A Laser induced CNV 4 burns per mouse eye

&

Intact DO D3 D7 D14

Fluorescein Angiography Infrared Reflectance U0

(g}
o
m

miR-106b expression (fold
change relative to controls)
miR-106b expression (fold
change relative to controls)
miR-106b expression (fold
change relative to controls)

Special Collection on Eye Disease

The initiation of retinal neo-vascularization is
associated with downregulation of miR-106b
expression, see Ménard et al. - "miR-106b
suppresses pathological retinal angiogenesis"

.. | ANG
Disease




Editorial and Publishing Office.
6666 E. Quaker Str., Suite 1B
Orchard Park, NY 14127

Phone: 1-800-922-0957, option 1
Fax: 1-716-508-8254

e-Fax: 1-716-608-1380

Submission
Please submit your manuscript on-line at http://aging. msubmit.net

Editorial
For editorial inquiries, please call us or email editors@impactaging.com

Production
For questions related to preparation of your article for publication, please call us or email
krasnova@impactaging.com

Indexing
If you have questions about the indexing status of your paper, please email kurenova@impactaging.com

Printing
Each issue or paper can be printed on demand. To make a printing request, please call us or email
printing@impactjournals.com

Billing/Payments
If you have questions about billing/invoicing or would like to make a payment, please call us or email
payment@impactaging.com

Publisher's Office

Aging is published by Impact Journals, LLC

To contact the Publisher’s Office, please email: publisher@impactjournals.com, or
call 1-800-922-0957, option 5

Copyright © 2021 Impact Journals, LLC
Impact Journals is a registered trademark of Impact Journals, LLC


http://aging.msubmit.net/
mailto:editors@impactaging.com
mailto:krasnova@impactaging.com
mailto:kurenova@impactaging.com
mailto:krasnova@impactaging.com
mailto:payment@impactaging.com
mailto:publisher@impactjournals.com

ONLINE ISSN: 1945-4589

WWWw.aging-us.com

ED RIAL BOARD

EDITORS-IN-CHIEF Jan Vijg - Albert Einstein College of Medicine, Bronx, NY, USA

David A. Sinclair - Harvard Medical School, Boston, MA, USA
Vera Gorbunova - University of Rochester, Rochester, NY, USA
Judith Campisi - The Buck Institute for Research on Aging, Novato, CA, USA

Mikhail V. Blagosklonny - Roswell Park Cancer Institute, Buffalo, NY, USA

EDITORIAL BOARD

Frederick Alt - Harvard Medical School, Boston, MA, USA

Vladimir Anisimov - Petrov Institute of Oncology, St.Petersburg, Russia
Johan Auwerx - Ecole Polytechnique Federale de Lausanne, Switzerland
Andrzej Bartke - Southern Illinois University, Springfield, IL, USA

Nir Barzilai - Albert Einstein College of Medicine, Bronx, NY, USA
Elizabeth H. Blackburn - University of California, San Francisco, CA, USA
Maria Blasco - Spanish National Cancer Center, Madrid, Spain

Vilhelm A. Bohr - National Institute on Aging, NIH, Baltimore, MD, USA
William M. Bonner - National Cancer Institute, NIH, Bethesda, MD, USA
Robert M. Brosh, Jr. - National Institute on Aging, NIH, Baltimore, MD, USA
Anne Brunet - Stanford University, Stanford, CA, USA

Rafael de Caba - NIA, NIH, Baltimore, MD, USA

Ronald A. DePinho - Dana-Farber Cancer Institute, Boston, MA, USA
Jan van Deursen - Mayo Clinic, Rochester, MN, USA

Lawrence A. Donehower - Baylor College of Medicine, Houston, TX, USA
Caleb E. Finch - University of Southern California, Los Angeles, CA, USA
Toren Finkel - National Institutes of Health, Bethesda, MD, USA

Luigi Fontana - Washington University, St. Louis, MO, USA

Claudio Franceschi - University of Bologna, Bologna, Italy

Myriam Gorospe - National Institute on Aging, NIH, Baltimore, MD, USA
Leonard Guarente - MIT, Cambridge, MA, USA

Andrei Gudkov - Roswell Park Cancer Institute, Buffalo, NY, USA
Michael Hall - University of Basel, Basel, Switzerland

Philip Hanawalt - Stanford University, CA, USA

Nissim Hay - University of Illinois at Chicago, Chicago, IL, USA



Siegfried Hekimi - McGill University, Montreal, Canada

Stephen L. Helfand - Brown University, Providence, RI, USA

Jan H.J. Hoeijmakers - Erasmus MC, Rotterdam, The Netherlands

John 0. Holloszy - Washington University, St. Louis, MO, USA

Stephen P. Jackson - University of Cambridge, Cambridge, UK

Heinrich Jasper - The Buck Institute for Research on Aging, Novato, CA, USA
Pankaj Kapahi - The Buck Institute for Research on Aging, Novato, CA, USA
Jan Karlseder - The Salk Institute, La Jolla, CA, USA

Cynthia Kenyon - University of California San Francisco, San Francisco, CA, USA
James L. Kirkland - Mayo Clinic, Rochester, MN, USA

Guido Kroemer - INSERM, Paris, France

Titia de Lange - Rockefeller University, New York, NY, USA

Arnold Levine - The Institute for Advanced Study, Princeton, NJ, USA
Michael P. Lisanti - University of Salford, Salford, UK

Lawrence A. Loeb - University of Washington, Seattle, WA, USA

Valter Longo - University of Southern California, Los Angeles, CA, USA
Gerry Melino - University of Rome, Rome, Italy

Simon Melov - The Buck Institute for Research on Aging, Novato, CA, USA
Alexey Moskalev - Komi Science Center of RAS, Syktyvkar, Russia

Masashi Narita - University of Cambridge, Cambridge, UK

Andre Nussenzweig - National Cancer Institute, NIH, Bethesda, MD, USA
William C. Orr - Southern Methodist University, Dallas, TX, USA

Daniel S. Peeper - The Netherlands Cancer Institute, Amsterdam, The Netherlands
Thomas Rando - Stanford University School of Medicine, Stanford, CA, USA
Michael Ristow - Swiss Federal Institute of Technology, Zurich, Switzerland
Igor B. Roninson - Ordway Research Institute, Albany, NY, USA

Michael R. Rose - University of California, Irvine, CA, USA

K Lenhard Rudolph - Hannover Medical School, Hannover, Germany

Paolo Sassone-Corsi - University of California, Irvine, CA, USA

John Sedivy - Brown University, Providence, RI, USA

Manuel Serrano - Spanish National Cancer Research Center, Madrid, Spain
Gerald S. Shadel - Yale University School of Medicine, New Haven, CT, USA
Norman E. Sharpless - University of North Carolina, Chapel Hill, NC, USA
Vladimir P. Skulachev - Moscow State University, Moscow, Russia

Sally Temple - NY Neural Stem Cell Institute, Albany, NY, USA

George Thomas - University of Cincinnati, Cincinnati, OH, USA

Jonathan L. Tilly - Massachusetts General Hospital, Boston, MA, USA

John Tower - University of Southern California, LA, CA, USA

Eric Verdin - University of California, San Francisco, CA, USA

Thomas von Zglinicki - Newcastle University, Newcastle, UK

Alex Zhavoronkov - Insilico Medicine, Baltimore, MD, USA



Table of Contents

miR-106b suppresses pathological retinal anZIOZENESIS .......ccvvieeiiieriieeiiie ettt eree e saeeeseaee s 1
Originaly published Volume 12, Issue 24 pp 24836—24852

Suppressing endoplasmic reticulum stress-related autophagy attenuates retinal light injury ...........cccccoeeeneen. 18
Originaly published Volume 12, Issue 16 pp 16579—16596

Activation of C-reactive protein proinflammatory phenotype in the blood retinal barrier in vitro: implications
for age-related macular dEZENETAtION ........cc.eeiiiiiiiiiieeiieie ettt ettt et sate et esaaeesaesabeenbeessseenseas 36

Originaly published Volume 12, Issue 14 pp 13905—13923

Role of Citicoline in an i71 Vitro AMD TNOUEL.........oueeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeseeeeesaseseseseneensenennne 55
Originaly published Volume 12, Issue 10 pp 9031—9040

Systemic administration of the di-apocarotenoid norbixin (BIO201) is neuroprotective, preserves
photoreceptor function and inhibits A2E and lipofuscin accumulation in animal models of age-related macular
degeneration and Stargardt dISEASE. ...........ecuiiriiiiiiiiie ettt ettt ettt e et e et e st e et e st eebaeenbeebeesnreenreas 65

Originaly published Volume 12, Issue 7 pp 6151—6171

PU-91 drug rescues human age-related macular degeneration RPE cells; implications for AMD therapeutics 86
Originaly published Volume 11, Issue 17 pp 6691—6713

HMGBI1 and Caveolin-1 related to RPE cell senescence in age-related macular degeneration ...................... 109
Originaly published Volume 11, Issue 13 pp 4323—4337

Nutraceutical effects of Emblica officinalis in age-related macular degeneration.............ceccveevveeciienieenneennen. 124
Originaly published Volume 11, Issue 4 pp 1177—1118

A comprehensive evaluation of 181 reported CHST6 variants in patients with macular corneal dystrophy... 136
Originaly published Volume 11, Issue 3 pp 1019—1029

Circulating insulin-like growth factor-1: a new clue in the pathogenesis of age-related macular degeneration

.......................................................................................................................................................................... 147
Originaly published Volume 10, Issue 12 pp 4241—4247
Effects of senescent secretory phenotype acquisition on human retinal pigment epithelial stem cells ........... 154
Originaly published Volume 10, Issue 11 pp 3173—3184
p62 /SQSTMI1 coding plasmid prevents age related macular degeneration in a rat model..........c..cccceeennenee. 166

Originaly published Volume 10, Issue 8 pp 2136—2147

www.aging-us.com i AGING


http://www.aging-us.com/
https://www.aging-us.com/article/202404/text#fulltext
https://www.aging-us.com/article/202404/text#fulltext
https://www.aging-us.com/article/103846
https://www.aging-us.com/article/103846
https://www.aging-us.com/article/103655
https://www.aging-us.com/article/103655
https://www.aging-us.com/article/103164
https://www.aging-us.com/article/103164
https://www.aging-us.com/article/103014
https://www.aging-us.com/article/103014
https://www.aging-us.com/article/102179
https://www.aging-us.com/article/102179
https://www.aging-us.com/article/102039
https://www.aging-us.com/article/102039
https://www.aging-us.com/article/101820
https://www.aging-us.com/article/101820
https://www.aging-us.com/article/101807
https://www.aging-us.com/article/101807
https://www.aging-us.com/article/101727
https://www.aging-us.com/article/101727
https://www.aging-us.com/article/101624
https://www.aging-us.com/article/101624
https://www.aging-us.com/article/101537
https://www.aging-us.com/article/101537

Loss of NAMPT in aging retinal pigment epithelium reduces NAD+ availability and promotes cellular
SEIESCEIICE ...nvveureennteenreesreeuteentteeaseeaueeeabeesueeeabeeaseeeabeesaeeeabe e st e e et e e saeeeabeeeae e et e e nhteeab e e bt e et e e saeeenbeeebeeeteenateenbeeeee 178

Originaly published Volume 10, Issue 6 pp 1306—1323

miR-106b suppresses pathological retinal anZIOZENESIS ......cccveeuveruieriiriieriieieeientee ettt 196
Originaly published Volume 12, Issue 24 pp 24836—24852

ALDH2 protects naturally aged mouse retina via inhibiting oxidative stress-related apoptosis and enhancing
unfolded protein response in endoplasmic TEtICUIUM ........cc.eeiuiiiiiiiiieeiieie et ens 213

Originaly published Volume 13, Issue 2 pp 2750—2767

Exosomes derived from BDNF-expressing 293T attenuate ischemic retinal injury in vitro and in vivo......... 231

Advance

Exploration of age-related mitochondrial dysfunction and the anti-aging effects of resveratrol in zebrafish
TEEITIA ...ttt ettt ettt et h et at e eb e bt e et eb e et e et e bt e b e et e bttt e et e bttt eae e bt et e bt e bt ent e e ae e st e et eaeeneennes 244

Originaly published Volume 11, Issue 10 pp 3117—3137

The senescent vision: dysfunction or NEUTONAl 10SS?........ccuiiiiiiiiiiieiiieiee e 265

Originaly published Volume 11, Issue 1 pp 15—17

Long-term intake of Lactobacillus paracasei KW3110 prevents age-related chronic inflammation and retinal
cell loss in physiologically @ MICE ........eiiiuiiiiiiieeiieee e et era e e sraeesnneeeenns 268

Originaly published Volume 10, Issue 10 pp 2723—2740

The expression of C1 inhibitor (C1INH) in macrophages is upregulated by retinal pigment epithelial cells —
implication in subretinal immune privilege in the aING €Y ......ceeevviiiiiiiiieiieeciie e 286

Originaly published Volume 10, Issue 6 pp 1380—1389

Age-related changes in eye lens biomechanics, morphology, refractive index and transparency ................... 296
Originaly published Volume 11, Issue 24 pp 12497—12531

Pineal gland volume is associated with prevalent and incident isolated rapid eye movement sleep behavior
ISOTAET ...ttt ettt et e e a e et e e h bt et e e sateea bt e eabeeabeesabeeabeeeabeeabeesabeenbeesbbeenbeenateenbeenaes 331

Originaly published Volume 12, Issue 1 pp 884—893

Abnormalities of saccadic eye movements in dementia due to Alzheimer’s disease and mild cognitive
TINPAITTIICNIE .....tteeeitieeetee e ettt eetteeeteeeeateeestteeeaseeesseeessseeensseeassseeassaeassseeeasseeassaeenssaeensseeanssaeensseeansseesnsseensseeennses 341

Originaly published Volume 11, Issue 15 pp 5389—5398

Involvement of adiponectin in age-related increases in tear production in MICE ........c.eeevuveeeerreerieveeriueeerireeenns 351
Originaly published Volume 11, Issue 19 pp 8329—8346

www.aging-us.com ii AGING


http://www.aging-us.com/
https://www.aging-us.com/article/101469
https://www.aging-us.com/article/101469
https://www.aging-us.com/article/202404/text
https://www.aging-us.com/article/202404/text
https://www.aging-us.com/article/202325
https://www.aging-us.com/article/202325
https://www.aging-us.com/article/202245
https://www.aging-us.com/article/202245
https://www.aging-us.com/article/101966
https://www.aging-us.com/article/101966
https://www.aging-us.com/article/101734
https://www.aging-us.com/article/101734
https://www.aging-us.com/article/101583
https://www.aging-us.com/article/101583
https://www.aging-us.com/article/101474
https://www.aging-us.com/article/101474
https://www.aging-us.com/article/102584
https://www.aging-us.com/article/102584
https://www.aging-us.com/article/102661
https://www.aging-us.com/article/102661
https://www.aging-us.com/article/102118
https://www.aging-us.com/article/102118
https://www.aging-us.com/article/102322

ALKBHS5-mediated m°A demethylation of FOXM1 mRNA promotes progression of uveal melanoma........ 369
Originaly published Volume 13, Issue 3 pp 4045—4062

Development and validation of an immune and stromal prognostic signature in uveal melanoma to guide
(oI (o] B TG 21 o) RSOSSN 387

Originaly published Volume 12, Issue 20 pp 20254—20267

Loss of macroH2A 1 decreases mitochondrial metabolism and reduces the aggressiveness of uveal melanoma
(415 | OO OO OO UOSTURUROPOPPTON 401

