our inhibitors 2137, 2153, and 2189 were at similar level to the 

Fig. 8. The LC3-II levels were increased in the presence of PREP inhibitors 2137 (a), 2153 (b), 2189 (c) and S17092 (e) (*p < 0.05 One-way ANOVA; 
compared to the bafilomycin-treated cells displayed with black bars). The treatment with ZPP (d) did not result in statistically significant increase in LC3-II levels. 
The compounds were administered at 25 µM concentrations for 24 h, and bafilomycin A1 (50 nM) was included in the incubations during the last 3 h of the 
compound incubations (n = 3) to prevent the autophagosome degradation. 
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reference compounds (Table 3) that are known to be potent PREP in-
hibitors [15,32]. No major discrepancies were observed between Kd and 
IC50 values (Fig. 4). However, sufficient target engagement in the 
cellular environment is crucial for a compound to achieve the desired 
therapeutic effect. Cellular thermal shift assay (CETSA) is based on 
ligand-induced changes in the thermal stability of proteins. When it is 
conducted in cellular environment, the assay enables the evaluation of 
binding in relevant surroundings of the endogenous protein [35]. We 
confirmed intracellular target engagement of ZPP and KYP library 
compounds 2137 and 2153 with CETSA (Table 4, Fig. 5). The 
biochemical screening methods were not able to predict the binding in 
the cellular environment, which highlights the need to assess target 
engagement and response in a relevant matrix. Our data of cellular 

binding kinetics (Kpuu) explained the differences in the intracellular 
target engagement of the inhibitors as 2137, 2153 and ZPP displayed 
higher cellular unbound partition coefficient compared to 2189 and 
S17092 (Fig. 6). Overall, the high Kpuu values of 2137, 2153 and ZPP 
together with the intracellular target engagement (with CETSA) indicate 
that the compounds can reach the cell cytoplasm and engage with PREP. 
In addition, we did not observe significantly higher LDH release in cells 
treated with our in-house PREP inhibitors compared to untreated con-
trol cells (Fig. 10). These findings are promising for further optimization 
and development of this molecule family for dry AMD treatment. 

In earlier studies, PREP inhibitor KYP-2047 was shown to enhance 
the expression of beclin-1, which is an important positive regulator in 
the autophagosome formation [17]. Further studies showed that PREP 
enhances the beclin-1 mediated autophagy by acting as a negative 
regulator and interaction partner of protein phosphatase 2A (PP2A) 
complex [18]. Since this is an interaction-based regulation, enzyme 
conformation is more important than the block of proteolytic activity. In 
fact, it was shown that the inhibition against PREP’s cleaving activity 
(IC50 values) does not correlate with the outcome in autophagy [19]. 
Our results show similar trend and in addition, there are discrepancies 
between the target engagement to PREP (CETSA data) and pharmaco-
logical response: ZPP had little effect on autophagy (Figs. 7–9) even 
though the target engagement was seen with CETSA (Fig. 5, Table 4). 
Similarly, ZPP did not have any effect on autophagy in HEK-293 cells 
[19]. Vice versa, S17092 had positive outcome on autophagy (Figs. 7–9), 
even though the target engagement with CETSA was not confirmed 
(Fig. 5, Table 4). This suggests that the impact these PREP inhibitors 
have on autophagy is not related to the total bound amount to the target. 
However no significant off-targets have been reported e.g. with 
KYP-2047 that is similar substrate-like PREP inhibitor as the compounds 
used in the current study [52]. Eventually, the effect of PREP inhibitors 
on autophagy is likely to be mediated via alternative binding mode or 
even alternative binding site in PREP, and with typical substrate-like 
inhibitors this appears to require higher doses than for proteolytic in-
hibition. This requires more detailed protein structure studies but if 
novel binding site in PREP can be revealed, this allows design and 
synthesis of completely novel PREP ligand series aimed to modify 
protein-protein interactions of PREP, including autophagy. Addition-
ally, as the IC50 assay and CETSA seem to lack value when the autophagy 
induction of PREP inhibitors is evaluated, alternative approaches should 
be the first choice in efficacy screening. Our data demonstrated that the 
fluorescent autophagy dye is suitable for efficacy screening of PREP 
inhibitors in the RPE cells (Fig. 9), as the data was consistent with the 
conclusions obtained with autophagy marker expression studies (Figs. 7 
and 8) and is therefore valuable tool in when larger compound libraries 
are screened for autophagy induction. 

One possibility to further explore the pathway is to utilize thermal 
profiling of the cellular proteome (TPP) which couples CETSA to prote-
omics and is therefore a powerful tool in the field of target validation 
[53–55]. This approach could reveal both direct and in-direct targets of 
PREP inhibitors, therefore possibly revealing even other druggable tar-
gets within the pathway that would enhance autophagy and, conse-
quently, prevent the AMD progression. TPP would be a powerful tool to 
evaluate specific PREP inhibitors locking the enzyme into relevant 
conformation. Besides the detailed characterization of the PREP pathway, 
further effort must be set to select not only the most potent, but also 
kinetically most favorable compounds to further development. The eye, 
and especially retina, is a kinetically challenging drug target as oral or 
topical ocular route generally do not provide sufficient concentrations in 
the posterior eye due the physiological barriers protecting these tissues 
[56]. The intravitreal route routinely used to treat wet AMD is not 
applicable for small molecules as their half-lives in vitreous are short, and 
weekly invasive injections are neither safe nor economical. However, 
with appropriate drug delivery systems, high concentrations of small 
molecules can be delivered to the retina over prolonged periods [56]. 

Fig. 9. PREP inhibitors 2137, 2189, and S17092 increase autophagy levels 
in the RPE cells. a) The RPE cells treated with 2137 (50 µM), 2189 (50 µM), 
and S17092 (25 and 50 µM) for 24 h had elevated autophagy levels compared 
to untreated RPE cells. Serum starvation had little effect on the observed 
autophagy levels (inset). b) Lysosomal inhibitor bafilomycin A1clearly reduced 
the observed autophagy levels in RPE cells (inset). PREP inhibitor treatment 
(2137, 2189 and S17092 at 50 µM) increased the autophagy also in the RPE 
cells co-treated with bafilomycin A1. The statistical significance was evaluated 
with One-way ANOVA (*p < 0.05, **p < 0.01 ****p < 0.0001). ZPP treatment 
did not result in statistically significant changes in the autophagy levels in any 
of the studied conditions. n = 6–28 in each condition, see the supplementary 
material for details. 
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5. Conclusions 

In the current paper, we demonstrated induced PREP activity in 
cultured RPE cells displaying characteristics relevant in AMD. We 
demonstrated that our own library inhibitors were as potent as the 
reference PREP inhibitors, all showing affinity and inhibition at nano-
molar levels. Cellular binding kinetics (Kpuu) was able to explain the 
differences of intracellular target engagement of the studied compounds 
that had similar potency in biochemical assays. Importantly, we showed 
that PREP inhibition clearly reduces protein aggregation and induces 
autophagy in the RPE cells. PREP inhibition is therefore an interesting 
pathway in AMD and should be further investigated to explore its 
druggability. 
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