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Abstract

Background: Age-related macular degeneration (AMD) can be characterised by
degeneration of retinal pigment epithelial (RPE) cells and the accumulation, in retinal drusen
deposits, of amyloid beta-peptides proteolytically derived, by secretases, from the amyloid
precursor protein (APP). Ultraviolet (UV) light exposure is a risk factor for the development
of AMD. Objectives: In the current study, we investigated whether APP and/or its
proteolysis are linked to the UVA resistance or proliferation of ARPE-19 human RPE cells.
Methods: Cell viability was determined, following UVA exposure, with prior small
interfering RNA-mediated APP depletion or secretase inhibitor treatments. APP
levels/proteolysis were analysed by immunoblotting. Cells were also grown in the
presence/absence of secretase inhibitors to assess their effects on longer-term culture growth.
Finally, the effects of APP proteolytic fragments on ARPE-19 cell proliferation were
monitored following co-culture with human embryonic kidney cells stably over-expressing
these fragments. Results: Endogenous APP was depleted following UVA irradiation and -
secretase, but not o-secretase, processing of the protein was reduced. Experimental APP
depletion or y-secretase (but not a- or B-secretase) inhibition ablated the detrimental effect of
UVA on cell viability. In contrast, a-secretase, and possibly y-secretase but not B-secretase
activity, appeared to promote the longer-term proliferation of ARPE-19 cells in the absence
of UVA irradiation. Conclusions: There are clear but differential links between APP
expression/proteolysis and the proliferation and UVA resistance of ARPE-19 cells indicating
that the protein should be investigated further in relation to the identification of possible drug

targets for the treatment of AMD.
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1. INTRODUCTION

Age-related macular degeneration (AMD), a progressive retinal disease, is the leading cause
of blindness globally with almost 200 million affected individuals !. Given increasing
population aging, there are expected to be 288 million people living with the disease by 2040
2. AMD is classified as either non-neovascular (dry/atrophic) or neovascular (wet/exudative)
according to specific features of the disease. Dry AMD constitutes 80-85% of all cases and is
associated with ‘drusen’ deposits, small specks of yellowish white material, in the macula
underneath the retina °>. Accumulation of these deposits leads to the gradual destruction of the
retinal pigment epithelium (RPE) and the photoreceptors in the macular region *. This
manifests clinically with symptoms of blurred central vision that deteriorates gradually over
time °. Wet AMD is less common; it accounts for approximately 15% of AMD cases °.
However, the symptoms are severe and progress rapidly which makes it responsible for 90%
of acute vision loss due to AMD ©. Wet AMD is characterised by abnormal choroidal vessels
developing underneath the macula and leaking blood and fluid. This eventually results in the
formation of a central fibrous sub-retinal scar leading to a sudden decline in central visual

acuity >*. A common symptom of wet AMD is straight lines appearing wavy or distorted °.

Whilst the molecular pathology of AMD is not yet fully elucidated, ultraviolet (UV)

irradiation is known to cause the production of reactive oxygen species (ROS), damage DNA

7-12

and induce apoptosis in RPE cells '~'“ and, together with blue light, is considered a possible

risk factor in the development of the disease '3!3

although the evidence is still controversial
16 Epidemiologic evidence suggests that excessive light exposure is associated with increased
risk of AMD ’. This is due to photochemical damage by the blue light and short wavelength
radiation (UVA radiation of 315-400 nm) that is able to penetrate the eye protective

structures into the retina !”. This induces significant oxidative stress to the RPE and leads to



the formation of lipoprotein aggregates in Bruch’s membrane and drusen deposits resulting

finally in the destruction of photoreceptors in the macula and AMD development '%.

Particularly the dry form of AMD exhibits some molecular commonality with the
neurodegenerative condition Alzheimer’s disease (AD), the leading form of dementia caused,

arguably, by the accumulation of toxic amyloid beta (AB)-peptides in the afflicted brain '*-2!.

In addition to a range of other lipids and proteins, drusen deposits contain Ap-peptides 2224
and these proteinaceous components are also associated with key stages in AMD progression
and linked to disease aetiology 2°*’. Furthermore, the intraocular injection of mice with Ap-
peptides induces the accumulation of drusen immunopositive for the peptides and leads to
degenerative changes in the retina mimicking AMD-like pathology **. Conversely, it has been
shown that knocking down the AB-degrading enzyme, neprilysin, leads to the development of
AMD-like pathology in mice including the degeneration of RPE cells and the development of
drusen-like deposits %¢. In addition to their role in dry AMD, AB-peptides may also
participate in the development of the wet form of the disease by increasing the expression of
vascular endothelial growth factor (VEGF) and decreasing the expression of pigment
epithelium-derived factor (PEDF) secreted by RPE cells which acts as a potent

antiangiogenic factor 23!,

AB-peptides are derived from the full-length amyloid precursor protein (FL-APP) through
sequential proteolysis by two enzyme activities; B- and y-secretases (Fig.1) *2. The former
enzyme, also termed BACE1 (B-site APP-cleaving enzyme 1), cleaves at the N-terminus of
the AP region within APP yielding a soluble fragment, soluble APPJ3 (sAPPf) and leaving
behind a 99 amino acid C-terminal fragment, CTFp, in the membrane. This latter fragment is
then cleaved by the y-secretase complex to yield the toxic AB-peptides and a transcriptionally

active APP intracellular domain (AICD) 3. However, this ‘amyloidogenic’ pathway is



countered by a reciprocal ‘non-amyloidogenic’ pathway (Fig.1) whereby an a-secretase
activity (predominantly A Disintegrin And Metalloproteinase 10; ADAM10 ) cleaves
between Lys16 and Leul7 in the A region of APP precluding the formation of intact AB-
peptides *°. However, it is becoming increasingly apparent that the soluble APPa. (sSAPPa.)
fragment generated by a-secretase cleavage of APP, in addition to the preclusion of Af-
peptide formation, is of great importance in combatting the neurodegeneration observed in
AD 3¢, Specifically, SAPPa has been implicated in neurogenesis, brain development and
plasticity 3¢ and the neuroprotective actions of the fragment in vivo include enhancement of

neuronal survival, protection from ROS and decreased glutamate-mediated excitotoxicity -