Originaly published Volume 12, Issue 10 pp 9745—9760

Immunological analyses reveal an immune subtype of uveal melanoma with a poor prognosis..................... 417
Originaly published Volume 12, Issue 2 pp 1446—1464

www.aging-us.com iii AGING


http://www.aging-us.com/
https://www.aging-us.com/article/202371
https://www.aging-us.com/article/202371
https://www.aging-us.com/article/103779
https://www.aging-us.com/article/103779
https://www.aging-us.com/article/103241
https://www.aging-us.com/article/103241
https://www.aging-us.com/article/102693
https://www.aging-us.com/article/102693

wWww.aging-us.com AGING 2020, Vol. 12, No. 24

Research Paper

miR-106b suppresses pathological retinal angiogenesis

Catherine Ménard®, Ariel M. Wilson®, Agnieszka Dejda?, Khalil Miloudi®, Frangois Binet?, Sergio
Crespo-GarciaZ, Célia Parinot?, Frédérique Pilon’, Rachel Juneau?, Elisabeth MMA Andriessen?,
Gaélle Mawambo?, John Paul SanGiovanni*, Vincent De Guire’, Przemyslaw Sapiehal’z’3

'Department of Biochemistry, Maisonneuve-Rosemont Hospital Research Centre, University of Montreal,
Montreal H1T 2M4, Quebec, Canada

’Department of Ophthalmology, Maisonneuve-Rosemont Hospital Research Centre, University of Montreal,
Montreal H1T 2M4, Quebec, Canada

*Department of Neurology-Neurosurgery, McGill University, Montreal H3A 2B4, Quebec, Canada
*Department of Nutritional Sciences, University of Arizona, Tucson, AZ 85719, USA

Correspondence to: Przemyslaw Sapieha, Vincent De Guire; email: mike.sapieha@umontreal.ca,
vdeguire.hmr@ssss.gouv.qc.ca

Keywords: age related macular degeneration, miR-106b, PERK, choroidal neovascularization, angiogenesis
Received: July 4, 2020 Accepted: November 13, 2020 Published: December 23, 2020

Copyright: © 2020 Ménard et al. This is an open access article distributed under the terms of the Creative Commons
Attribution License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

ABSTRACT

MicroRNAs are small non-coding RNAs that post-transcriptionally regulate gene expression. We recently
demonstrated that levels of miR-106b were significantly decreased in the vitreous and plasma of patients with
neovascular age-related macular degeneration (AMD). Here we show that expression of the miR-106b-25
cluster is negatively regulated by the unfolded protein response pathway of protein kinase RNA-like ER kinase
(PERK) in a mouse model of neovascular AMD. A reduction in levels of miR-106b triggers vascular growth both
in vivo and in vitro by inducing production of pro-angiogenic factors. We demonstrate that therapeutic delivery
of miR-106b to the retina with lentiviral vectors protects against aberrant retinal angiogenesis in two distinct
mouse models of pathological retinal neovascularization. Results from this study suggest that miRNAs such as
miR-106b have the potential to be used as multitarget therapeutics for conditions characterized by pathological
retinal angiogenesis.

INTRODUCTION AMD) accounts for over 80% of the vision loss
associated with AMD [11].
Age-related macular degeneration (AMD) is a common

[1] and complex [2, 3] disease of aging and the leading The advent of therapies targeting vascular endothelial

cause of irreversible loss of sight in elderly people [4—
6]. Early forms of AMD are characterized by subretinal
lipoproteinaceous  deposits, local  attrition  of
photoreceptors [7] and loss of visual sensitivity [8].
Late forms of AMD are defined by geographic atrophy
(loss of retinal pigment epithelium and photoreceptors)
[9] and/or pathologic choroidal neovascularization
(CNV) characterized by vascular sprouting from the
choriocapillaris into the neural retina or subretinal space
[10]. The neovascular form (NV AMD or exudative

growth factor (VEGF) has significantly improved the
quality of life of patients suffering from NV AMD [12—
15]. However, not all patients with AMD respond to
anti-VEGF therapies [16]. Sustained reduction in retinal
VEGF levels can lead to neurotoxicity [17] and
degeneration of RPE-choriocapillaris in mouse models
[18]. Importantly, assessment by fundus photography
and fundus fluorescein angiography of patients on anti-
VEGF therapy showed accelerated development of
geographic atrophy [19, 20]. These findings justify the
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need for continued exploration of novel therapeutic
interventions.

Given that several inflammatory and growth factors in
addition to VEGF [10, 21, 22] are associated with the
pathogenesis of NV AMD, a multi-targeted approach is
warranted. In this regard, therapeutic delivery of
miRNAs may offer a promising avenue. miRNAs are
small non-coding RNAs of around 20 nucleotides that
act as post-transcriptional regulatory elements of most
cellular processes [23]. miRNAs mediate repression of
gene expression with the potential of a single miRNA to
target mRNA transcripts from hundreds of genes [24].
We previously elucidated a specific miRNA signature
in the vitreous and plasma of patients with NV AMD
and observed a disease-associated increase in miR-146a
and a decrease in miR-106b and miR-152 [25].
Interestingly, within our cohort, we found that both
vitreous- and plasma-based miR-146a/miR-106b ratios
had greater than 90% discriminatory power for
classification of patients with NV AMD with an area
under the receiver operating characteristic curve of
0,977 in vitreous humour and 0,915 in plasma,
suggesting potential for a blood-based diagnostic. These
results are concordant with the evidence based in
humans and model systems where upregulation of miR-
146a, miR-17 (a miR containing the same seed
sequence as miR-106b), miR-125 and miR-155 are
associated with human AMD and a mouse model of
oxygen induced retinopathy (OIR) [26-30]. miRNAs
targeting VEGFA (miR-184, miR-150 and miR-106b)
have also been found to be downregulated in human
AMD and in animal models [25, 28, 31]. Here, we
aimed to determine the mechanism leading to the
downregulation of mir-106b in AMD and to
characterize the therapeutic potential of upregulating
miR-106b for NV AMD.

RESULTS

miR-106b is downregulated in the choroid after
laser-induced CNV

In order to evaluate the potential role of miR-106b in
CNV and NV AMD, we employed a laser burn-induced
neovascularization mouse model. In this model, Bruch’s
membrane is ruptured using an argon laser, initiating
sprouting of subretinal blood vessels from the choroid,
mimicking NV AMD (Figure 1A) [32]. This model is
characterized by a reproducible pattern of reduced
neovascularization 3 days post-burn, followed by a
significant increase in neovascularization that peaks on
the 7" day, then vascular regression and wound healing by
14 days post-burn [32]. To illustrate the vascular changes
occurring in this model, we took serial ocular fundus
images of infrared reflectance and fluorescein

angiography after laser burn and subcutaneous injection
of fluorescein, revealing fluorescein leakage surrounding
burn sites that regressed over time (Figure 1B). In line
with our previously reported findings for human vitreous
and plasma from patients with active NV AMD [25],
choroidal miR-106b expression was significantly
downregulated in retinal specimens at all investigated
time points, with statistically significant decreases of
~40% at day 3, and ~50% at days 7 and 14, relative to
control animals (Figure 1C-1E). The significant
downregulation of miR-106b three days post-burn
corresponds to the neovascularization nadir in the laser
burn model. This suggests that the observed decrease in
miR-106b directly precedes initiation of CNV.

The PERK arm of the unfolded protein response is
involved in retinal suppression of the mmu-miR-
106b~25 cluster in laser-induced CNV

Upon confirmation of a reduction in retinal miR-106b
in the CNV mouse model, we next sought to
investigate the underlying mechanism. MiR-106b is a
member of the miR-106b~25 cluster (mmu-miR-106b,
mmu-miR-25 and mmu-miR-93) and is located in the
13™ intron of protein-coding gene minichromosome
maintenance complex component 7 (MCM7) [33].
Regulation of miR-106b expression is tightly
correlated with MCM7 transcription. Previous studies
have suggested that activation of the protein kinase
RNA-like ER kinase (PERK) arm of the UPR and
consequent triggering of activating transcription factor
4 (ATF4) as a potential mechanism causing
downregulation of the MCM?7 gene and the mmu-miR-
106b~25 cluster [34] (Figure 2A). We therefore
investigated if the regulation of mmu-miR-106b
occurred at the transcriptional level through activation
of ER stress effector pathway PERK.

To better characterize PERK activation, we examined
its downstream effectors. Phosphorylation of elF2a was
increased after laser burn as was total elF2a with a
significant ~2-fold rise in pelF2a at 7 days (Figure 2B,
2C). Moreover, a significant upregulation of the ATF4
transcript was also detected with an increase at both 3
and 7 days after laser burn (Figure 2D). We then
assessed the effect of PERK activation on the MCM7
gene transcript and miR-106b~25 cluster by qPCR
analysis. We observed significant decreases of ~50%
and ~35% in MCM7 transcript expression at 3 and 7
days after laser burn respectively (Figure 2E).
Additionally, all members of the miR-106b~25 cluster
(miR-106b, miR-25 and miR-93) were downregulated 3
days after laser burn with decreases of ~0.24-fold,
~0.37-fold and ~0.60-fold for miR-25, miR-93 and
miR-106b, respectively (Figure 2F). To confirm that
PERK can mediate repression of hsa-miR-106b, we

www.aging-us.com

AGING



infected Human Retinal Microvascular Endothelial
Cells (HRMECsS) with a lentivirus carrying short hairpin
(sh) RNA against PERK. After 72 hours, we observed a
significant ~2-fold increase in hsa-miR-106b expression
in cultured cells (Figure 2G). Taken together, these
results support a PERK-associated decrease in miR-
106b in laser-induced CNV.

A  Laserinduced CNV
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miR-106b targets effectors of angiogenesis

To confirm the involvement of miR-106b in the
regulation of AMD-related angiogenesis, we quantified
protein levels of experimentally validated targets of
miR-106b involved in the neovascularization process.
Previous studies demonstrated that miR-106b can
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Figure 1. The initiation of retinal neo-vascularization is associated with downregulation of miR-106b expression. (A) Schematic
of laser burn CNV mouse model. (B) Representative retinal fundus of a mouse before and after undergoing laser-induced choroidal
neovascularization. Serial images depict the progression of neovascularization over a time-course of 14 days in the same eye. Choroidal
expression of miR-106b by gPCR relative to intact controls assessed (C) 3 days after burns (n=8), (D) 7 days after burns (n=13) and (E) 14 days
after burns (n=10); Scale bar = 50um. Data are expressed as the mean + S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis,

*P <0.05; **P<0.001.
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Figure 2. PERK activation provokes downregulation of miR-106b-25 cluster and MCM7 host gene in a mouse model of CNV.
(A) Schematic of ER stress activation of PERK pathway. (B) Western blot of Phospho-EIF20, total-EIF2a and B-actin in control choroids, and 3
and 7 days after burns. (C) Western blot quantification in control choroids, 3 days (n=7) and 7 days after burns (n=6). (D) Aft4 mRNA
expression in control choroids, 3 days (n=6) and 7 days after burns (n=10). (E) Mcm7 mRNA expression in control choroids, 3 days (n=6) and 7
days after laser burn (n=14). (F) miR106~25 cluster member expression in choroids 3 days after laser burn (miR-106b (n=7), miR-25 (n=6) and
miR-93 (n=5). (G) miR-106b expression after infection of HRMECs with LV.shGFP (negative control), and LV.shPERK (n=5). Data are expressed
as mean * S.E.M. One-way ANOVA with Bonferroni post-hoc test was performed on groups of 3 or more, and unpaired Two-tailed Student’s
t-test was used for the analysis of groups of 2, *P <0.05; **P<0.001; ***P<0.0001.
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influence expression of VEGFA and HIFla [31]. In
line with a decrease in miR-106b, we confirmed the
upregulation of VEGFA (~3-fold) and HIFla (~1.71-
fold) in choroid specimens 3 days after laser burn
(Figure 3A-3D). Importantly, we did not observe
variations at the mRNA level for these targets,
suggesting post-transcriptional regulation of their
protein expression or altered translation efficiency,
characteristic of miRNA regulation (Supplementary
Figure 1A). These results further suggest that the loss of
miR-106b expression can contribute to the expression
of angiogenic proteins that promote neovascularization.

miR-106b influences HRMEC migration and
choroidal vascular sprouting

We sought to characterize the effects of miR-106b on
cellular processes involved in angiogenesis. We first
evaluated the role of miR-106b on HRMEC migration
in a wound healing/cell migration assay performed by
electric cell-substrate impedance sensing (ECIS) assay.
Cells were infected with LV.miR-106b, LV.shVEGFA,
LV.shPERK or control LV.shGFP for 72 hours, plated
at confluence and submitted to an electric pulse in the
center of the well to provoke cell detachment, resulting
in a 250um diameter region devoid of cells (Figure 3E).
Cell migration was quantified at 8 hours by
measurement of impedance, which increases as cells
repopulate the empty space. We found that HRMEC
migration was reduced in all three LV-treated dishes
compared to control LV.shGFP (blue line) (Figure 3F—
3H). Cells infected with LV.shPERK became the least
migratory (Figure 3H). LV.miR-106b prevented
migration of HRMECs to a similar extent as
LV.shVEGFA (Figure 3F, 3G). To confirm that miR-
106b reduced migration of HRMECs, we performed a
scratch assay (Figure 3I). As above, significant
decreases in cell migration were observed in all
treatment groups when compared to controls with a
~45% reduction in LV.shVEGFA, ~50% reduction with
LV.miR-106b and ~45% with LV.shPERK when
compared to control LV.shGFP (100% of migration)
(Figure 31, 3J).

NV AMD is characterized by pathological
neovascularization of the choriocapillaris. We
therefore used ex vivo mouse choroid explants and
assessed sprouting angiogenesis. Similar to findings
reported above, we observed a ~ 70 % reduction in
sprouting area with LV.miR-106b, a ~80% reduction
with LV.shPERK, while LV.shVEGFA resulted in a
reduction of ~60% compared to control LV.shGFP
(Figure 3K, 3L). Taken together, these results further
highlight the anti-angiogenic properties of miR-106b
and provide rationale to test miR-106b delivery in
vivo.

Intraocular injection of LV.miR-106b decreases
choroidal and retinal neovascularization

Endothelial cell migration and sprouting are key
processes involved in angiogenesis. We next tested the
outcome of therapeutic delivery of miR-106b in models
of pathological retinal angiogenesis. We first performed
laser burns on 8 week-old mice to trigger CNV, directly
followed by intravitreal injection of either LV.miR-
106b or positive control LV.shVEGF or negative
control LV.shGFP. Choroids were collected 7 days after
laser burns and quantified (Figure 4A). LV.miR-106b
led to ~45% reduction of neo-angiogenesis and
prevented CNV to a similar extent as LV.shVEGF
(Figure 4B—4D).

We subsequently assessed the anti-angiogenic
properties of miR-106b in the mouse model of oxygen-
induced retinopathy [35]. Mouse pups were injected at
P4 and P7 with LV.miR-106b, negative control
LV.shGFP or positive control LV.shVEGFA. From P7
to P12 pups were exposed to 75% oxygen and returned
to room air from P12 until maximal neovascularization
at P17 (Figure 5A). Similar to what was observed for
CNV, retinas treated with LV.miR-106b showed a
significant  ~50%  reduction in  pathological
neovascularization compared to LV.shGFP and a
similar reduction to levels observed with LV.shVEGFA
(Figure 5B-5I). Collectively, these results suggest that
therapeutic delivery of miR-106b prevents pathological
retinal angiogenesis (Figure 6).