39

Given the potential actiological links between AB-peptides, UV and AMD it is perhaps
surprising that APP processing and its relationship to UV exposure in RPE cells has not
previously been investigated. In the current study, we show that APP expression and
proteolysis are altered following UV A exposure in ARPE-19 human retinal pigment
epithelial cells. Furthermore, experimental depletion of the protein enhanced cell viability
following UVA irradiation. Preventing a- or B-secretase-mediated APP processing did not
modify ARPE-19 cell viability following UVA irradiation. However, interestingly, treatment
with the notch-sparing APP y-secretase inhibitor, begacestat, did partly ablate the negative
impact of UVA on cell viability. Notably, these effects were distinct from the roles of APP
proteolysis in longer-term ARPE-19 cell proliferation where inhibiting a-secretase activity
did have a negative impact and sAPPa itself enhanced viable cell numbers. Furthermore,
whereas B-secretase inhibition had little effect on longer-term cell proliferation, begacestat
negatively impacted on viable cell numbers in this respect. Collectively, these data indicate

that APP has important but differential roles in the UV A resistance and proliferation of



human RPE cells and should be investigated further in relation to the identification of

possible drug targets for the treatment of AMD.

2. MATERIALS AND METHODS

2.1.  Certification of human retinal pigment epithelial (ARPE-19) cells

ARPE-19 cells were purchased from American Type Culture Collection (ATCC; distributed
by LGC Standards, Teddington, UK). On receipt, cells were seeded, harvested and then
aliquoted into multiple P1 stocks in liquid nitrogen. All experiments were subsequently
performed on resurrected cells within five passages of original seeding. The cell line was
subjected to short tandem repeat (STR) profile testing by the laboratory analysis service of
ATCC. Seventeen short tandem repeat (STR) loci plus the gender determining locus,
Amelogenin, were amplified using the commercially available PowerPlex® 18D Kit from
Promega (Madison, USA). The cell line sample was processed using the ABI Prism® 3500x]1
Genetic Analyzer. Data were analyzed using GeneMapper® ID-X v1.2 software (Applied
Biosystems, Waltham, USA). Appropriate positive and negative controls were used
throughout the test procedure. The DNA profile (STRB7331) was as follows: THO1: 6, 9.3;
D5S818: 13; D13S317: 11, 12; D7S820: 9, 11; D16S539: 9, 11; CSF1PO: 11; Amelogenin:
X, Y; vWA: 16, 19; TPOX: 9, 11. The ATCC test conclusions were that the submitted sample

profile is an exact match for cell line CRL-2302 (ARPE-19) in the ATCC STR database.

2.2.  Cell culture

Human embryonic kidney (HEK) cells were generously provided by Professor David Allsop
(Lancaster University, Lancaster, UK). Cell culture reagents were purchased from Lonza Ltd.
(Basel, Switzerland). ARPE-19 and HEK cells were cultured in Dulbecco’s Modified Eagle

Medium:F12 (DMEM:F12) and DMEM basal media, respectively, supplemented with 25



mM glucose, 4 mM L-glutamine, 10% (v/v) foetal bovine serum, penicillin (50 U/mL) and

streptomycin (50 pg/mL). Cells were maintained at 37°C in 5% CO; in air.

rt™ cell culture

For the co-culture experiments a 24-well transwell system containing ThinCe
inserts (Greiner Bio One, Stonehouse, UK) was employed. HEK cells (150,000) were seeded
in the inserts and ARPE-19 cells (12,250) in the basal wells of the system and, in this

instance, both cell types were cultured in DMEM:F12 (supplemented as described above) for

seven days before determination of ARPE-19 cell viability.

2.3.  Cell treatments

For UVA irradiation, 80% confluent flasks of ARPE-19 cells were pre-incubated for 6 h in
UltraMEM™ reduced serum medium and then transferred into phenol red-free DMEM
(containing the appropriate secretase inhibitor treatments if required) before being exposed to
UVA irradiation at doses of 0-263 kJm™ using six Phillips TLR 36W tubes (Starna Ltd,
Romford, UK) with cells 8 cm from the light source (maximum irradiation duration of 20
min). Following irradiation, the medium was replaced with fresh UltraMEM™ (plus/minus
secretase inhibitors if necessary) and the cells were cultured for a further 18 h prior to further

analysis.

The y-secretase inhibitor begacestat (GSI-953) and B-secretase inhibitor IV were purchased
from Tocris (Bristol, UK) and Merck Millipore (Darmstadt, Germany), respectively.
Batimastat was purchased from Merck Life Science (Gillingham, UK). All three inhibitors
were prepared as concentrated stock solutions in dimethylsulfoxide (DMSO) and added to
cell culture medium to achieve the final concentrations described up to a maximum carrier
concentration of 0.05% (v/v). All control cultures contained the equivalent carrier

concentration.

2.4.  Cell viability measurements



Cell viability was determined by Trypan Blue (Merck Life Science) or 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxylphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

(MTS) (Promega, Madison, USA) analyses according to the manufacturers’ instructions.