DISCUSSION

The diagnostic and therapeutic potential of miRNAs for
ocular diseases is promising yet still requires proof of
concept. We have previously shown that levels of miR-
106b decrease in the vitreous and plasma of human
patients with NV AMD [25]. In the current study, we
demonstrate that much like in patients, there is a
reduction in choroidal miR-106b in mouse retinas
following laser burn induced-CNV. Furthermore, we
provide evidence that the downregulation involves
transcriptional inhibition of the 106b~25 cluster by the
PERK pathway. Consequently, therapeutic intravitreal
administration of miR-106b via lentiviral vectors
inhibited pathological retinal neovascularization across
models. These findings were supported by in vitro and
ex vivo data that confirmed the role of miR-106b in
preventing cellular mechanisms that lead to
angiogenesis including cell migration and sprouting.

The pathogenesis of AMD is associated with oxidative
stress, hypoxia, inflammation and proteotoxic stress, which
can trigger pathways of ER-stress [36]. We observed
activation of the PERK axis with phosphorylation
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of elF2a and increase in ATF4 mRNA after laser burn.
Activated PERK typically influences protein synthesis
through phosphorylation of elF2a, leading to global
translation arrest [37] while transcripts with alternative
upstream open reading frames, such as ATF4, are
translated and can mediate an antioxidant response and
expand the ER’s folding capacity [38]. With sustained
activation, ATF4 can also drive transcription of pro-
apoptotic factors and lead to apoptosis by inducing
CHOP [38]. The PERK pathway is thought to be
influenced by miRNAs. For example, miR-204
represses PERK [39] while miR-30b-5p and miR-30c-
5p regulate eiF2a, and miR-214 downregulates ATF4
expression [40]. Similarly, to what has been reported in
mouse embryonic fibroblasts [34], our data suggest that
PERK  suppresses miR-106b  during choroidal
neovascularization and thus renders the retina more
conducive to neovascularization.

We demonstrated the anti-angiogenic properties of miR-
106b in models of retinal (OIR) and choroidal
neovascularization (laser CNV). The magnitude of
suppression was comparable to that of suppression of
VEGFA or PERK inhibition by shRNA. MiR-106b, a
member of miR-17 family with reported anti-angiogenic
properties [41, 42], also significantly decreased
choroidal sprouting. Our results are consistent with
previous studies demonstrating the anti-angiogenic
properties of miR-106b in cell culture via STAT3
inhibition [43] and in mice in a hind limb ischemia
model.

Currently, there are efforts to devise therapeutics that
simultaneously inhibit several factors involved in retinal
vascular disease given the clinical success of
compounds such as Aflibercept [44]. miRNAs regulate
translation of multiple genes and hence may be
considered as multi-target inhibitors. Their potential to
mitigate retinal disease will grow as comprehensive
landscapes of miRNAs in health and disease are
established [26, 45]. Preclinical studies are underway
for mimics or inhibition of specific miRNAs [46].
Overall, this study demonstrates a new role for miR-
106b and highlights its potential for suppressing
pathological retinal neovascularization.

MATERIALS AND METHODS
Animals

All studies were performed according to the Association
for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the Animal Care
Committee of the University of Montreal in agreement
with the guidelines established by the Canadian Council

on Animal Care. C57Bl/6 wild-type were purchased
from Jackson Laboratory and CD1 nursing mothers
from Charles River Laboratory.

Cell line

Human retinal microvascular endothelial cells
(HRMECs) (Cell System, Kirkland, USA) were used
from passages 6 to 11. HRMECs were cultured in
EGM-2 microvascular medium (Lonza, Switzerland).
For scratch assay experiments and for Electric Cell-
substrate Impedance Sensing (ECIS), cells were starved
overnight then cultured in EBM-2 medium (2% fetal
bovine serum).

0;-induced retinopathy (OIR)

Mouse pups (C57Bl/6, Jackson Labs) and their
fostering mothers (CD1, Charles River) were exposed
to 75% O2 from postnatal day 7 (P7) until day 12 and
returned to room air. This model serves as a proxy to
human ocular neovascular diseases such as ROP and
diabetic retinopathy characterized by a late phase of
destructive pathological angiogenesis [47, 48]. Upon
return to room air, hypoxia-driven neovascularization
(NV) develops from P14 onwards [35]. Dissected
retinas were flatmounted and incubated overnight with
fluoresceinated isolectin B4 (1:100) in 1mM CaCl2 to
determine extent of avascular area  or
neovascularization area at P17 using Image] and the
SWIFT-NV method [49].

In vivo imaging following laser-induced choroidal
neovascularization (CNV)

In vivo imaging was performed using a scanning laser
ophthalmoscope (Micron IV; Phoenix Laboratories,
Pleasanton, CA, USA). Mice of 9 to 11 weeks of age
were subjected to pupil dilation (Mydriacyl; Alcon,
Mississauga, ON, Canada) and anesthetized with a mix
of 10% ketamine and 4% xylazine (10ul/g body
weight). Fluorescein (Alcon, 1 unit/g body weight of a
5% fluorescein dilution in 0.9% sodium chloride) was
injected subcutaneously and corneas were lubricated
with Optixcare ophthalmic gel (Aventix Animal Health,
Burlington, ON, Canada). After a fluorescein
circulation of 5 minutes, retinas were imaged before and
after inducing choroidal neovascularization with 4
distinct laser burns (50pum, 300mW, 0.05s). Animals
were followed-up 3, 7 and 14 days after laser burn.

CNYV induction and neovascularization labeling by
perfusion with FITC

For lentiviral treatment mice of 9 to 11 weeks of age
were intraocularly injected with lentivirus and their
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Bruch’s membranes were ruptured using an argon laser
as described previously [32]. At day 3, 7 and 14 after
CNV induction, mice were injected with 0.5 ml of 15
mg/ml of fluorescein isothiocyanate (FITC)-dextran
(average molecular weight 20,000) (Sigma Aldrich,
CA) and euthanized.

Immunohistofluorescence

Eyes were fixed for 30 min in 4% PFA at room
temperature before dissection to isolate retinas (OIR) or
choroids (LB-CNV). Flatmounted retinas or choroids were
stained with Rhodamine labeled Griffonia (Bandeiraea)
Simplicifolia Lectin I (RL-1102; Vector Laboratories) in 1
mM CaCl2 in PBS. The sclera—choroid—RPE cell complex
was mounted onto a slide, and the burns photographed
with an Olympus FV1000 microscope.

Neovascularization quantifications

Retinal  neovascularization (OIR  model):  For
visualization of pan-retinal vasculature, dissected
retinas were flatmounted and incubated overnight with
rhodamine-labeled Griffonia (Bandeiraea) Simplicifolia
Lectin I (Vector Laboratories Inc.) in 1 mM CaCl2 in
PBS for retinal vasculature. The extent of avascular area
or neovascularization area at P17 was determined using
Image] and the SWIFT NV method [49].

Choroidal neovascularization (laser burn model): The
neovascularization was captured in a Z-stack, and the
lesion caused by the laser impact was captured in a single-
plane image. The Z-stacks were compressed into one
image, and the FITC—dextran-labeled neovascular area and
the area of the lesion were measured per lesion in Imagel.

Western blot analysis

For assessment of choroidal protein levels, eyes were
enucleated from mice 3 days after burn. RIPA buffer with
anti-protease and anti-phosphatase (BioRad) was freshly
prepared to manually with a piston to homogenize tissues
and for cells lysis. Protein concentration was assessed by
BCA assay (Sigma-Aldrich, Oakville, CA), and 30pg of
protein analyzed for each condition by standard SDS-PAGE
technique using Bis-Acrylamide gel 10% or 12.5%
depending of protein size. Total protein transfer on
nitrocellulose or PVDF membranes (Bio-Rad, Mississauga,
ON, CA) was evaluated with Ponceau Red (Sigma-Aldrich,
Oakville, CA). Antibody solutions and dilutions were
prepared as per manufacturers’ recommendations.

Antibodies

Phospho-elF2a (Ser51) (Cell signaling Technology,
Whitby, CA), Total-elF2a (Cell signaling Technology,

Whitby, CA), B-actin (8H10D10) (Cell signaling
Technology, Whitby, CA, VEGFA (C1) (Santa Cruz
Biotechnology, INC, Texas, USA), HIF1a (Hlalpha67)
(Novus Biologicals, Oakville, CA).

Quantitative real time polymerase chain reaction
analysis

RNA extraction was performed with TRIzol®
Reagent (Life Technology, Waltham, USA) as
suggested by manufacturer protocol. DNase digestion
was then performed to prevent amplification of
genomic DNA (Invitrogen, Waltham, USA). iScript™
Reverse Transcription Supermix for RT-qPCR (Bio-
Rad, Mississauga, CA) was used to generate cDNA
from 1pg of total RNA. Real time qPCR was
performed to quantify gene expression using SYBR®
Green reagent (Applied Biosystem TM, USA) and
was processed with an ABI 7500 Real-Time PCR
machine. B-actin was used as a reference gene. Primer
sequences (Integrated DNA Technologies) are listed
in Supplementary Table 1. miRNA extraction was
performed with TRIzol® Reagent, Retrotransciption
reaction was done with TagMan MicroRNA Reverse
Transcription kit (Applied Biosystem, USA) using
100ng of total RNA in each reaction following
manufacturer protocol. Real-time PCR was processed
with TagMan miR assay 20X and Universal master
mix II No-UNG 2x for TagMan Reaction (Applied
Biosystem, USA). Primers are listed in the
Supplementary Table 1.

Lentivirus plasmid constructions

Lentiviral constructs were produced with the PCR
insertion kit (Q5 Site-Directed Mutagenesis Kkit,
New England BioLabs®inc). The following sequence
for shVEGFA and mature miR-106b sequence
were inserted shVEGFA: 5° GAGCGGAGAAAGC
ATTTG TTTCTCGAGAAACAAATGCTTTCTCCGC
TCTTTT 3°, miR-106b: S’TAAAGTGCT GACAGTG
CAGATCTCGAGATCTGCACTGTCAGCACTTTAT
TTT-3’. All constructs were verified by Genome
Quebec sequencing. Constructs of shIREla and
shPERK were previously published by our
group [50].

Preparation of lentivirus

We produced infectious lentiviral vectors by
transfecting lentivector and packaging vectors into
HEK293T cells (Invitrogen) as previously described
(Dull et al. Journal of Virology, 1998). Viral
supernatants were concentrated by ultracentrifugation
(>500-fold). Viral efficiency was confirmed by real-
time-PCR and Western blot.
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Intravitreal injections

For the OIR model, P4, P7, C57BL/6 pups were
anesthetized with 3.0% isoflurane and injected in the
vitreous chamber with 0.5 pl of lentivirus. Retinas were
collected at P17 for vasculature analysis. For the laser
burn model, 8 to 10 week old C57BL/6 mice were
injected following laser burn in the vitreous chamber
with 1 pl of lentivirus. Choroids were collected 7 days
post burns for CNV quantification.

Scratch assay

Scratch assays were performed with pre-infected
HRMEC:s cells (72hr) in 6 well plates until confluency
was reached. Scratches were done with 200pul sterile
tips and culture media was replaced with with EBM-2
medium (2% fetal bovine serum). Pictures were taken at
time 0 (moment of the scratch) and after 8 hours with a
2x objective using an inverted microscope (Zeiss Axio
Imager) and migration distances were quantified with
Image J software.

Electric cell-substrate impedance sensing migration
assay (ECIS)

Real time analysis of trans and inter-endothelial
impedance was performed by plating 1x 10° pre-infected
(72 hours) HRMEC:s cells into 8 well arrays (§W10E for
migration assays, 40 electrodes per well) (Applied
BioPhysics, Troy, NY, USA). Cells were plated at
confluency and submitted to an electric pulse in the
center of each well, causing localized cell detachment,
resulting in a 250um diameter devoid of cells. Cell
migration was quantified by measurement of impedence,
which increases as cells repopulate the empty space. The
results were then normalized to the vehicle control and
expressed as relative resistance. Graphical representation
depicts mean and S.E.M., and light blue zones highlight
time points where statistically significant differences are
observed (student’s t-test, P<0.05).

Choroid ex vivo explant assay

Adult C57Bl/6 mice were euthanized, and eyes were
immediately enucleated and kept in ice-cold EBM basal
medium (Lonza) before dissection. Choroid explants
were placed in growth factor-reduced Matrigel
(Corning) seeded in 24 well plates, and incubated at
37° C for 10 minutes to allow the Matrigel to solidify.
500 pL of medium was then added to each well and
incubated at 37° C with 5% CO® for 24 hours before
lentiviral infections. Explant pictures were taken after
48 hours (at the beginning of choroid vessel growth),
and at 72 hours to 96 hours post-infection to follow
vessel growth. Phase contrast photos of individual

explants were captured with a ZEISS Axio Oberver.Z1
microscope. Sprouting area quantification was
performed using the semi-automated macro plug-in to
the Image J software designed for this purpose [51].

Statistical analyses

Data are presented as mean + S.E.M. GraphPad Prism
(GraphPad Software, San Diego, CA) was used to
perform statistical analyses. We used Student’s t test
to compare groups of two, and one-way ANOVA
with Bonferroni post-hoc analysis for groups of 3
and more; data with P < 0.05 were considered
statistically different: * denotes P < 0.05, ** P < 0.01,
and *** P <0.001.

AUTHOR CONTRIBUTIONS

CM., V.D, J.P.S. and P.S. designed the research and
study. CM., A.D., KM, FB, S.C.G., CP., FP.,RJ,
EM.M.A., and G.M., carried out experimental work.
CM., AMW. and A.D. analyzed the data. C.M.,
AM.W,, V.D.J.P.S. and P.S. wrote the manuscript with
valuable input from authors.

CONFLICTS OF INTEREST

We do not have any disclosure or conflicts of interest in
the study.

FUNDING

This work was supported by operating grants from The
Foundation Fighting Blindness Canada, the Canadian
Diabetes Association (DI-3-18-5444-PS), the Canadian
Institutes of Health Research (Foundation grant
#353770 to P.S), the Canadian the Heart and Stroke
Foundation Canada (G-16-00014658 to P.S.), and
Natural Sciences and Engineering Research Council of
Canada (418637 to P.S.). P.S. holds the Wolfe
Professorship in Translational Research and a Canada
Research Chair in Retinal Cell Biology. We also thank
the Fonds de Recherche en Ophtalmologic de
I’Université de Montréal (FROUM) and the RRSV.