2.5. Stable transfection of HEK cells

The generation of the full-length APP construct in the mammalian expression vector
pIREShyg (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France) has been reported
previously *°. The sAPPa. and sAPPP constructs were generated by site-directed mutagenesis
of the full-length APP-pIREShyg construct to introduce stop codons after the nucleotides
encoding lysine or methionine, respectively, upstream of the a- and B-secretase cleavage
sites. Plasmids (30 pg) or empty expression vector (control cells) were linearized using Ahdl
before being subjected to ethanol precipitation and subsequent introduction into HEK cells by
electroporation. Recombinant cells were selected using 150 pg/mL hygromycin (Invitrogen,

Paisley, UK).

2.6. Small interfering RNA (siRNA) transfection

Smart pool siRNA was purchased from Horizon Discovery Biosciences (Cambridge, UK)
and consisted, specifically, of non-targeting #1 siRNA control pool (Cat. No. D-001206-13-
05) and human APP targeting siRNA SMARTpool (Cat. No. M-003731-00). ARPE-19 cells
(70% confluence) in complete growth medium (but lacking antibiotics) were treated with
siRNA which had been pre-complexed with DharmaFECT 1 transfection reagent (Horizon
Discovery Biosciences). After 24 h, the growth medium was refreshed and, following a
further 24 h, the medium was replaced with phenol red-free DMEM before exposing the cells

to UVA.

2.7.  Preparation of cell lysates and conditioned medium samples



Conditioned cell culture medium was harvested, centrifuged at 10,000 g for 10 min to remove
cell debris, and concentrated 50-fold using Vivaspin 6 centrifugal concentrators (Sartorius,
Epsom, UK). For analysis of cell-associated proteins, cells were washed with phosphate-
buffered saline (PBS; 20 mM NaxHPO4, 2 mM NaH;POs4, 0.15 M NaCl, pH 7.4) and scraped
from the flasks into fresh PBS (10 mL). Following centrifugation at 500 g for 5 min, cell
pellets were lysed in 50 mM Tris, 150 mM NacCl, 1% (v/v) IGEPAL, 0.1 % (w/v) sodium
deoxycholate, 5 mM EDTA at pH 7.4 containing protease inhibitor cocktail (Merck Life

Science).

2.8. Protein assay, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblot analysis

Protein levels in cell lysates were quantified using bicinchoninic acid *! in a microtitre plate
with bovine serum albumin as a standard. Equal quantities of lysate protein and equal
volumes of concentrated conditioned medium samples were resolved by SDS-PAGE using 5-
20% polyacrylamide gradient gels and transferred to Immobilon P polyvinylidene difluoride
(PVDF) membranes ** before incubating with primary antibody. Anti-actin monoclonal and
anti-APP C-terminal rabbit polyclonal primary antibodies were from Merck Life Science.
Anti-APP 6E10 monoclonal and anti-sAPPp rabbit polyclonal primary antibodies were from
Biolegend (San Diego, USA). Bound antibody was detected using peroxidase-conjugated
secondary antibodies (Merck Life Science) in conjunction with enhanced chemiluminescence

detection reagents (Fisher Scientific, Loughborough, UK).

2.9. Statistical analysis
Data are presented as means + S.D. and were subjected to statistical analysis via Student’s t-
test or one-way analysis of variance (ANOV A) with Tukey’s post hoc tests. Levels of

significance are indicated in figure legends.



2.10. Funding

This research did not have a specific funding source and forms part of the employment of the
corresponding author who, as an employee and representative of Lancaster University, was

responsible for the writing, editing, approval and decision to publish the article.

3. RESULTS

3.1. Levels of APP and secreted sAPP but not sAPPa are decreased in ARPE-19
cultures following UV A exposure

As cellular APP levels have previously been shown to decrease in various other cell lines
following UV exposure **, we sought to determine whether these observations could be
recapitulated in the retinal pigment epithelial cell line, ARPE-19. Initially, we determined an
appropriate UVA dose to use for the remainder of the study by exposing 80% confluent cell
cultures to doses ranging from 0-263 kJm™ and then measuring cell viability after an 18 h
recovery period as described in the Materials and Methods section. The results (Fig.2)
demonstrated that a 105 kJm? UVA dose induced a moderate 32.1 + 1.4 % decrease in viable
cell count relative to the control mock-irradiated cell cultures. Higher doses of 158, 210 and
263 kJm™ led to more dramatic decreases in viable cell numbers by 79.8 + 3.1, 99.8 + 0.3 and

100 £ 0.0 % respectively, relative to controls.

We next examined the effects of a single appropriate UVA dose (105 kJm™) on the levels of
APP and its proteolytic fragments in ARPE-19 cell cultures. Lysate samples from UVA- and
mock-irradiated cells were subjected to immunoblotting using the anti-APP C-terminal
antibody as described in the Materials and Methods section. Various possible isoforms and
maturation states of APP were detected (Fig. 3A). Given that ARPE-19 cells are not neuronal

cells, it is most likely that the larger band represents the mature forms of APP770 and/or
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APP751 and the lighter band indicates the immature form(s) of these isoforms. Furthermore,
the absence of APPs9os in ARPE-19 cells has previously been confirmed in our laboratory by
comparing immunoblot patterns between mock- and APPgos-transfected ARPE-19 stable
transfectants (Parkin et al. unpublished data). Quantification of multiple immunoblots (Fig.

3A) showed that FL-APP levels decreased by 45.9 + 16.3 % following UVA treatment.

As a measure of amyloidogenic versus non-amyloidogenic APP processing we also
quantified the levels of a-secretase derived sAPPa and B-secretase derived SAPPP in
conditioned medium from mock- and UV A-irradiated cells. First, the anti-APP 6E10
antibody which recognises amino acid residues 1-16 of the beta amyloid sequence was used
in order to detect SAPPa. The results (Fig. 3B) appeared to show that SAPPa levels
decreased significantly (by 28.2 + 15.7 %) following UV A treatment. However, it has to be
considered that UV A irradiation resulted in fewer cells in cultures so, in order to obtain a
more accurate reflection of the amount of sAPPa secreted ‘per cell number’, results were
corrected in order to account for observed changes in cell viability as determined through
trypan blue counting of viable cell numbers (i.e. the immunoblot signals were expressed as a
function of viable cell numbers). After doing so (Fig. 3B), sAPPa levels showed no
significant difference from the control levels. Second, medium samples were immunoblotted
using anti-sAPPp antibody and the results (Fig. 3C) revealed a 51.7 £+ 6.8 % decline in sAPPf
production following UV A treatment and this decline persisted even after taking viability

results into account (37.8 + 8.8 % decrease following UVA treatment) (Fig. 3C).

3.2. Experimentally depleting endogenous APP levels ablates UV A-associated
reductions in ARPE-19 cell viability
Given the observed decrease in APP and sAPPJ levels in ARPE-19 cell cultures following

UVA exposure, we wanted to determine whether the protein played any role in UVA-induced
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reductions in viable cell numbers. To this end, cells were treated with APP siRNA (see
Materials and Methods section) in order to deplete endogenous APP before exposing them to
UVA. When cell lysates were prepared and immunoblotted with the anti-APP C-terminal
antibody, the results (Fig. 4A) showed a 32.6 + 2.9 % decrease in full-length APP levels in
mock-irradiated cells following APP siRNA treatment (relative to mock-irradiated scramble
siRNA cells). Furthermore, APP levels were also decreased following UV A exposure (in the
absence of APP siRNA) as previously observed (Fig. 3). These two effects seemed additive
in terms of the decreased levels of APP in APP siRNA plus UVA treated cells (Fig. 4A). The
cell viability results from parallel experiments showed no effect of APP depletion in mock-
irradiated cells (Fig. 4B; compare columns 1 & 2). A significant (25.4 £ 1.7 %) decrease in
viable cell numbers was, again, observed following UVA exposure of scramble siRNA-
treated cells (compare columns 1 & 3). However, the prior siRNA-mediated depletion of APP
was able to protect irradiated cells completely from the effects of UVA (compare columns 3
and 4) restoring viable cell numbers to a level that was no longer significantly different to

that of the mock-irradiated controls (94.2 + 3.1 %).

3.3. a-Secretase inhibition does not modify the effect of UVA on ARPE-19 cell
viability

Having established that cellular APP levels are linked to UVA irradiation and that depleting
endogenous levels of the protein can modify the effect of UVA irradiation on ARPE-19 cells,
we next sought to determine which secretase-mediated events in APP processing, if any, were
linked to cellular resistance to UV A irradiation. In order to determine the effect of inhibiting
a-secretase APP processing we employed the broad-spectrum matrix metalloproteinase /

ADAM inhibitor batimastat (5 pM) which caused a 27.2 + 9.7 % accumulation of full-length

APP in cell lysates (Fig. SA) indicative of strong a-secretase inhibition. Furthermore, sAPPa
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production by ARPE-19 cells was reduced by 72.7 + 6.0 % following batimastat treatment

(Fig. 5B) and sAPPp production was not affected (Fig. 5C).

We next pre-treated 80% confluent cells for 6 h with batimastat (5 pM) before UVA
irradiating them and further incubating them in the absence/presence of batimastat for an 18 h
recovery period before assessing viable cell numbers. The results (Fig. 5D) show that, in the
mock-irradiated cultures, batimastat had no effect on viable cell numbers over the short time
course employed. Furthermore, batimastat treatment did not modify the effects of UVA on
viable cell numbers (Fig. 5D) suggesting that a-secretase-mediated APP processing does not

mediate cellular resistance to UV A irradiation.

3.4. y-Secretase but not B-secretase inhibition improves ARPE-19 cell resistance to
UVA

Having determined that inhibiting non-amyloidogenic APP processing did not modify the
effect of UVA on ARPE-19 cell viability we next sought to determine the effects of
inhibiting the - and y-secretase steps of amyloidogenic processing. Essentially, the
experiments described in the preceding section were repeated but using -secretase inhibitor
IV and the notch sparing y-secretase inhibitor begacestat (GSI-953) (see Materials and

Methods section).

We initially determined the effects of B-secretase inhibitor IV on APP processing in ARPE-
19 cells using a concentration range of 0-100 nM. The results (Fig. 6A) showed no significant
accumulation of full-length APP in cell lysates indicative of amyloidogenic processing being
a minor pathway in this cell line. Immunoblotting of the corresponding conditioned medium
samples revealed no change in SAPPa production following f-secretase inhibition (Fig. 6B)

but a dose-dependent inhibition of sAPPf production (27.9 +2.7,37.3 £4.8, 50.5 + 6.0 and
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67.3 £ 9.3 % reductions following treatment with 12.5, 25, 50 and 100 nM concentrations of

the inhibitor, respectively) (Fig. 6C).

We then investigated whether -secretase inhibition modified cellular resistance to UVA
irradiation as described in the previous section but using 50 nM B-secretase inhibitor IV. The
results (Fig. 6D) demonstrated that, even in the mock-irradiated cells, the inhibitor caused a
23.5+ 9.3 % increase in viable cell numbers (compare columns 1 & 2). As observed
previously, UVA irradiation decreased cell viability (by 22.4 + 2.6 %). However, B-secretase
inhibitor IV treatment was unable to modify the resistance of ARPE-19 cells to UVA
irradiation (compare columns 3 and 4).