REFERENCES

1. Klein R, Klein BE. The prevalence of age-related eye
diseases and visual impairment in aging: current
estimates. Invest Ophthalmol Vis Sci. 2013; 54:0RSF5—
RSF13.
https://doi.org/10.1167/iovs.13-12789
PMID:24335069

2. Miller JW. Age-related macular degeneration
revisited—piecing the puzzle: the LXIX Edward Jackson

www.aging-us.com

12

AGING



10.

memorial lecture. Am J Ophthalmol. 2013; 155:1-
35.e13.

https://doi.org/10.1016/j.2j0.2012.10.018
PMID:23245386

Gorin MB. Genetic insights into age-related macular
degeneration: controversies addressing risk, causality,
and therapeutics. Mol Aspects Med. 2012; 33:467-86.
https://doi.org/10.1016/j.mam.2012.04.004
PMID:22561651

Friedman DS, O’Colmain BJ, Mufoz B, Tomany SC,
McCarty C, de Jong PT, Nemesure B, Mitchell P,
Kempen J, and Eye Diseases Prevalence Research
Group. Prevalence of age-related macular
degeneration in the United States. Arch Ophthalmol.
2004; 122:564-72.
https://doi.org/10.1001/archopht.122.4.564
PMID:15078675

Kempen JH, O’Colmain BJ, Leske MC, Haffner SM, Klein
R, Moss SE, Taylor HR, Hamman RF, and Eye Diseases
Prevalence Research Group. The prevalence of diabetic
retinopathy among adults in the United States. Arch
Ophthalmol. 2004; 122:552-63.
https://doi.org/10.1001/archopht.122.4.552
PMID:15078674

Maberley DA, Hollands H, Chuo J, Tam G, Konkal J,
Roesch M, Veselinovic A, Witzigmann M, Bassett K. The
prevalence of low vision and blindness in Canada. Eye
(Lond). 2006; 20:341-46.
https://doi.org/10.1038/sj.eye.6701879
PMID:15905873

Schuman SG, Koreishi AF, Farsiu S, Jung SH, lzatt JA,
Toth CA. Photoreceptor layer thinning over drusen in
eyes with age-related macular degeneration imaged in
vivo with spectral-domain  optical coherence
tomography. Ophthalmology. 2009; 116:488-96.e2.
https://doi.org/10.1016/j.ophtha.2008.10.006
PMID:19167082

Midena E, Vujosevic S, Convento E, Manfre’ A,
Cavarzeran F, Pilotto E. Microperimetry and fundus
autofluorescence in patients with early age-related
macular degeneration. Br J Ophthalmol. 2007;
91:1499-503.
https://doi.org/10.1136/bj0.2007.119685
PMID:17504849

Sarks SH. Ageing and degeneration in the macular
region: a clinico-pathological study. Br J Ophthalmol.
1976; 60:324-41.

https://doi.org/10.1136/bjo.60.5.324

PMID:952802

Guillonneau X, Eandi CM, Paques M, Sahel JA, Sapieha
P, Sennlaub F. On phagocytes and macular
degeneration. Prog Retin Eye Res. 2017; 61:98-128.

11.

12.

13.

14.

15.

16.

17.

18.

https://doi.org/10.1016/j.preteyeres.2017.06.002
PMID:28602950

Sobrin L, Seddon JM. Nature and nurture- genes and
environment- predict onset and progression of
macular degeneration. Prog Retin Eye Res. 2014,
40:1-15.
https://doi.org/10.1016/j.preteyeres.2013.12.004
PMID:24374240

Brown DM, Kaiser PK, Michels M, Soubrane G, Heier JS,
Kim RY, Sy JP, Schneider S, and ANCHOR Study Group.
Ranibizumab versus verteporfin for neovascular age-
related macular degeneration. N Engl J Med. 2006;
355:1432-44.

https://doi.org/10.1056/NEJM0a062655
PMID:17021319

Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK,
Chung CY, Kim RY, and MARINA Study Group.
Ranibizumab for neovascular age-related macular
degeneration. N EnglJ Med. 2006; 355:1419-31.
https://doi.org/10.1056/NEJM0a054481
PMID:17021318

Mitchell P. A systematic review of the efficacy and
safety outcomes of anti-VEGF agents used for treating
neovascular age-related macular degeneration:
comparison of ranibizumab and bevacizumab. Curr
Med Res Opin. 2011; 27:1465-75.
https://doi.org/10.1185/03007995.2011.585394
PMID:21623685

Jacob J, Brié H, Leys A, Levecq L, Mergaerts F,
Denhaerynck K, Vancayzeele S, Van Craeyveld E,
Abraham |, MacDonald K. Six-year outcomes in
neovascular age-related macular degeneration with
ranibizumab. Int J Ophthalmol. 2017; 10:81-90.
https://doi.org/10.18240/ij0.2017.01.14
PMID:28149782

Amoaku WM, Chakravarthy U, Gale R, Gavin M,
Ghanchi F, Gibson J, Harding S, Johnston RL, Kelly SP,
Lotery A, Mahmood S, Menon G, Sivaprasad S, et al.
Defining response to anti-VEGF therapies in
neovascular AMD. Eye (Lond). 2015; 29:1397-98.

https://doi.org/10.1038/eye.2015.159 PMID:26446737

Robinson GS, Ju M, Shih SC, Xu X, McMahon G,
Caldwell RB, Smith LE. Nonvascular role for VEGF:
VEGFR-1, 2 activity is critical for neural retinal
development. FASEB J. 2001; 15:1215-17.
https://doi.org/10.1096/fj.00-0598fje

PMID:11344092

Saint-Geniez M, Maharaj AS, Walshe TE, Tucker BA,
Sekiyama E, Kurihara T, Darland DC, Young MJ,
D’Amore PA. Endogenous VEGF is required for visual
function: evidence for a survival role on miiller cells
and photoreceptors. PLoS One. 2008; 3:e3554.

www.aging-us.com

13

AGING



19.

20.

21.

22.

23.

24,

25.

26.

https://doi.org/10.1371/journal.pone.0003554
PMID:18978936

Grunwald JE, Daniel E, Huang J, Ying GS, Maguire MG,
Toth CA, Jaffe GJ, Fine SL, Blodi B, Klein ML, Martin AA,
Hagstrom SA, Martin DF, and CATT Research Group.
Risk of geographic atrophy in the comparison of age-
related macular degeneration treatments trials.
Ophthalmology. 2014; 121:150-161.
https://doi.org/10.1016/j.0ophtha.2013.08.015
PMID:24084496

Grunwald JE, Pistilli M, Ying GS, Maguire MG, Daniel E,
Martin DF, and Comparison of Age-related Macular
Degeneration Treatments Trials Research Group.
Growth of geographic atrophy in the comparison of
age-related macular degeneration treatments trials.
Ophthalmology. 2015; 122:809-16.
https://doi.org/10.1016/j.ophtha.2014.11.007
PMID:25542520

Klein R, Knudtson MD, Klein BE, Wong TY, Cotch MF,
Liu K, Cheng CY, Burke GL, Saad MF, Jacobs DR IJr,
Sharrett AR. Inflammation, complement factor h, and
age-related macular degeneration: the multi-ethnic
study of atherosclerosis. Ophthalmology. 2008;
115:1742-49.
https://doi.org/10.1016/j.0phtha.2008.03.021
PMID:18538409

Ambati J, Fowler BJ. Mechanisms of age-related
macular degeneration. Neuron. 2012; 75:26—-39.
https://doi.org/10.1016/j.neuron.2012.06.018
PMID:22794258

Huang Y, Shen XJ, Zou Q, Wang SP, Tang SM, Zhang GZ.
Biological functions of microRNAs: a review. J Physiol
Biochem. 2011; 67:129-39.
https://doi.org/10.1007/s13105-010-0050-6
PMID:20981514

Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP.
The impact of microRNAs on protein output. Nature.
2008; 455:64—71.
https://doi.org/10.1038/nature07242

PMID:18668037

Ménard C, Rezende FA, Miloudi K, Wilson A, Tétreault
N, Hardy P, SanGiovanni JP, De Guire V, Sapieha P.
MicroRNA signatures in vitreous humour and plasma
of patients with exudative AMD. Oncotarget. 2016;
7:19171-84.
https://doi.org/10.18632/oncotarget.8280
PMID:27015561

Liu CH, Sun Y, Li J, Gong Y, Tian KT, Evans LP, Morss PC,
Fredrick TW, Saba NJ, Chen J. Endothelial microRNA-
150 is an intrinsic suppressor of pathologic ocular
neovascularization. Proc Natl Acad Sci USA. 2015;
112:12163-68.

27.

28.

29.

30.

31.

32.

33.

34.

https://doi.org/10.1073/pnas.1508426112
PMID:26374840

Yan L, Lee S, Lazzaro DR, Aranda J, Grant MB, Chaqour
B. Single and compound knock-outs of MicroRNA
(miRNA)-155 and its angiogenic gene target CCN1 in
mice alter vascular and neovascular growth in the
retina via resident microglia. J Biol Chem. 2015;
290:23264-81.
https://doi.org/10.1074/jbc.M115.646950
PMID:26242736

Shen J, Yang X, Xie B, Chen Y, Swaim M, Hackett SF,
Campochiaro PA.  MicroRNAs regulate ocular
neovascularization. Mol Ther. 2008; 16:1208-16.
https://doi.org/10.1038/mt.2008.104

PMID:18500251

Ertekin S, Yildirim O, Ding E, Ayaz L, Fidanci SB, Tamer
L. Evaluation of circulating miRNAs in wet age-related
macular degeneration. Mol Vis. 2014; 20:1057-66.
PMID:25221421

Berber P, Grassmann F, Kiel C, Weber BH. An eye on
age-related macular degeneration: the role of
MicroRNAs in disease pathology. Mol Diagn Ther.
2017; 21:31-43.
https://doi.org/10.1007/s40291-016-0234-2
PMID:27658786

Nunes DN, Dias-Neto E, Cardd-Vila M, Edwards JK,
Dobroff AS, Giordano RJ, Mandelin J, Brentani HP,
Hasselgren C, Yao VJ, Marchio S, Pereira CA, Passetti F,
et al. Synchronous down-modulation of miR-17 family
members is an early causative event in the retinal
angiogenic switch. Proc Natl Acad Sci USA. 2015;
112:3770-75.
https://doi.org/10.1073/pnas.1500008112
PMID:25775553

Lambert V, Lecomte J, Hansen S, Blacher S, Gonzalez
ML, Struman |, Sounni NE, Rozet E, de Tullio P, Foidart
JM, Rakic JM, Noel A. Laser-induced choroidal
neovascularization model to study age-related macular
degeneration in mice. Nat Protoc. 2013; 8:2197-211.
https://doi.org/10.1038/nprot.2013.135
PMID:24136346

Mendell JT. miRiad roles for the miR-17-92 cluster in
development and disease. Cell. 2008; 133:217-22.
https://doi.org/10.1016/j.cell.2008.04.001
PMID:18423194

Gupta S, Read DE, Deepti A, Cawley K, Gupta A,
Oommen D, Verfaillie T, Matus S, Smith MA, Mott JL,
Agostinis P, Hetz C, Samali A. Perk-dependent
repression of miR-106b-25 cluster is required for ER
stress-induced apoptosis. Cell Death Dis. 2012; 3:e333.
https://doi.org/10.1038/cddis.2012.74
PMID:22739985

www.aging-us.com

14

AGING



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Smith LE, Wesolowski E, Mclellan A, Kostyk SK,
D’Amato R, Sullivan R, D’Amore PA. Oxygen-induced
retinopathy in the mouse. Invest Ophthalmol Vis Sci.
1994; 35:101-11.

PMID:7507904

Salminen A, Kauppinen A, Hyttinen JM, Toropainen E,
Kaarniranta K. Endoplasmic reticulum stress in age-
related macular  degeneration:  trigger  for
neovascularization. Mol Med. 2010; 16:535-42.
https://doi.org/10.2119/molmed.2010.00070
PMID:20683548

Harding HP, Zhang Y, Ron D. Protein translation and
folding are coupled by an endoplasmic-reticulum-
resident kinase. Nature. 1999; 397:271-74.
https://doi.org/10.1038/16729 PMID:9930704

Binet F, Sapieha P. ER stress and angiogenesis. Cell
Metab. 2015; 22:560-75.
https://doi.org/10.1016/j.cmet.2015.07.010
PMID:26278049

Xu G, Chen J, Jing G, Grayson TB, Shalev A. miR-204
targets PERK and regulates UPR signaling and (-cell
apoptosis. Mol Endocrinol. 2016; 30:917-24.
https://doi.org/10.1210/me.2016-1056
PMID:27384111

McMahon M, Samali A, Chevet E. Regulation of the
unfolded protein response by noncoding RNA. Am J
Physiol Cell Physiol. 2017; 313:C243-54.
https://doi.org/10.1152/ajpcell.00293.2016
PMID:28637678

Bonauer A, Carmona G, lwasaki M, Mione M, Koyanagi
M, Fischer A, Burchfield J, Fox H, Doebele C, Ohtani K,
Chavakis E, Potente M, Tjwa M, et al. MicroRNA-92a
controls angiogenesis and functional recovery of
ischemic tissues in mice. Science. 2009; 324:1710-13.
https://doi.org/10.1126/science.1174381
PMID:19460962

Doebele C, Bonauer A, Fischer A, Scholz A, Reiss Y,
Urbich C, Hofmann WK, Zeiher AM, Dimmeler S.
Members of the microRNA-17-92 cluster exhibit a cell-
intrinsic antiangiogenic function in endothelial cells.
Blood. 2010; 115:4944-50.
https://doi.org/10.1182/blood-2010-01-264812
PMID:20299512

Maimaiti A, Maimaiti A, Yang Y, Ma Y. MiR-106b
exhibits an anti-angiogenic function by inhibiting STAT3
expression in endothelial cells. Lipids Health Dis. 2016;
15:51.

https://doi.org/10.1186/s12944-016-0216-5
PMID:26956882

Sarwar S, Clearfield E, Soliman MK, Sadiq MA, Baldwin
AJ, Hanout M, Agarwal A, Sepah YJ, Do DV, Nguyen QD.
Aflibercept for neovascular age-related macular

45.

46.

47.

48.

49.

50.

51.

degeneration. Cochrane Database Syst Rev. 2016;
2:CD011346.
https://doi.org/10.1002/14651858.CD011346.pub2

PMID:26857947

Desjarlais M, Rivera JC, Lahaie I, Cagnone G, Wirt M,
Omri S, Chemtob S. MicroRNA expression profile in
retina and choroid in oxygen-induced retinopathy
model. PLoS One. 2019; 14:e0218282.
https://doi.org/10.1371/journal.pone.0218282
PMID:31188886

Hanna J, Hossain GS, Kocerha J. The potential for
microRNA therapeutics and clinical research. Front
Genet. 2019; 10:478.
https://doi.org/10.3389/fgene.2019.00478
PMID:31156715

Sapieha P, Joyal JS, Rivera JC, Kermorvant-Duchemin E,
Sennlaub F, Hardy P, Lachapelle P, Chemtob S.
Retinopathy of prematurity: understanding ischemic
retinal vasculopathies at an extreme of life. J Clin
Invest. 2010; 120:3022-32.
https://doi.org/10.1172/JCl42142 PMID:20811158

Stahl A, Connor KM, Sapieha P, Chen J, Dennison RJ,
Krah NM, Seaward MR, Willett KL, Aderman CM,
Guerin Kl, Hua J, Lofqvist C, Hellstrom A, Smith LE. The
mouse retina as an angiogenesis model. Invest
Ophthalmol Vis Sci. 2010; 51:2813-26.

https://doi.org/10.1167/iovs.10-5176 PMID:20484600

Stahl A, Connor KM, Sapieha P, Willett KL, Krah NM,
Dennison RJ, Chen J, Guerin KI, Smith LE. Computer-
aided quantification of retinal neovascularization.
Angiogenesis. 2009; 12:297-301.
https://doi.org/10.1007/s10456-009-9155-3
PMID:19757106

Binet F, Mawambo G, Sitaras N, Tetreault N, Lapalme
E, Favret S, Cerani A, Leboeuf D, Tremblay S, Rezende
F, Juan AM, Stahl A, Joyal JS, et al. Neuronal ER stress
impedes myeloid-cell-induced vascular regeneration
through IREla degradation of netrin-1. Cell Metab.
2013; 17:353-71.
https://doi.org/10.1016/j.cmet.2013.02.003
PMID:23473031

Shao Z, Friedlander M, Hurst CG, Cui Z, Pei DT, Evans
LP, Juan AM, Tahiri H, Duhamel F, Chen J, Sapieha P,
Chemtob S, Joyal JS, Smith LE. Choroid sprouting assay:
an ex vivo model of microvascular angiogenesis. PLoS
One. 2013; 8:69552.
https://doi.org/10.1371/journal.pone.0069552
PMID:23922736

www.aging-us.com

AGING



SUPPLEMENTARY MATERIALS

Supplementary Figure

A

-
[&)]
|

Day 3

-
o
1

Target mRNA fold change
relative to control group
o
(6]
1

2
o
I

Ctl VEGFA  HIF1a

B C sh VEGFA: 5’GAGCGGAGAAAGCATTTGTTTCTCGAGAAACAAATGCTTTCTCCGCTC T3
miR-106b : 5'TAAAGTGCTGACAGTGCAGATCTCGAGATCTGCACTGTCAGCACTTTA 3

o

Lentivirus production
in HEK cells

24 Construct ‘%
=

pLKO.1 puro @

©w
1

relative to control
- ~n

)
)

miR-106b expression change

pLKO.1miR106b expression
72h after HEK transfection

LV.shGFP LV.miR-106b

shGFP miR-106b

O

o
i

o
o
1

VEGFa mRNA expression
72h after HRMEC infection

0.0-

LV.shGFP LV.shVEGFA

Supplemental Figure 1. (A) VEGFA and HIF1o. mRNA expression in choroids 3 days after laser burn (VEGFA n=5, HIF1o n=7). (B) LV.miR-
106b expression after plasmid transfection in HEK cells (n=4). (C) Schematic of plasmid construction, virus production and LV.miR-106b
expression 72hrs after viral infection of HRMECs. (D) VEGFA mRNA expression in HRMECs 72hrs after LV.shVEGFA infection. Data are
expressed as mean + S.E.M. Unpaired Two-tailed Student’s t-test was used for the analysis of groups of 2, and one-way ANOVA with
Bonferroni post-hoc test was performed on groups of 3 or more, *P <0.05; **P<0.001; ***P<0.0001.
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Supplementary Table

Supplementary Table 1. List of human and mouse primers.