Having ascertained that inhibition of the B-secretase step in amyloidogenic APP processing
did not modify cellular resistance to UVA irradiation we next repeated the same experiments
using the y-secretase inhibitor begacestat. This compound has previously been shown to have
an ICsp of 12.4 nM in relation to AB42 generation in SH-SY5Y neuroblastoma cells whilst

the same study demonstrated an ICso in relation to Notch y-secretase cleavage of 208.5 nM #,

We initially determined the effects of begacestat on APP processing in ARPE-19 cells using a
concentration range of 0-100 nM. The results showed no significant accumulation of full-
length APP in cell lysates (Fig. 7A) but a dose-dependent increase in the levels of APP-CTFs
(increases of 57.5 + 23.5, 132.6 = 36.5, 182.6 £ 68.3 and 232.4 + 20.2 % in the presence of
12.5, 25, 50 and 100 nM concentrations of the inhibitor, respectively) (Fig. 7B). This latter
result was expected given that y-secretase cleavage of APP-CTFs should have been inhibited
by begacestat. Immunoblotting of the corresponding conditioned medium samples revealed
no significant changes in sAPPa and sAPPf generation following y-secretase inhibition

(Figs. 7C and 7D).
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We then investigated whether y-secretase inhibition modified cellular resistance to UVA
irradiation using two different begacestat concentrations (25 and 100 nM). The results (Fig.
7E) demonstrated that the inhibitor had no effect on viable cell numbers in mock-irradiated
cells (compare column 1 with 2 and 3). Again, UVA irradiation decreased cell viability to
71.3 +/- 1.3 % that of the mock-irradiated cultures (compare columns 1 & 4). Begacestat (100
nM) partly ablated the effect of UVA restoring viable cell numbers to 85.2 + 3.2 % those of
the mock-irradiated cultures (compare columns 1 and 6). However, this effect was no longer

evident at the lower (25 nM) inhibitor concentration.

Collectively, these data demonstrate that, unexpectedly, y-secretase but not -secretase

inhibition partly ablates the detrimental effect of UVA on ARPE-19 cell viability.

3.5. The effects of secretase-mediated APP proteolysis on long-term culture growth
are distinct from those observed in relation to UVA resistance

It was apparent from the effects of UVA exposure on APP levels/proteolysis in ARPE-19
cells (Fig. 3) and our siRNA experiments (Fig. 4) that there is a link between APP and UVA
resistance in these cells. Furthermore, it was possible that y-secretase but not a- or -
secretase APP processing might be responsible for the detrimental effect of APP on viable
cell numbers following UV A exposure. However, all of these experiments were performed on
70/80% confluent cell cultures over an approximate 24 h period during which the secretase
inhibitors had little to no effect on viable cell counts in the absence of UVA exposure. Given
that sAPPa, in particular, has previously been linked to the proliferation of several cell types
4 we sought to determine whether the effects of secretase-mediated APP processing on the
long-term proliferation of ARPE-19 cultures were distinct from those in relation to UVA
resistance. To this end, we initially investigated the effects of a-, B- and y-secretase

inhibitors, added at the point of seeding, on viable cell numbers after a seven day growth
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period. The a-secretase inhibitor batimastat (5 M) reduced viable cell numbers after seven
days of growth by 49.2 + 18.6 % (Fig. 8 A) despite not affecting UV A resistance of ARPE-19
cells (Fig. 5D). Cells treated with B-secretase inhibitor IV exhibited no such decrease in
viable cell numbers at any of the concentrations employed (Fig. 8B) similar to the lack of
effect of this compound in relation to UVA resistance (Fig. 6D). However, the y-secretase
inhibitor begacestat (Fig. 8C) resulted in dose dependant decreases in viable cell numbers of
7.4+29,13.0+£6.2 and 22.1 £ 3.1 % at 25, 50 and 100 nM inhibitor concentrations,
respectively (an effect that was seemingly opposite to that observed in relation to UVA

resistance; Fig. 7E).

Given the fact that a-secretase inhibition seemed to impair longer-term growth of ARPE-19
cells (and the fact that batimastat is a broad spectrum inhibitor) it was necessary to confirm
that the non-amyloidogenic APP fragment, sAPPa, was capable of stimulating growth in this
particular cell line. To this end, we co-cultured ARPE-19 cells with HEK cells stably
transfected with empty vector (mock transfectants) or plasmids encoding sSAPPa or sAPPj
(see Materials and Methods). Full-length APP levels in the HEK cells transfected with the
two soluble APP constructs were unchanged (Fig. 9A) but the expected sAPPa and sAPPJ
fragments were clearly highly expressed in their cognate transfectants as shown by their
immunodetection in conditioned medium (Figs. 9B and 9C, respectively). In fact, at the
levels of immunoblot exposures shown, sAPPa and sAPPP were undetectable other than in

medium from their respective transfected cell lines.

Having confirmed the expected over-expression of sAPPa and sAPPf in the HEK stable
transfectants, these cells were seeded into ThinCert™ culture inserts and ARPE-19 cells were
seeded into the basal wells of the system as described in the Methods section (Fig. 10A).

After seven days, viable ARPE-19 cells in the basal wells were counted (see Materials and
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Methods section). The results (Fig. 10B) demonstrated that culturing ARPE-19 cells in the
presence of sAPPa-transfected HEK cells led to a 55 £ 12.0 % increase in viable cell
numbers relative to cells cultured in the presence of mock-transfected HEK cells. However,

no increase in ARPE-19 cell numbers was observed in the presence of sSAPPB-transfected

HEK cells.

Collectively, these data indicate that - and possibly y- but not B-secretase processing of APP
impact on long-term ARPE-19 cell proliferation but that these effects are distinct from those
observed in relation to the effects of these proteolytic events on the UVA resistance of the

same cells.

4. DISCUSSION

Although the evidence is still controversial ¢

UV 1rradiation is considered a possible risk
factor in the development of AMD '3-15. Specifically, short wavelength radiation (UVA
radiation of 315-400 nm) is able to penetrate the eye protective structures into the retina !’
inducing significant oxidative stress in the RPE and leading to the formation of, inter alia,
drusen deposits '®. These structures contain AB-peptides 22 that have been associated with
key stages in AMD progression and linked to disease aetiology 2>-*’. Whilst much literature
exists on the potential role of AB-peptides in AMD !-2! there is a relative dearth of
information on the role of APP in the disease. Therefore, in the current study, we examined

the potential role of APP and its proteolytic processing in both the UV resistance and long-

term proliferation of human retinal pigment epithelial ARPE-19 cells.

We initially demonstrated that UVA exposure decreases levels of full-length APP in ARPE-
19 cells. Whilst this is the first demonstration of this phenomenon in RPE cells, similar

results have been observed in a range of other cell lines albeit following UVC or unspecified
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UV irradiation ** 4647 and differentially attributed to reductions in protein levels due to
reduced APP gene transcription or enhanced secretase-mediated processing of the
holoprotein. Notably, when our results were corrected for observed reductions in viable cell
numbers following UV A irradiation (which is more reflective of the amount of the fragment
generated per cell), we saw no overall change in sSAPPa generation which would argue
against an up-regulation of non-amyloidogenic processing. Furthermore, the amyloidogenic
product, sSAPPp, was actually reduced following UV-irradiation. Thus, at least in ARPE-19
cells, it is perhaps more likely that changes in APP levels are the consequence of
transcriptional or translational decreases. In this respect it is notable that enhancing levels of
the tumour suppressor p53 through various approaches (but not UV irradiation) has
previously been shown to repress APP promoter activity and subsequent protein expression
47 In the current study, rather unexpectedly, we did not see an increase in p53 levels in
ARPE-19 cells following the 18 h post-irradiation recovery period (data not shown) but this
does not preclude an impact of this tumour suppressor on APP expression earlier in the time

course.

One of the key findings in the current study is that experimentally depleting APP levels using
siRNA completely ablated the detrimental effects of UVA irradiation on ARPE-19 viable cell
numbers. This observation indicates that APP has a negative impact on cell survival
following UVA irradiation such that its depletion enhances survival which, prima facie,
seems at odds with the wealth of literature pertaining to the role of APP and sAPPa in cell
survival/proliferation/protection *’*°. However, notably, it has been shown in olfactory
sensory neurons derived from BACE1-knockout mouse models that APP over-expression
enhances cell death through the intrinsic apoptotic pathway *® suggesting that the holoprotein
can mediate cell death irrespective of AB-peptide formation. In the current study, the negative

impact of APP on viable cell numbers following UV A irradiation did not appear to be related
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to the a-secretase-mediated generation of SAPPa as demonstrated by the lack of ability of
batimastat to counter the effects of irradiation in this respect. Similarly, despite 50 nM B-
secretase inhibitor IV causing an approximately 50% decrease in SAPP[} generation, the same
concentration of inhibitor did not impact on the decreases in ARPE-19 viable cell numbers
observed following UVA irradiation. In contrast, the notch-sparing y-secretase inhibitor
begacestat, at a concentration of 100 nM, did partly ablate the effect of UVA on cell viability.
This finding needs to be interpreted with caution as the ICso value of the inhibitor relative to
Notch cleavage has previously been determined to be 208.5 nM *4; whilst the highest
concentration of begacestat employed in the current study was 100 nM it is still possible that
some Notch signalling could have been inhibited at this concentration. Notch 2 is the most
highly expressed Notch family receptor in ARPE-19 cells and its expression and
transcriptional activity of the Notch 2 pathway are enhanced following UVB treatment; an
effect which reduces ROS generation and improves cell viability *°. Similarly, the authors
demonstrated that experimental depletion of Notch 2 (using short hairpin RNA) ablated
UVB-induced reductions in cell viability but did not employ y-secretase inhibitors as in the
current study. Although the ICso for begacestat relative, specifically, to Notch 2 has not been
reported, a 100 nM concentration of the inhibitor has been shown to reduce Notch
transcriptional activity per se by approximately 40% in SH-SY5Y neuroblastoma cells *.
Furthermore, in the current study, whilst a lower begacestat concentration (25 mM) still
caused a 132.6 + 36.5 % increase in the level of cell-associated APP-CTFs (a direct measure
of the inhibition of cleavage of these fragments by y-secretase), notably, the same inhibitor
concentration did not ablate the effects of UVA on ARPE-19 cell viability. The fact that the
inhibition of B-secretase in the current study did not affect ARPE-19 resistance to UVA also
raises the question as to how, assuming the canonical APP amyloidogenic processing

pathway, subsequent y-secretase inhibition might then improve resistance in this respect.
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However, it should be noted that enzymes other than BACE1 (such as Meprin-B °°) are able
to generate APP-CTFs that are effective y-secretase substrates (although the involvement of
ADAM-generated CTFs would seem to be precluded in the current study by the lack of effect
of batimastat on ARPE-19 UVA resistance). Therefore, whilst y-secretase inhibition clearly
enhanced cellular resistance to UVA irradiation in the current study, more work is required in
order to unequivocally determine whether this was the consequence of impaired APP
processing. However, the combined facts that sAPPf generation was depleted following
UVA irradiation and that B-secretase inhibition did not affect ARPE-19 resistance to UVA do
serve to indicate that enhanced generation of AB-peptides is not, mechanistically, linked to

the fact that APP sensitizes these cells to UV A irradiation.