Genes (human) Foward primers Reverse primers

B-ACTIN (ACTB) 5" GTCATTCCAAATATGAGATGCGT &’ 5’ TGTGGACTTGGGAGAGGACT 3’
VEGFA 5" CTCTACCTCCACCATGCCAAG 3’ 5" AGACATCCATGAACTTCACCACTTC 3°
Genes (mouse) Foward primers Reverse primers

B-ACTIN (ACTB) 5> GACGGCCAGGTCATCACTATTG 3° 5" CCACAGGATTCCATACCCAAG 3’
VEGFA 5" GCCCTGAGTCAAGAGGACAG 3’ 5 CTCCTAGGCCCCTCAGAAGT 3’
MCM7 5 ATGGCGCTTAAGGACTACG 3° 5’ATCCAGGTCCACATACAGTG 3’
ATF4 5" CTACTAGGTACCGCCAGAAG 3° 5 GCCTTACGGACCTCTTCTAT 3’
HIFla 5" CGAGAACGAGAAGAAAAAGATGAG 3’ 5 AAGCCATCTAGGGCTTTCAG 3’

RT-qPCR primer sequences to quantify mRNA expression in choroids (mouse) or HRMECs (human).
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ABSTRACT

Excessive light exposure is a principal environmental factor, which can cause damage to photoreceptors and
retinal pigment epithelium (RPE) cells and may accelerate the progression of age-related macular degeneration
(AMD). In this study, oxidative stress, endoplasmic reticulum (ER) stress and autophagy caused by light
exposure were evaluated in vitro and in vivo. Light exposure caused severe photo-oxidative stress and ER stress
in photoreceptors (661W cells) and RPE cells (ARPE-19 cells). Suppressing either oxidative stress or ER stress
was protective against light damage in 661W and ARPE-19 cells and N-acetyl-L-cysteine treatment markedly
inhibited the activation of ER stress caused by light exposure. Moreover, suppressing autophagy with 3-
methyladenine significantly attenuated light-induced cell death. Additionally, inhibiting ER stress either by
knocking down PERK signals or with GSK2606414 treatment remarkably suppressed prolonged autophagy and
protected the cells against light injury. In vivo experiments verified neuroprotection via inhibiting ER stress-
related autophagy in light-damaged retinas of mice. In conclusion, the above results suggest that light-induced
photo-oxidative stress may trigger subsequent activation of ER stress and prolonged autophagy in
photoreceptors and RPE cells. Suppressing ER stress may abrogate over-activated autophagy and protect the
retina against light injury.

INTRODUCTION photochemical damage is regarded as the main culprit
[2]. Excessive photons from visible light exposure are
Age-related macular degeneration (AMD) is a absorbed by opsin in photoreceptor cells or
degenerative retinal disease, which often occurs in the melanosomes in pigment epithelial cells, causing a
elderly and causes irreversible loss of central vision. series of photochemical reactions, which may further
Indeed, excessive and prolonged light exposure may trigger programmed cell death [3]. However, the exact
damage the retina and is an environmental factor that molecular mechanism of light-induced retinal injury
can accelerate AMD [1]. With the rapid development of remains unclear.
technology, many electronic devices with screens, and
ophthalmic equipment with intensive illumination, have Two stereoisomers, 11-cis-retinal and all-trans-retinal,
become widely used. Therefore, an increasing amount exist in the retina and play roles in the visual cycle. A
of attention has been focused on issues of light pollution photon from visible light triggers cis—trans
and retinal light damage. Among the molecular isomerization, converting the bent chromophore into a
mechanisms involved in light-induced retinal damage, straight conformation, causing a separation between the
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two stereoisomers [4, 5]. When oxygen is present and
upon photoexcitation by light, all-transretinal is a potent
photosensitizer that generates reactive oxygen species
(ROS), such as singlet oxygen, superoxide and
hydrogen peroxide [6, 7]. The excessive ROS may lead
to oxidative-stress damage in both photoreceptors and
RPE cells following disk phagocytosis [3, 8]. There is
growing evidence that photo-oxidative reactions might
be an important step in triggering the death cascade in
light-damaged retinal neurons [2, 9-12].

The endoplasmic reticulum (ER) is an important
organclle that mediates protein synthesis, processing
and transport and participates in maintaining
homeostasis of the intracellular environment [13, 14]. In
the process of protein folding, resident protein disulfide
isomerases (PDI), endoplasmic reticulum
oxidoreduction 1 (EROI1) and glutathione (GSH)
cooperate as a chaperone-like assisted mechanism to
prevent and correct aberrant disulfide bonds [15].
Previous studies have shown that excessive intracellular
ROS may lead to depletion of the GSH pool and
compromise the function of PDI, which disrupts the
folding process of proteins in the ER and produces a
massive amount of misfolded proteins [16, 17].
However, the excessive accumulation of misfolded
proteins in the ER may trigger an unfolded-protein
response (UPR), which may enhance protein folding
ability, as well as the homeostasis of protein translation
and accelerate protein degradation to recover ER
function [18]. Normally, the UPR is activated by 3
transmembrane ER  stress  sensors:  activating
transcription factor 6 (ATF6), inositol-requiring enzyme
1 (IRE1) and protein kinase RNA-like ER kinase
(PERK). When ER stress happens, ATF6 is transported
to the Golgi in the form of vesicles and is then cleaved
by protease [sites 1 and 2 protease (S1P and S2P)] to
produce a transcriptionally active polypeptide [19];
IRE1 is phosphorylated and causes the activation of
endoribonuclease, splicing of the 26-nucleotide (nt)
sequence from the X-box binding protein (XBP1)
messenger ribonucleic acid (mRNA) and production of
functional XBP1(S), which is transferred to the nucleus
and activates transcription of the genes encoding the ER
chaperone [20]; PERK is activated by phosphorylation,
which in turn phosphorylates eukaryotic translation
initiation factor 2 (EIF2) to inhibit protein translation
and reduce protein synthesis [21]. However,
phosphorylated EIF2 may selectively increase
activating transcription factor 4 (ATF4) translation [22],
which causes the activation of transcription factor
C/EBP  homologous protein (CHOP).  Under
physiological conditions, these three transmembrane
proteins bind to the glucose regulatory protein 78kDa
(Grp78; also known as BiP) in the ER lumen. Once
misfolded proteins accumulate in the ER, they titrate

BiP away from these sensors to cause activation of the
downstream signals, which may further accelerate
protein degradation, termed ER-related degradation
(ERAD) [23]. ERAD is mainly composed of the
following mechanisms: ubiquitin proteasome-dependent
ERAD and autophagy lysosome-dependent ERAD [24].

Autophagy is an important and complex metabolic
pathway in eukaryotic cells. It normally consists of four
main phases: nucleation, expansion, maturation, and
degradation/recycling [25]. Autophagy is often
classified as basic autophagy, which exists at a
relatively low level in cells, and induced autophagy,
which is caused by various stresses, such as starvation,
aging and inflammation [26-28]. Autophagy is a major
intracellular degradation system and is responsible for
the degradation of long-lived proteins, organelles and
other cellular contents [29]. Moreover, autophagy is an
important mechanism of ERAD and participates in the
degradation of misfolded proteins and protein
aggregates following ER stress [30]. However,
prolonged autophagy may lead to cell death and is
specifically termed autophagy-dependent cell death
[31]. The role of autophagy in retinal light injury is
controversial. Autophagy might be a double-edged
sword among the molecular mechanisms that lead to
retinal light damage. Midorikawa et al. reported that
moderate autophagy combined with endosomal
degradation pathway activity is neuroprotective and
attenuates light-dependent retinal degeneration [32].
However, Zhang et al. showed that over-activated
autophagy is  detrimental to light damaged
photoreceptors and that suppressing autophagy with 3-
methyladenine (3MA) may protect photoreceptors
against light injury [33]. Therefore, further clarifying
the role of autophagy in retinal light injury is still
necessary and whether autophagy activation is related to
ER stress-related pathways needs further investigation.

Previous studies employing histopathological analysis
of retinal sections have shown that visible light-induced
damage predominantly occurs in the outer layer of the
retina, especially in the layer of photoreceptor cells and
pigment epithelial cells [3, 34]. Therefore, in this study
the light-induced death mechanism was investigated
with in vitro experiments using two kinds of cell lines:
photoreceptor cells (661 W) and pigment epithelial cells
(ARPE-19). The in vivo experiments, specifically
focused on light-induced alternations in the outer layer
of the retina and the RPE layer, in order to determine
the changes in the retina and RPE/choroid mixture. It
was found that visible light exposure caused severe
photo-oxidative-stress damage in photoreceptors and
RPEs following ER stress-related autophagy and that
inhibiting oxidative stress with the antioxidant N-acetyl-
L-cysteine (NAC) suppressed ER stress caused by light
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exposure and protected cells against light damage. In
addition, either directly inhibiting prolonged autophagy
with 3MA or suppressing over-activated autophagy by
inhibiting ER stress (knockdown PERK or treated with
SAL, an ER stress inhibitor) also protected
photoreceptors and RPE cells from light injury. Finally,
the potent role of ER stress-related autophagy was
further verified with in vivo experiments. This study
suggests that visible light exposure may cause
prolonged autophagy in photoreceptors and RPE cells
and that suppressing ER stress-related autophagy may
effectively protect the retina against light injury.
Furthermore, this research deciphered the molecular
mechanisms involved in retinal light injury, which may
lay the experimental foundation for further development
of neuroprotective drugs for light damage-related retinal
degenerative diseases.

RESULTS

Light exposure induces oxidative stress in

photoreceptors and RPE cells

Photo-oxidative-stress damage may be the initial step
triggering neuronal death in the outer layer of the retina,
the imbalance of the cellular redox status induced by
light exposure was first evaluated by exposing 661W
cells and ARPE-19 cells to 1500 Lux light for 1-3 days.
The induced isomer of heme oxygenase, HO-1 is a
protein marker that indicates cellular redox status [35]
and was quantitatively determined via western blot. As
shown in Figure 1, light exposure led to the gradual

activation of HO-1 from 1 to 3 days. The level of HO-1
was significantly elevated, even on the first day of light
exposure, compared with the level in the dark control
group (P<0.05), and reached a peak on the third day.
Reduced glutathione (GSH) and oxidized glutathione
(GSSG) make up an important intracellular defense
system for anti-oxidation, thus GSH and GSSG levels
were determined, and the ratio of GSH/GSSG was
calculated. As shown in Figure 2B, the ratio of
GSH/GSSG was significantly decreased on the third
day after light exposure compared with the GSH/GSSG
ratio in the dark control group (P<0.05), suggesting a
severe imbalanced redox status in the cells caused by
light exposure. In addition, to further verify the role of
oxidative stress in the death pathway, the protective
effect of suppressing oxidative stress on light-damaged
cells was examined using the antioxidant, NAC. As
shown in Figure 2A and 2C, NAC treatment (5 mM for
661W cells and 2.5 mM for ARPE-19 cells)
significantly reduced intracellular ROS generation and
the level of HO-1, but increased the ratio of GSH/GSSG
on the third day of light exposure compared to the
vehicle group (P<0.05). Most importantly, treatment
with NAC (5 mM for 661W cells and 2.5 mM for
ARPE-19 cells) significantly attenuated the percentage
of cell death caused by light damage compared with the
light-damaged vehicle group (P<0.05; Figure 2D).
Taken together, these results suggest that light exposure
leads to severe oxidative-stress injury in photoreceptors
and RPE cells, and may function as an upstream step
triggering the subsequent activation of the death
cascade.
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Figure 1. Light exposure increases the level of HO-1 in photoreceptors and RPEs. 661W cells/ARPE-19 cells were cultured in dark
conditions or exposed to 1500 Lux light for 1-3 days. The level of HO-1 protein in the whole cell lysate was determined with western blotting,
and B-actin was referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented

as the meant SEM. n (per group) =3, **P < 0.01.
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Figure 2. NAC treatment suppresses light-induced oxidative stress. 661W cells/ARPE-19 cells were pretreated with NAC (5 mM for
661W cells and 2.5 mM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days. (A) The intracellular ROS were
stained with DCFH-DA fluorescent probe identified by green fluorescence. Scale bar=50 um. Relative fluorescence intensities were calculated
and compared. (B) The GSH/GSSG ratio was measured with a GSH/GSSG Assay Kit. (C) The HO-1 level was determined with western blotting,
and B-actin was referred as an internal control. (D) 661W cells pretreated with 5 mM NAC/vehicle were cultured under light/dark conditions
for 3 days. ARPE-19 cells pretreated with 2.5 mM NAC/vehicle were cultured under light/dark conditions for 6 days. The cell death
percentage was evaluated with PI/Hoechst staining. Scale bar=100um. The percentage of cell death was calculated as Pl-positive cells/total
cells%. Three independent experiments are conducted two weeks apart. The results are presented as the mean SEM. n (per group) =3, *P <
0.05, **P < 0.01.
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Light exposure induces ER stress in photoreceptors
and RPE cells

Excessive ROS in cells may lead to depletion of the
GSH pool and compromise of the function of PDI,
which disrupts the folding process of proteins in the ER,
causing the accumulation of unfolded or misfolded
proteins and triggering ER stress [16]. Therefore, the
markers in three signal pathways of ER stress were
determined after 661W and ARPE-19 cells were
exposed to 1500 Lux light for 1-3 days. As shown in
Figure 3, light exposure significantly caused activation
of cleaved-ATF6, p-IREla/IREla, p-PERK/PERK, p-
EIF2a/ElF2a, ATF4 and CHOP compared with the dark
control group. The levels of these markers reached a
peak on the third day of light exposure indicating that
light exposure indeed induces ER stress in
photoreceptors and RPE cells. To further assess the role
of ER stress in the light-induced cell death pathway,
salubrinal (SAL), an ER stress inhibitor, was used to
suppress ER stress under light-exposure conditions. As
shown in Figure 4A, treatments with SAL (1 puM, 10
uM, 20 pM, and 50 uM) were protective against light
damage compared with the vehicle group, as determined
using the PI/Hoechst staining assay. The optimum SAL
concentration, which provided the best protection
against light damage and led to the lowest cell death
rate was around 20 uM for 661W cells and 10 uM for
ARPE-19s. Treatment with SAL (20 uM for 661W cells
and 10 pM for ARPE-19s) consistently suppressed the
activation of ER stress, reducing the levels of cleaved-
ATF6, p-IREla/IRE1la, p-PERK/PERK, p-EIF2a/EIF2a,
ATF4 and CHOP after 3 days of light exposure
compared with the light vehicle group (Figure 4B).
However, treatment with SAL under dark conditions
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caused a slight increase in p-EIF2a (P<0.05, vs dark
vehicle group), suggesting that SAL is pharma-
cologically functional since SAL treatment may prevent
EIF2a dephosphorylation by inhibiting the protein
complex GADD234/protein phosphatase 1 (PP1) [36].
The correlation between oxidative stress and ER stress
under the light-exposed condition was then examined.
As shown in Figure 5, treatment with the antioxidant
NAC (5 mM for 661W cells and 2.5 mM for ARPE-
19s) significantly suppressed ER stress, markedly
reducing the levels of cleaved-ATF6, p-IREl1a/IREla,
p-PERK/PERK, p-EIF2a/EIF2a, ATF4 and CHOP on
the third day of light exposure compared with the
vehicle group, which suggests that light induced-
oxidative stress might be the upstream step, prior to ER
stress, in the death cascade.