Whilst full-length APP clearly has a role to play in mediating the ARPE-19 cellular response
to UVA irradiation, with the possible exception of y-secretase, proteolysis of the protein did
not appear to be a prerequisite for this functionality. This was somewhat of a surprise given
the previously reported beneficial roles of sAPPa in relation to the maintenance of cell
viability *°. As such, we sought to examine the role of APP proteolysis in the longer-term
growth of ARPE-19 cells initially by culturing them in the presence of secretase inhibitors.
Our results indicate that the amyloidogenic processing of APP plays little role in this respect;
B-secretase inhibitor IV barely affected viable cell numbers after seven days of growth and,
whilst begacestat did reduce viable cell numbers, as with the UVA experiments discussed
above, this only occurred at higher inhibitor concentrations that might impact on Notch
signalling and not at the lower concentrations that still inhibited y-secretase APP-CTF
processing. In contrast, inhibition of a-secretase-mediated APP processing using batimastat
(5 uM) clearly impaired proliferation of ARPE-19 cells over seven days. The batimastat dose

in the current study was selected to give effective a-secretase inhibition based on our
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previous finding >! that the batimastat ICso for a-secretase is 1.2 uM in cell-based
experiments (note that none of the inhibitors employed exhibited any cytotoxicity at the
concentrations used; data not shown). Nonetheless, batimastat is a broad spectrum inhibitor
and, therefore, whilst these initial experiments indicated that sAPPa plays a role in ARPE-19
cell proliferation, it was necessary to confirm this through an alternative experimental
approach. In this respect, our ARPE-19/HEK co-culture results further underpin a role for
sAPPa but not sSAPP in the proliferation of the former cell line. These results are consistent
with previous findings in other cell lines demonstrating a role for sAPPa in cell proliferation

that seems dependent on the C-terminal 16 amino acids of the fragment that are absent in

SAPPp 2.

CONCLUSION

Collectively, our data demonstrate, for the first time, a role for the APP holoprotein in
mediating the effects of UVA irradiation in retinal pigment epithelial cells. This effect is not
dependant on canonical secretase-mediated processing of the protein and is, therefore,
distinct from the beneficial role played by sAPPa in the proliferation of the same cell type.
Whilst these effects are clearly differential, our results indicate that APP should be
investigated further in relation to the identification of possible drug targets for the treatment

of AMD.
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FIGURE LEGENDS

Figure 1. Amyloidogenic and non-amyloidogenic processing of the amyloid precursor
protein. In the amyloidogenic pathway, full-length amyloid precursor protein (FL-APP) is
initially cleaved at the N-terminus of the amyloid beta (AP) region by B-secretase to generate
soluble APPP (sAPPf) and a membrane-associated C-terminal fragment, CTFf. The latter
product is then further processed by the y-secretase complex to generate intact AB-peptides
and the APP intracellular domain (AICD). Conversely, in the non-amyloidogenic pathway,
FL-APP is processed by an a-secretase that cleaves within the A region forming soluble

APPa and a membrane-associated C-terminal fragment (CTFa).

Figure 2. The effect of UVA irradiation on ARPE-19 cell viability. Cells (80% confluent)

were irradiated with UVA doses of 0-263 kJm™ with an 18 h recovery period before

25



determination of cell viability as described in the Materials and Methods section. Results are
expressed as a percentage of mock-irradiated control cell viability and are means = S.D.

(n=3). **#x*E " <(0.000001, compared with the control.

Figure 3. The effect of UVA irradiation on full-length APP, sAPPa and sAPPB in ARPE-19
cells. Cells (80% confluent) were irradiated with UVA (105 kJm) with an 18 h recovery
period as described in the Materials and Methods section. Cell lysates and concentrated
conditioned medium samples were then prepared and equal amounts of protein (lysates) or
equal sample volumes (medium) were subjected to SDS-PAGE and immunoblotting (see
Materials and Methods section). (A) Detection of full-length APP (using anti-APP C-terminal
antibody) and actin in lysates. (B) Detection of SAPPa in medium (using anti-APP 6E10
antibody). (C) Detection of SAPPf in medium. Multiple immunoblots were quantified by
densitometric analysis and results are expressed as a percentage of mock-irradiated control
cell protein levels (means + S.D., n=3). For the two medium immunoblots the results before
and after correcting for variations in cell viability are shown. *, p <0.05; *** p <0.001,
compared with the control. Dashed lines indicate where lanes from the same representative

immunoblot have been rearranged for illustrative purposes.

Figure 4. The effect of experimental APP depletion on UV A-associated reductions in ARPE-
19 cell viability. Cells (70% confluent) were treated with scramble or APP siRNA and
subsequently irradiated with UVA (105 kJm™) with an 18 h recovery period as described in
the Materials and Methods section. Cell viability was determined and cell lysates were then
prepared before subjecting equal amounts of protein to SDS-PAGE and immunoblotting (see
Materials and Methods section). (A) Detection of full-length APP (using anti-APP C-terminal
antibody) and actin in lysates. Multiple immunoblots were quantified by densitometric

analysis. (B) Cell viability. All results are expressed as a percentage of mock-irradiated
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scramble siRNA control cell samples (means = S.D., n=3). *, p <0.05; **, p <0.01; *** p <

0.001; **** p»<0.0001.