Autophagy is over-activated in cells under light
conditions

Prolonged ER stress may trigger autophagy-lysosome-
dependent ERAD to remove accumulated abnormal
proteins and protein aggregates thus, light-induced
autophagy in photoreceptors and RPEs was further
investigated. BECNI1 is a widely used marker for
assessing autophagy because it participates in the initial
stage of autophagosome formation [37]. The
transformation from LC3BI to LC3BII is another
important process employed in the study of autophagy
activation [38]. Klionsky et al suggested LC3BII /B-
actin as an indicator for detecting autophagy [39]. As
shown in Figure 6A, after 661W and ARPE-19 cells
were exposed to light for 1-3 days, the levels of
BECN1 and LC3BII in the light-damaged group
significantly increased in a dose-dependent manner
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Figure 3. Light exposure induces ER stress in photoreceptors and RPEs. 661W cells and ARPE-19 cells were cultured in a dark
condition or exposed to 1500 Lux light for 1-3 days after which the levels of ER stress markers were determined by western blotting. B-actin
was referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented as the

meant SEM. n (per group) =3, **P < 0.01.
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compared with the dark control group (P<0.05). In
addition, the autophagic flux caused by light exposure
was monitored. Hydroxychloroquine (HCO) may
compromise the acidity of lysosomes. This interrupts
autophagic  clearance, which may cause the
accumulation of LC3BII if the autophagic flux is
blocked [38]. As shown in Figure 6B, treatment with 20
pM HCO remarkably caused the accumulation of
LC3BII in 661W cells and ARPE-19s under the light-
exposure condition compared with the light vehicle
group (P<0.05), indicating that light exposure induces a
complete autophagic process, which may be blocked by
HCO treatment. In addition, p62, another marker
protein of autophagy, whose expression level was
negatively correlated with autophagy flux, was detected
[40—42]. As shown in Figure 6B, the level of p62 in the
light damaged group was significantly lower than in the

dark control group, and HCO treatment was able to
attenuate the decrease of p62 under the light exposure
condition, indicating that light exposure induced
autophagy and increased autophagy flux. Next, the role
of autophagy in the light-induced death cascade was
investigated. As shown in Figure 6C, treatment with 3-
methyladenine (3MA; 2.5 mM for 661W cells, 1| mM
for ARPE-19 cells) significantly reduced the levels of
BECNI1 and LC3BII in the cells exposed to light for 3
days compared with the light vehicle group and
remarkably reduced the cell death rate assessed by
PI/Hoechst staining under the light-exposed condition, as
shown in Figure 6D. However, the levels of BECN1 and
LC3BII in the 3MA-treated light-exposed group were still
slightly higher than those in the vehicle dark group,
suggesting that 3MA treatment simply suppresses over-
activated autophagy caused by light exposure.
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Figure 4. SAL treatment suppresses light-induced ER stress and protects photoreceptors and RPEs. (A) 661W cells/RPE cells were
treated with SAL (1 uM, 10 pM, 20 pM and 50 uM) and cultured under 1500 Lux light or dark conditions for the indicated times. The
percentage of cell death was evaluated with PI/Hoechst staining. Scale bar=100 um. (B) The cells were treated with SAL (20 uM for 661W
cells; 10 uM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days, after which the levels of ER stress markers in the
whole cell lysate were determined with western blotting, and B-actin was referenced as an internal control. Three independent experiments
are conducted two weeks apart. The results are presented as the meant SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.
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Figure 5. NAC treatment suppresses light-induced ER stress in photoreceptors and RPEs. The cells were treated with NAC (5 mM
for 661W cells; 2.5 mM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days, the levels of ER stress markers were
determined with western blotting, and B-actin was referenced as an internal control. Three independent experiments are conducted two
weeks apart. The results are presented as the mean+t SEM. n (per group) =3, **P < 0.01.
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Figure 6. Inhibiting light-induced prolonged autophagy is protective. (A) 661W cells/ARPE-19 cells were cultured in a dark condition
or exposed to 1500 Lux light for 1-3 days. The levels of BECN1 and LC3BII in the whole cell lysate was determined with western blotting, and
B-actin was referenced as an internal control. (B) After 661W cells and ARPE-19 cells were treated with HCO (20 uM) or vehicle and cultured
under light/dark conditions for 3 days, the level of LC3BII and P62 in the whole cell lysate were determined with western blotting, and B-actin
was referenced as an internal control. (C) The cells were treated with 3MA (2.5 mM for 661W cells; 1 mM for ARPE-19) or vehicle and
cultured under light/dark conditions for 3 days. The level of BECN1 and LC3BII in the whole cell lysate were determined with western blotting,
and f-actin was referenced as an internal control. (D) 661W cells pretreated with 2.5 mM 3MA/vehicle were cultured under light/dark
conditions for 3 days. ARPE-19 cells pretreated with 1 mM 3MA/vehicle were cultured under light/dark conditions for 6 days. The percentage
of cell death was evaluated with PI/Hoechst staining. Scale bar=100 um. Three independent experiments are conducted two weeks apart.
The results are presented as the mean+ SEM. n (per group) =3, *P <0.05, **P < 0.01.
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Inhibiting ER stress suppresses autophagy and
protects cells under light conditions

To further verify whether light exposure induces ER
stress-related autophagy, ER stress was further
suppressed with SAL and the influence of ER stress on
autophagy activation was examined. As shown in
Figure 7, treatment with SAL significantly reduced the
levels of BECN1 and LC3BII compared with the
vehicle light damaged group (P<0.05), indicating that
suppressing ER stress may block the light-induced
activation of autophagy. Previous studies have shown
that the PERK signal may participate in activation of
ER-related autophagy. Therefore, in the current study,
PERK activity was suppressed using one of the
following two methods: knocking down PERK
expression with lentivirus-mediated shRNA in 661W
cells or treatment with GSK2606414 (GSK), a specific
inhibitor of PERK in ARPE-19 cells. As shown in
Figure 8A, the expression of PERK in 661W cells was
significantly knocked down by the specific ShRNA (sh-
PERK) compared with the negative control (NC) group
(P<0.05). In addition, activation of the downstream
factors of the PERK pathway (p-PERK/PERK, p-
EIF2a/EIF2a, ATF4 and CHOP) was also markedly
suppressed under the light-exposed condition. Similarly,
treatment with GSK also significantly suppressed

activation of the PERK signal in RPE cells under the
light-exposed condition, as shown in Figure 8B, causing
obvious reductions in the levels of p-PERK/PERK, p-
EIF2a/EIF2a, ATF4 and CHOP compared with the
vehicle light damaged group. Next, the influence of
PERK inhibition on the activation of autophagy was
assessed. Figure 8B shows that both PERK knockdown
and GSK treatment caused significant reduction in the
levels of BECN1 and LC3BII in light-exposed cells
compared with the light vehicle group (P<0.05).
Furthermore, the influence of PERK inhibition on light-
induced autophagy flux was evaluated by tracking
mCherry-GFP-LC3B double labeled autophagosomes
expressed by adenoviruses. The green fluorescence of
GFP-labeled LC3B is quenched due to the acidic
environment after autophagosomes integrate with
lysosomes.  Therefore, the autolysosomes with
mCherry-GFP double labeled-LC3B simply turn red
(the color of cherries). However, when autophagy is
blocked, the number of autolysosomes is reduced and
some autophagosomes with mCherry-GFP double
labeled-LC3B show the overlaid yellow color. As
shown in Figure 9A, the number of autolysosomes was
greatly reduced in the cells with PERK inhibition. Some
autophagosomes show the overlaid yellow color, yet a
large number of autolysosomes in the control cells show
the red color, indicating that either PERK knockdown
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Figure 7. Inhibiting ER stress suppresses light-related autophagy. 661W cells/ARPE-19 cells were treated with SAL (20 uM for 661W
cells; 10 uM for ARPE-19 cells) or vehicle and cultured under light/dark conditions for 3 days. The level of BECN1 and LC3BII in the whole cell
lysate were determined with western blotting, and B-actin was referenced as an internal control. Three independent experiments are
conducted two weeks apart. The results are presented as the meant SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.
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or GSK treatment may block autophagy. Importantly,
PERK knockdown and GSK treatment significantly
reduced the death rate in 661W and ARPE-19 cells in the
light-exposed condition as evaluated with PI/Hoechst
staining, as shown in Figure 9B. Taken together, these
results suggest that inhibiting ER stress via PERK signal
may suppress light-induced prolonged autophagy, and that

Suppressing ER stress inhibits prolonged autophagy
and protects the retina against light injury

Next, ER stress-related autophagy was verified in light-
injured retinas of mice. As shown in Figure 10A,
intensive light exposure for 12 h caused a significant
increase in the levels of ER stress markers, including

inhibiting ER  stress-related  autophagy  protects
photoreceptors and RPE cells against light damage.

cleaved-ATF6, p-IREla/IREla, p-PERK/PERK, p-
EIF2a/ElF2a, ATF4 and CHOP, and elevated the levels

Bestwits - - + +

661WNC = ARPE-19 Lt3 - + +
: NG =~ & ok = Vehicle + o+ s
sh-PERK = = +: sh-PERK = - - + GSK 5 » %
K 5
140kDa p.| '
peRK prevk [EE SRS |1508  mymm = peo [ ] 2508 s m o
> B p-EIF2a/EIF2a
pacn | Q| 00 ren | S BB | oo | perc | A | 4000 |

0.20- .
0.15 CHOP E19k03 . CHOP E1gkoa =m cHop  Em LC3BI
0.10- EE
000 LC3BI - |1ekpa 33 LC3BI 16kDa
NC + 23
sh-PERK . LC3BII 9- 14kDa 3~ LC3BII 14kDa

L= 4% 44 a4
Vehicle + + - + + - 4 +-
GSK- - +

B-actin -va. 43kDa B-actin E} 43kDa

Figure 8. Inhibiting PERK suppresses light-related autophagy. (A) 661W cells were infected with lentivirus-expressed PERK shRNA (sh-
PERK) or negative control shRNA (NC). The level of PERK in the whole cell lysate was determined with western blotting, and B-actin was
referenced as an internal control. (B) 661W cells with stable PERK knockdown/ARPE-19 cells treated with GSK (5 uM) or vehicle were cultured
under light/dark conditions for 3 days. The target proteins in the whole cell lysate were determined with western blotting, and B-actin was
referenced as an internal control. Three independent experiments are conducted two weeks apart. The results are presented as the mean=+
SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01.
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Figure 9. Inhibiting PERK blocks autophagic flow and protects the light-damaged cells. (A) 661W cells with stable PERK knockdown
and ARPE-19 cells were infected with mCherry-GFP double labeled-LC3B mediated by adenovirus. At 48 h after infection, the ARPE-19 cells
were treated with GSK (5 uM) or vehicle. The cells were cultured under 1500 Lux light condition for 3 days and photographed under
fluorescence microscopy. Scale bar=20 pm. (B) 661W cells with PERK knockdown were cultured under light/dark conditions for 3 days, but
ARPE-19 cells treated with GSK (5 M) or vehicle were cultured under light/dark conditions for 6 days. The percentage of cell death was
evaluated with Pl/Hoechst staining. Scale bar=100 um. Three independent experiments are conducted two weeks apart. The results are
presented as the mean+ SEM. n (per group) =3, NS: no significance, **P < 0.01.
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of autophagy markers BECN1 and LC3BII in both the
retina and RPE/choroid samples compared to the
control samples as determined with western blot.
However, intraperitoneal injection of SAL significantly
suppressed the light-induced activation of ER stress and
autophagy, resulting in reduced levels of cleaved-ATF6,
p-IRE1a/IREla, p-PERK/PERK, p-EIF2a/EIF2a, ATF4,
CHOP, BECNI1 and LC3BII compared with the light-
damaged vehicle group (P<0.05; Figure 10A). In
addition, light-induced retinal injury was quantitatively
evaluated by measuring the level of rhodopsin, a marker
of photoreceptors, and RPE65, a marker of RPE cells.
Figure 10A shows that intensive light exposure resulted
in marked damage to photoreceptors and RPEs,
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significantly reducing the levels of rhodopsin and
RPE65, while SAL injection markedly attenuated the
decreased levels of these two markers compared with
the light-damaged vehicle group ((P<0.05). Moreover,
histological analysis showed that light exposure caused
obvious structural disorders in the ONL of the retina
and significantly reduced the thickness of the ONL,
while SAL injection attenuated the light-induced
decrease of ONL thickness and maintained the normal
structure of the retina (Figure 10B). These results
suggest that excessive light exposure may cause ER
stress and prolonged autophagy in the retina; however,
suppressing ER stress may inhibit over-activated
autophagy and protect the retina against light injury.
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Figure 10. Suppressing ER stress inhibits prolonged autophagy and protects the retina against light injury. The mice were
intraperitoneally injected with a dose of 1 mg/kg once a day for 7 days. On the third day of administration, the mice were exposed to
continuous 7000 Lux visible light for 12 h. After light exposure, the mice were fed in the animal room with the normal light/dark cycle. On the
fifth day of light exposure, the mice were sacrificed, and the eyeballs were enucleated. (A) The retinas were collected, and target proteins were
determined with western blotting. -actin was referenced as an internal control. Three independent experiments are conducted three weeks
apart. The results are presented as the mean= SEM. n (per group) =3, NS: no significance, *P < 0.05, **P < 0.01. (B) The retinas were sectioned
and stained with H&E and photographed under a microscope. Scale bar=100 pum; 20 um. The thickness of the outer nuclear layer (ONL) was
measured and quantitatively analyzed. The results are presented as the mean+ SEM, n (per group) =6, NS: no significance, **P < 0.01.
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DISCUSSION

The death of photoreceptors/RPEs is the principal event
in the pathogenesis of AMD, and it is known that the
excessive exposure to natural or unnatural light may
accelerate this death or the death process [8]. Schick
reported that sunlight exposure during working life is an
important risk factor for AMD [43] and Sui reported
that individuals with more sunlight exposure are at a
significantly  increased risk of AMD [11].
Photoreceptors and RPE cells are rich in
photosensitizers [3, 44]. The excessive electromagnetic
energy of photons is absorbed by these photosensitizers,
which may break the bonds of other molecules via
direct electron exchange or hydrogen exchange and
generate excessive free radicals [2, 3]. In this study,
oxidative-stress damage caused by visible light
exposure in photoreceptors (661W cells) and RPE cells
(ARPE-19 cells) was verified by the increased HO-1
and the decreased GSH/GSSG ratio. These results
suggest that light exposure led to a severe redox
imbalance in the cells and that suppressing oxidative
stress with the antioxidant NAC protects photoreceptors
and RPE cells against light damage. Light-induced
oxidative damage might be an important step in the
pathogenesis of light-related retinal diseases, especially
in AMD, in which increased reactive oxygen species
(ROS) production, and mitochondria dysfunction are
observed together with increased abnormal protein
aggregation and inflammation in the photoreceptor/RPE
layer, leading to oxidative stress-induced damage to the
retinal pigment epithelium which is considered to be a
key factor in the pathogenesis of AMD [45].