Figure 5. The effect of a-secretase inhibition on APP processing and UV A-associated
reductions in ARPE-19 cell viability. (A-C) Confluent flasks of cells were treated plus/minus
batimastat (5 uM) for 24 h before harvesting cells and conditioned medium. Equal amounts
of protein (lysates) or equal sample volumes (medium) were subjected to SDS-PAGE and
immunoblotting (see Materials and Methods section). (A) Detection of full-length APP (using
anti-APP C-terminal antibody) and actin in lysates. (B) Detection of sSAPPa in medium
(using anti-APP 6E10 antibody). (C) Detection of sAPP in medium. Multiple immunoblots
were quantified by densitometric analysis. (D) Cells (80% confluent) were irradiated with
UVA (105 kJm™) with an 18 h recovery period (all plus/minus batimastat, 5 uM) before
determination of cell viability as described in the Materials and Methods section. Results are

expressed as a percentage of untreated control cell samples (means + S.D., n=4). *, p <0.05;

#% < 0.01; *** p<0.001.

Figure 6. The effect of B-secretase inhibition on APP processing and UV A-associated
reductions in ARPE-19 cell viability. (A-C) Confluent flasks of cells were treated plus/minus
B-secretase inhibitor IV (0-100 nM) for 24 h before harvesting cells and conditioned medium.
Equal amounts of protein (lysates) or equal sample volumes (medium) were subjected to
SDS-PAGE and immunoblotting (see Materials and Methods section). (A) Detection of full-
length APP (using anti-APP C-terminal antibody) and actin in lysates. (B) Detection of
sAPPa in medium (using anti-APP 6E10 antibody). (C) Detection of SAPPf in medium.
Multiple immunoblots were quantified by densitometric analysis. (D) Cells (80% confluent)
were irradiated with UVA (105 kJm™2) with an 18 h recovery period (all plus/minus -

secretase inhibitor IV, 50 nM) before determination of cell viability as described in the
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Materials and Methods section. Results are expressed as a percentage of untreated control cell
samples (means + S.D., n=4). *, p <0.05; ** p <0.01; *** p <0.001; **** p<0.0001;

kikskkk < 0.000001.

Figure 7. The effect of y-secretase inhibition on APP processing and UV A-associated
reductions in ARPE-19 cell viability. (A-D) Confluent flasks of cells were treated plus/minus
begacestat (0-100 nM) for 24 h before harvesting cells and conditioned medium. Equal
amounts of protein (lysates) or equal sample volumes (medium) were subjected to SDS-
PAGE and immunoblotting (see Materials and Methods section). (A) Detection of full-length
APP (using anti-APP C-terminal antibody) and actin in lysates. (B) Detection of APP C-
terminal fragments in lysates (using anti-APP C-terminal antibody). (C) Detection of sSAPPa
in medium (using anti-APP 6E10 antibody). (D) Detection of SAPP in medium. Multiple
immunoblots were quantified by densitometric analysis. (E) Cells (80% confluent) were
irradiated with UVA (105 kJm) with an 18 h recovery period (all plus/minus begacestat, 25
or 100 nM) before determination of cell viability as described in the Materials and Methods
section. Results are expressed as a percentage of untreated control cell samples (means +

S.D.,n=4). *, p <0.05; ** p<0.01; ***** 5 <0.00001; ****** " pH <0.000001.

Figure 8. The effect of secretase inhibitors on ARPE-19 cell long-term proliferation.
Secretase inhibitors ((A) batimastat, 5 uM; (B) B-secretase inhibitor IV, 0-100 nM; (C)
begacestat, 0-100 nM) were added to cultures at the point of seeding. Medium was changed
and fresh inhibitor was added every 48 h for seven days at which point viable cell numbers
were determined as described in the Materials and Methods section. Results are expressed as
a percentage of no inhibitor control viable cell numbers and are means + S.D. (n=3). *, p <

0.05; **, p < 0.01.

28



Figure 9. Characterisation of HEK cell stable transfectants. Cells were stably transfected
with empty vector (mock) or plasmids encoding sAPPa or SAPPJ as described in the
Materials and Methods section. Confluent flasks of cells were then transferred into
UltraMEM™ reduced serum medium for 24 h. Cell lysates and concentrated conditioned
medium samples were then prepared and equal amounts of protein (lysates) or equal sample
volumes (medium) were subjected to SDS-PAGE and immunoblotting (see Materials and
Methods section). (A) Detection of full-length APP (using anti-APP C-terminal antibody) and
actin in lysates. (B) Detection of SAPPa in medium (using anti-APP 6E10 antibody). (C)
Detection of SAPP in medium. Multiple immunoblots were quantified by densitometric
analysis and the results for full-length APP are expressed as a percentage of the mock-
transfected control levels whereas the two soluble APP fragment results are expressed as a
percentage of their cognate transfectant as the fragments were not detected in medium from
the other transfectants at the immunoblot exposures shown. All results are means + S.D.
(n=4). Dashed lines indicate where lanes from the same representative immunoblot have been

rearranged for illustrative purposes.

Figure 10. The effect of HEK cell stable transfectants on ARPE-19 cell long-term
proliferation in co-cultures. HEK cells transfected with empty vector (mock) or plasmids
encoding sAPPa or sSAPPP were seeded into culture inserts and co-cultured with ARPE-19
cells in the basal wells of the system (A) for a seven day period as described in the Materials
and Methods section. (B) Determination of viable ARPE-19 cell numbers in co-cultures after
seven days. Results are expressed as a percentage of ARPE-19 viable cell numbers in the

mock-transfected HEK cell control co-cultures and are means = S.D. (n=6). **** p<0.0001.
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Figure 8
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Figure 9
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