When the cells are undergoing oxidative stress, the
chaperones available for protein folding are inactivated,
and the disulfide bond reduction needed for ER-
associated degradation is impeded. Together, these may
lead to accumulation of unfolded or misfolded proteins
and trigger UPR [46]. In the current study, it was
demonstrated that continuous light exposure markedly
induced the activation of UPR both in vitro and in vivo.
The levels of key factors in the UPR signal pathway,
including cleaved-ATF6, p-IREla/IREla, p-PERK/
PERK, p-ElF2a/EIF2a, ATF4 and CHOP, were
significantly increased in both photoreceptors/RPE and
the retina after visible light exposure. In addition,
treatment with the ER stress inhibitor SAL significantly
suppressed the elevated levels of ER stress markers and
attenuated light-induced cell death and injury in the
retina. To verify the relationship between the oxidative
stress and ER stress, the influence of the antioxidant,
NAC on UPR signals was further investigated. The
results showed that treatment with NAC may
significantly suppress the light-induced activation of ER
stress, indicating that photo-oxidation might be the

upstream step prior to the activation of UPR in the light-
induced death cascade in photoreceptors/RPEs.

Moderate UPR is beneficial for sustaining cellular
homeostasis by reducing the synthesis of unfolded or
misfolded proteins. However, prolonged UPR may
trigger the downstream death signal, leading cells to a
programmed death [18]. Previous studies have reported
that autophagy is involved in the pathogenesis of light-
related retina degeneration diseases, such as AMD.
Therefore, the light-induced cell death pattern and the
role of autophagy in the light-induced death cascade
was examined and activation of autophagy was detected
in both light-injured in vitro and in vivo models. The
levels of typically autophagic markers, BECN1 and
LC3BII were significantly increased after light
exposure. Furthermore, the results of the LC3B turnover
assay and p62 degradation assay suggest that the light-

induced autophagic flux, which encompasses
autophagosome formation and the late phase of
autolysosome formation, in photoreceptors/RPEs

increased. More importantly, it was also verified that
blocking autophagy with specific inhibitor 3MA was
neuroprotective against light damage in
photoreceptors/RPEs. This evidence strongly suggests
that autophagy is over-activated in light-damaged cells.
Previous studies have shown that AMD is a
multifactorial disease of the retina featured by
degeneration and loss of photoreceptors and RPE cells
and that autophagy is involved in its pathology.
Although some studies suggest that the decline of
autophagy with age contributes to the age-related
disease [39], there is currently no consensus on whether
autophagic activity increases or decreases with age and
AMD. Kozhevnikova et al. reported that the basal level
of autophagy is elevated during the early stage of
retinopathy and declines at progressive stages [47]. The
autophagy process is increased in two mouse models of
AMD and in early-onset human AMD samples but
declines in late AMD [48]. Results of the current study
suggest that  prolonged autophagy  damages
photoreceptors and RPEs in light exposure conditions,
and that suppressing overactivated autophagy is
neuroprotective against light injury; this may be a
potential therapeutic strategy for early AMD.

The excessive accumulation of misfolded proteins and
protein aggregates in cells may trigger ER stress, yet
autophagy is an important mechanism for degrading
abnormal proteins. Recent studies have shown that both
ER stress and autophagy are involved in the
pathogenesis of retinal degenerative diseases [49].
Therefore, the relationship between ER stress and
autophagy in light-damaged photoreceptors/RPEs was
further investigated. The results showed that either
pharmacologically inhibiting PERK with GSK
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treatment (a specific inhibitor) or genetically knocking
down PERK with lentivirus expressed shRNA
significantly suppressed light-induced autophagy,
reducing the level of BECN1 and LC3BII, indicating
that light-induced ER stress may be closely related to
autophagy and that the PERK signal may be a major
pathway activating ER stress-related autophagy. ER
stress-related autophagy was further verified with in
vivo experiments. Intraperitoneal injection of SAL (an
ER stress inhibitor) markedly suppressed the activation
of light-induced autophagy and attenuated light-induced
ONL thickening in mice retinas. Wafa et al. reported
that ATF4, the downstream factor of PERK, may
function as a transcription factor directly or in
cooperation with CHOP increasing the expression of
various autophagy-related genes, including LC3B,
ATGS, Atg7, and Beclinl, in mouse embryonic
fibroblasts under amino acid-starved conditions [50].
Thus, further experiments are needed to verify the more
detailed signal links involved in ER stress-related
autophagy in the light-induced death cascade.

In conclusion, the current study demonstrated that ER
stress and autophagy are both involved in light-induced
death of photoreceptors and RPE cells. As an upstream
step, photo-oxidation may cause an imbalance in the
cellular redox status and interrupt the folding process of
proteins, further triggering ER stress in photoreceptors
and RPEs. Suppressing ER stress via PERK signals may
inhibit prolonged autophagy and protect photoreceptors
/RPEs against light damage. Inhibiting ER stress-related
autophagy is neuroprotective for retinal against light
injury, which may be a potential treatment strategy for
AMD.

MATERIALS AND METHODS
Ethics approval

All animal experiments were performed according to
the Association of Research in Vision and
Ophthalmology (ARVO) statement regarding the use of
animals in ophthalmology and vision research. The
animal experiments were performed according to the
protocols approved by the Institutional Animal Care and
Use Committee and the Ethics Committee of the Second
Hospital of Jilin University, Changchun, China
(approval number: 2018038).

Reagents and materials

Cell culture media and additives were obtained from the
HyClone Company (Beijing, China). N-acetyl-L-cysteine
(>99%), Salubrinal, Hoechst/PI and a Reactive Oxygen
Species Assay Kit were purchased from Beyotime
Biotechnology (Shanghai, China). The 3-methyladenine

was purchased from Sigma-Aldrich (Shanghai, China).
Hydroxychloroquine was purchased from Tokyo
Chemical Industry (Shanghai, China). GSK2606414
(>99.38) was purchased from Med Chen Express (New
Zealand, USA). PERK (Cat. No. 3192), IREla (Cat. No.
3294) and p62(Cat. No. 5114) antibodies were purchased
from Cell Signaling Technology (Shanghai, China).
EIF2a (Cat. No.sc-133132) antibodies were acquired
from Santa Cruz Biotechnology (Beijing, China).
Rhodopsin (Cat. No. OMI186133) antibodies were
purchased from OmnimAbs (Shanghai, China). LC3B
(Cat. No. ab192890) antibodies were purchased from
Abcam (Cambridge, MA, USA). BECN1 (Cat. No.
11306-1-AP) antibodies were purchased from Proteintech
(Wuhan, China). P-IREla (Cat. No. 13013), p-PERK
(Cat. No. 12814), ATF6 (Cat. No. 24382), p-EIF2a (Cat.
No. 11279), ATF4 (Cat. No. 32007), CHOP (Cat. No.
40744), RPE65(Cat. No. 49495), B-actin (Cat. No.
21800) and secondary antibodies were obtained from
Signalway Technology (St. Louis, MO, USA).

Cell culture

The 661W cell line was a gift from Dr. Muayyad Al-
Ubaidi (University of Oklahoma Health Sciences Center,
USA). The 661W cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. ARPE-19 cells
were purchased from the American Type Culture
Collection (ATCC, USA) and maintained in Dulbecco’s
modified Eagle’s medium/nutrient mixture F-12
(DMEM/F-12) supplemented with 10% FBS, 100 U/ml
penicillin and 100 mg/ml streptomycin. The 661W cells
were passaged by 0.05% trypsin—EDTA every 2—3 days.
ARPE-19 was passaged by trypsin with 0.05% EDTA
every 3—4 days. The cells were cultured in a humidified
atmosphere of 95% air and 5% CO? at 37°C. Cell culture
medium and additives were purchased from the HyClone
Company (Beijing, China)

Visual light exposure

A standard 8-W fluorescent strip light was fixed in the
incubator and covered with a filter to ensure that the
cells were exposed to visible light (400-800 nm), and
the distance between the light source and plates was 20
cm to ensure that all cells received the same intensity of
light (1500 Lux, measured with a digital light meter,
TES-1332A, Taipei, China). The light exposure
experiment was performed as previously described [33].
Briefly, the cells were precultured in 96 or 6 well plates
for 24 h, and light exposure was started until the cell
confluence reached 75%. For the dark control group, a
paper box was placed in the same incubator to create a
dark chamber. The cell culture medium was replaced
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every two days, and the temperature of the culture
medium under dark or light conditions was maintained,
no substantial difference in temperature was found
between the two groups.

PERK knockdown with lentiviral-mediated short
hairpin RNA (shRNA)

The lentivirus expressed short hairpin RNA (shRNA)
targeting the PERK gene was constructed by
GeneCopoeia (Shanghai, China), and the lentivirus-
mediated scrambled shRNA was produced as a negative
control. The interfering sequence specifically targeting the
PERK gene was as follows: forward sequence 5'-
CAGGTCCTTGGTAATCATTTCAAGAGAATGATTA
CCAAGGACCTG-3'. The lentivirus particle was
produced according to a previous protocol [51]. Briefly, a
third-generation lentiviral package system was used to
package lentivirus particles. Three auxiliary plasmids
(pPRRE, pRSV-Rev and pCMV-VSVG) and the core
plasmid were mixed with lipo6000 transfection reagent
(Beyotime Biotechnology, Shanghai, China) in proportion
and then transfected into human embryonic kidney 293T
(HEK293T) cells. After 72 h, virus particles were
collected, and the virus particles were concentrated. The
661W cells were infected with the concentrated virus
particles. To avoid toxicity, the virus medium was
replaced with fresh complete DMEM medium 24 h after
infection. To obtain cells with stable PERK knockdown,
the cells were treated with puromycin (Beyotime,
Biotechnology, Shanghai, China) at an initial
concentration of 8 png/mL three days after the infection,
and the puromycin containing medium was replaced with
fresh complete medium 48 h afier the screening program.
After repeating the screening program three times, cell
clones with stable PERK knockdown were obtained.

Autophagic flux measurement

The cells were infected with adenovirus-mediated
mCherry-GFP-LC3B (Beyotime Biotechnology,
Shanghai, China) to monitor autophagic flux, according
to the commercial instructions. Briefly, the cells were
precultured in a 96-well plate for 24 h, and then the
medium was replaced with virus-fresh medium mixture
(2 pnl/100 pl). After culturing for 24 h, the virus medium
was replaced with complete fresh medium, and the cells
were further cultured for 24 h. After infection, the cells
were exposed to the light condition, and then they were
observed and photographed under an inverted
fluorescence microscope (Olympus, Japan).

Propidium iodide (PI)/Hoechst staining

The cells were stained with Hoechst 33258 dye (2
pg/mL, Beyotime Biotechnology, Shanghai, China) for

30 min in the dark at 37°C, after which the cells were
stained with PI (Beyotime Biotechnology, Shanghai,
China) at a final concentration of 5 ug/mL for 10 min in
the dark at 4°C. The images were photographed under
an inverted microscope (Olympus, Japan), and the
images were quantitatively analyzed with Image J
software (v1.51, NIH, USA). The cell death rate = PI-
positive cells/total cells%.

Intracellular ROS measurement

The intracellular ROS level was determined with a
dichloro-dihydro-fluorescein  diacetate (DCFH-DA,
Beyotime Biotechnology, Shanghai, China) staining
assay. Briefly, the cells were precultured in 96-well
plates for 24 h. Next, the cells were washed twice with
fresh medium and then cultured with FBS-free medium
containing 10 uM DCFH-DA for 20 min at 37°C in the
dark. After washing twice with serum-free medium, the
cells were observed and photographed under a
fluorescence microscope (Olympus, Japan).
Fluorescence intensities were quantitatively determined
with Image] software (v1.51, NIH, USA). All of the
images were converted to grayscale images and then
inverted and calibrated while using Imagel, and the
mean fluorescence intensity was obtained by dividing
the gray value of all pixels in the selected area by the
number of pixels [52, 53]. The relative intensity of the
fluorescence was calculated as a percentage of the
fluorescence intensity of the vehicle cells.

Measurement of GSH/GSSG

The intracellular reduced/oxidized glutathione was
quantitatively determined according to the commercial
instructions of the GSH/GSSG Kit (Beyotime,
Shanghai, China). Briefly, after 3 days of light
exposure, the cells were washed twice with PBS and
then harvested with a scraper and centrifuged at 1,000
rpm for 5 min at 4°C. The cell pellet was further
resolved with reagent A (removing the cellular proteins)
and frozen-thawed twice in liquid nitrogen and a 37°C
water bath. The supernatant was collected after the cell
mixture was centrifuged at 10,000 g for 10 min at 4°C
for determining total glutathione and oxidized
glutathione. To measure the total glutathione, solution B
(containing GSH reductase, 5,5'-dithiobis-2-
nitrobenzoic acid) was mixed with the supernatant and
incubated at 25°C for 5 min. Then NADPH was added
to the mixture to obtain a color reaction. Similarly, to
measure GSSG, the cellular GSH was removed with a
GSH scavenging reagent, and then the GSSG was
determined following the above procedure. The
absorbance at 412 nm was measured with a microplate
reader (Tecan, Mannedorf, Switzerland). The
concentrations of total glutathione and GSSG were
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calculated from the standard curve. The ratio of
GSH/GSSG was calculated with the formula,
GSH/GSSG = (Total glutathione-GSSGx*2)/GSSG%

Western blot analysis

Cell, retina and RPE/choroid mixture samples were
sonicated in protein lysate buffer (Beyotime, Shanghai,
China) containing 1% protease inhibitor cocktails
(Beyotime, Shanghai, China). A bicinchoninic acid
assay was used to measure the protein concentration.
An equal amount (20 pg) of cell lysate was dissolved in
the sample buffer, after which samples were boiled for 6
min. After denaturation, electrophoresis was performed
with 10% polyacrylamide gels containing 0.1% SDS,
and then proteins were transferred to nitrocellulose
membranes. The membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline with 0.1%
Tween-20 (TBS-T) for 1 h at room temperature and
rinsed in TBS-T three times. Then the membranes were
subsequently incubated with the specific primary
antibody overnight at 4°C. The membranes were
washed three times with TBS-T and incubated with the
corresponding biotinylated secondary antibodies for 1 h
at room temperature. Signals were subsequently
developed using enhanced chemiluminescence, after
which images were captured using a microscope
equipped with a CCD camera (Tanon, Shanghai).
Finally, the band density of proteins was calculated with
the Image] software (v1.51, NIH, USA).

Animals

Six-week-old male C57BL/6]J mice were purchased
from the Animal Center of Jilin University (Changchun)
and maintained with free intake of food and water, the
indoor temperature was maintained at 21°C-23°C, and a
12 h light/dark cycle was guaranteed.

SAL treatment and light exposure protocol

The mice were divided into four groups: vehicle group
(n=6), SAL-treated group (n=6), light-damaged vehicle
group (n=6), and light-damaged SAL-treated group
(n=6). SAL (dissolved in 1% DMSO saline) was
intraperitoneally injected with a dose of 1 mg/kg once a
day for 7 days. On the third day of administration, the
pupils were dilated with 1% Atropine eye drops, and the
mice were exposed to continuous 7000 Lux visible light
for 12 h. After light exposure, the mice were fed in the
animal room with the normal light/dark cycle. On the
fifth day of light exposure, the mice were sacrificed by
intraperitoneal injection of excessive pentobarbital
sodium, and the eyeballs were enucleated. One eye was
sectioned for further histological analysis, and another
eye’s retina was collected for western blot analysis.

RPE/choroid mixture isolation

The RPE/choroid mixture was separated according to a
previous protocol [54]. Briefly, the cornea and lens from
enucleated eyeballs were carefully removed under a
surgery microscope, and then the retina and the soft tissue
surrounding the sclera were removed. After sonication in
RIPA lysis buffer containing 1% protease inhibitor
cocktails at 4°C, the sclera tissue was separated from the
RPE/choroid by centrifuge at 10,000 rpm. The
supernatant containing RPE/choroid proteins was
collected and stored at -20°C for western blot analysis.

Histological analysis

The enucleated eyeballs were marked at 12 o’clock with
a surgical suture and fixed with 4% paraformaldehyde
solution for 24 h at room temperature. After fixation,
the eyeball was rinsed twice with PBS and dehydrated
with gradient concentrations of alcohol. Next, the
eyeballs were plastically embedded and sectioned, and
the retina was sliced along the sagittal plane. The retina
slice was stained with hematoxylin and eosin (H&E),
and the thickness of the outer nuclear layer at 0.5 mm
apart from the optic nerve head was measured with
Image J software (v1.51, NIH, USA). The
morphological structure of the retina and RPE was
observed and photographed under a microscope.

Statistical analysis

Statistical analysis was performed with SPSS v 23.0
(SPSS, Chicago, Illinois, USA), and each experiment
was repeated at least three times. Data are expressed as
the mean + mean standard error (SEM). Levene's test
was conducted to evaluate the variance between
different groups for comparative statistical analysis.
Based on the homogeneity of variance, the difference
between the two means was evaluated by one-way
ANOVA followed by Tukey test or Dunnett's T3 test. P
<0.05 was considered statistically significant.

Abbreviations

SAL: Salubrinal; 3MA: 3-methyladenine; NAC: N-
acetyl-L-cysteine; HCO: Hydroxychloroquine; ROS:
reactive oxygen species; GSH: glutathione; GSSG:
oxidized glutathione; PDI: resident protein disulfide
isomerases; EROL: endoplasmic reticulum
oxidoreduction 1; UPR: unfolded-protein response; ER:
endoplasmic reticulum; ATF6: activating transcription
factor 6; IRE1: inositol-requiring enzyme 1; XBP1: X-
box binding protein; EIF2: eukaryotic translation
initiation factor 2; ATF4: activating transcription factor
4; CHOP: C/EBP homologous protein; AMD: age-
related macular degeneration; Lt: Light exposure.
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ABSTRACT

The retinal pigment epithelium (RPE) is considered one of the main targets of age-related macular degeneration
(AMD), the leading cause of irreversible vision loss among the ageing population worldwide. Persistent low
grade inflammation and oxidative stress eventually lead to RPE dysfunction and disruption of the outer blood-
retinal barrier (0BRB). Increased levels of circulating pentameric C-reactive protein (pCRP) are associated with
higher risk of AMD. The monomeric form (mCRP) has been detected in drusen, the hallmark deposits associated
with AMD, and we have found that mCRP induces oBRB disruption. However, it is unknown how mCRP is
generated in the subretinal space. Using a Transwell model we found that both pCRP and mCRP can cross
choroidal endothelial cells and reach the RPE in vitro and that mCRP, but not pCRP, is able to cross the RPE
monolayer in ARPE-19 cells. Alternatively, mCRP can originate from the dissociation of pCRP in the surface of
lipopolysaccharide-damaged RPE in both ARPE-19 and primary porcine RPE lines. In addition, we found that the
proinflammatory phenotype of mCRP in the RPE depends on its topological localization. Together, our findings
further support mCRP contribution to AMD progression enhancing oBRB disruption.

INTRODUCTION multiple genetic and environmental factors, age being
the primary risk factor.

Age-related macular degeneration (AMD) is the

primary cause of irreversible vision loss among the The retinal pigment epithelium (RPE) monolayer is
ageing population worldwide. The number of people believed to be among the initial targets of early disease.
with AMD worldwide is expected to reach 196 million AMD presents RPE cell abnormalities, disruption of the
in 2020, increasing to 288 million in 2040 [1]. AMD is outer blood-retinal-barrier (0BRB), and degeneration of
a degenerative and progressive disease involving photoreceptors, which require a normally functioning
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RPE to survive [2, 3]. Prior research has implicated
strong roles for inflammation, oxidative stress, lipid
abnormalities, and RPE dysfunction in AMD
pathobiology, but their precise mechanisms and their
relative contribution are unclear [4]. A multitude of
systemic changes occur with ageing that contribute
to the initiation and development of inflammation.
Indeed, the immune system of elderly individuals is
characterized by a basal systemic inflammatory state [5].

Altered immune responses are thought to contribute to
the dry AMD phenotype. Parainflammation is a low-
grade cytoprotective adaptation to local stress that is
intermediate between immune-mediated homeostasis
and chronic inflammation that maintains cellular and
tissue function. Loss of parainflammation control
contributes to AMD by invoking a chronic, heightened
immune response that causes tissue destruction [6—8].
Histochemical and proteomic analysis of ocular drusen,
the hallmark deposits of AMD, have shown that these
deposits contain inflammatory proteins and complement
components that mediate local inflammation [9, 10].
Furthermore, the strongest genetic risk factor for AMD
known to date is a common polymorphism in the
complement factor H (CFH) gene (c.1277T > C,
p.Tyr402His), a gene essential for the regulation of
complement activation [11, 12].

C-reactive protein (CRP), a prototypical acute-phase
reactant, is an active regulator of the innate immune
system. Among the multiple functions ascribed to CRP
are activation of the classical complement pathway and
inactivation of the alternative pathway [13]. CRP is
considered to be a serum biomarker for chronic
inflammation, heart disease and, more recently, also
AMD [14, 15]. In plasma, CRP typically exists as a
cyclic, disk-shaped pentamer (pentameric CRP, pCRP)
composed of five noncovalently linked subunits of 23
kDa [16]. However, pCRP can undergo dissociation into
its subunits, acquiring distinct biological functions.
Oxidative stress and bioactive lipids from activated or
damaged cells can dissociate pCRP into its 23-kDa
subunits [17—-19] through a mechanism that is dependent
on lysophosphatidylcholine (LPC) exposure after
phospholipase A, activation [20]. This alternative
conformation of CRP, termed monomeric CRP (mCRP),
has different antigenicity-expressing neoepitopes than
pCRP and represents the tissue-based insoluble form of
CRP. Unlike pCRP, mCRP displays a proinflammatory
phenotype in several cell types [21-23].

mCRP has been identified in ocular drusen and other
subepithelial deposits [24, 25], as well as in the choroid,
and we have shown that mCRP, but not pCRP,
contributes to oBRB disruption in vitro [26]. Moreover,
we also showed that the “non-risk” Factor H (FH)

variant can effectively bind to mCRP to dampen mCRP
pro-inflammatory activity [27]. Notably, FH from AMD
patients carrying the risk polymorphism for AMD
shows an impaired binding to mCRP and, therefore, its
proinflammatory effects remain unrestrained [28]. In
line with these findings, data demonstrates that mCRP
is the more abundant form of CRP in human RPE-
choroid [29], and that mCRP levels are elevated in
individuals with the high-risk CFH genotype [29, 30].

If mCRP pro-inflammatory capacity is unrestrained in
AMD and particularly in high risk patients, then we
need to determine how mCRP is generated or
accumulates in the subretinal space as there is no CRP
transcription in the retinal tissue [30, 31]. In addition, it
is also unclear whether mCRP-induced barrier
disruption depends on its topological localization.

RESULTS

Choroidal endothelial cells allow diffusion of CRP
isoforms

We first interrogated whether circulating CRP could
reach the subretinal space using a Transwell model, in
which confluent monolayers of primary porcine
choroidal endothelial cells (CECs) were grown on
porous filters with their apical and basolateral surfaces
exposed to separate chambers (Figure 1A). Addition of
mCRP to the apical chamber that mimics blood vessel
lumen (A to B red arrow in Figure 1A) resulted in CRP
diffusion into the basolateral chamber (tissue side) as
Western blot (Figure 1B) and ELISA (Figure 1C) of the
culture media of the different compartments revealed
the presence of mCRP in both chambers. Similarly,
pCRP was able to reach the abluminal side of the CEC
monolayer, as seen by Western blot (Figure 1D). CRP
isoforms were also able to reach the apical chamber
when added in the abluminal compartment (B to A blue
arrow in Figure 1A), suggesting bidirectional diffusion
of the proteins. Immunofluorescence imaging showed
that mCRP delivered to the apical compartment was
extensively bound to the CEC surface compared to
pCRP and to CRP (either mCRP or pCRP) delivered in
the basolateral chamber (Figure 1E-1G).

Diffusion of CRP across the RPE

Given that CRP isoforms were able to cross the CEC
monolayer in our in vitro model, we next evaluated
whether CRP isoforms could also reach the subretinal
space and cross the RPE, using the Transwell model. In
this scenario the basolateral side of the RPE monolayer
represents the Bruch’s membrane/choriocapillaris side,
whereas the apical side represents the subretinal space
(Figure 2A). Western blot experiments revealed that
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Figure 1. CRP isoforms are able to cross CECs. (A) Experimental setup. CRP (10 pug/ml) was added to either the apical or basolateral
chamber of the Transwell for 48h, mimicking blood vessel lumen and RPE, respectively. The presence of CRP in the opposite chamber where
it was added was determined by Western blot and ELISA, and CRP bound to the cell surface was determined by immunofluorescence. (B)
Western blot of mCRP present in apical (Up) and basolateral (Down) chamber (N=4). (C) ELISA of mCRP (ng/ml) from apical (Up) and
basolateral (Down) supernatants. Values are expressed as mean + SD (N=3). (D) Western-blot of pCRP present in apical (Up) and basolateral
(Down) supernatants (N=5). (E) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP (1C6).
Nuclei stained with DAPI. Scale bar = 50 um (N=6). (F) Quantification of CRP binding measured as stained area divided by the number of cells
per image (um?/cell). Results are expressed as mean area (um?/cell) + SD. Statistical analysis was performed by One-Way ANOVA and Tukey’s
posthoc. **P<0.01 vs. all conditions. (G) Reconstruction of x-z sections with a 0.3 um z axis step of immunofluorescence images. Images
shown are representative of six independent experiments.
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mCRP was able to diffuse across ARPE-19 cell
monolayer, as it was present in the apical chamber when
added in the basolateral chamber (B to A, red arrow in
Figure 2A). Diffusion of mCRP was greater at 48 hours
compared to 24 hours (Figure 2B). We also detected the
presence of mCRP by ELISA 48 hours after treatment
in the opposite chamber where it was added (Figure
2C). By contrast, pCRP did not seem to cross the
ARPE-19 monolayer. Western blot experiments showed
that pCRP was not present in the supernatant of the
opposite chamber where it was added, neither at 24h nor
at 48h after treatment (Figure 2D). Immunofluorescence
imaging showed that mCRP delivered to the apical
compartment was extensively bound to the ARPE-19
cell monolayer compared to pCRP and to CRP (either
mCRP or pCRP) delivered in the basolateral chamber
(Figure 2E-2QG).

We then tested whether mCRP was also able to cross
porcine primary RPE cells. Primary RPE cells represent
a healthier and younger RPE than ARPE-19 cells, as
they show more than 5 times higher TEER values
(Supplementary Figure 1D, 1E). Interestingly, unlike
ARPE-19 cells, primary porcine RPE cells did not allow
mCRP diffusion as mCRP was not detected in the
opposite chamber where it was added, neither in
Western blot (Figure 3A) nor ELISA (Figure 3B). As
expected, pCRP was also unable to cross the RPE
monolayer (Figure 3C). Immunofluorescence imaging
showed similar results to those with ARPE-19; mCRP
delivered to the apical compartment was extensively
bound to the RPE cell monolayer compared to pCRP
and to CRP (either mCRP or pCRP) delivered in the
basolateral chamber (Figure 3D-3F).

Damaged RPE dissociates pCRP into mCRP

Given that pCRP is able to cross the CEC monolayer and
reach the subepithelial space in vitro, we next studied
whether pCRP could dissociate into its monomeric
subunits within the RPE. It has been previously described
that LPS-induced inflammation induces CRP dissociation
in the cremaster muscle [20], and therefore we studied
whether LPS-induced inflammation could also lead to
CRP dissociation in RPE cells. RPE cells were treated
with 100 pg/mL LPS for 24h before adding pCRP. After
24h, RPE cells were treated with pCRP for 48h and the
presence of mCRP on the surface of RPE cells
was measured by immunofluorescence. As observed in
Figure 4, LPS-induced inflammation triggered pCRP
dissociation into mCRP in both ARPE-19 (Figure 4A,
4B) and primary porcine RPE cells (Figure 4C, 4D).
Altogether these results show that mCRP present in
drusen and in the subretinal space may either arrive from
the choroidal circulation or it may originate from local
dissociation of pCRP in damaged RPE.

Topological localization of mCRP determines the
impact on barrier disruption in RPE cells

Next, we evaluated whether mCRP-induced barrier
disruption depended on the topological localization of
mCRP. For this purpose, ARPE-19 cells grown on
inserts for at least 3 weeks were treated with CRP
isoforms (10 pg/mL) either in the apical or basolateral
compartment for 48h. As expected, mCRP delivered in
the apical chamber, significantly decreased TEER
values (Figure 5A). This observation was accompanied
by an increase in paracellular permeability (Figure 5B)
and an increased ZO-1 disorganization (Figure 5C, 5D,
Supplementary Figure 3). Interestingly, abluminal
treatment of mCRP also induced a significant decrease
in TEER values.

We then aimed to replicate the experiments in primary
porcine RPE cells, which are less permeable to mCRP
diffusion. As seen in Figure 6, apical treatment of
mCRP, but not pCRP, induced barrier disruption also in
primary RPE cells as seen by significant decrease in
TEER (Figure 6A), increase in paracellular permeability
(Figure 6B) and increased ZO-1 disorganization (Figure
6C, 6D, Supplementary Figure 4). However, when
mCRP was delivered into the abluminal compartment it
failed to induce barrier disruption, showing that mCRP-
induced barrier disruption depends on its topological
localization.

DISCUSSION

The present study aimed to understand the relative
contribution of mCRP to the pathophysiology of AMD.
Our in vitro work demonstrates that mCRP is capable of
traversing through choroidal vascular endothelium and
across RPE. Although no direct in vivo correlate, the
data suggest that mCRP can reach the subretinal space.
Alternatively, mCRP may derive from the dissociation
of pCRP on the surface of damaged RPE. Moreover, we
found that the proinflammatory phenotype of mCRP in
the RPE depends on its topological localization.
Together the data continues to build the evidence of
mCRP accentuation of AMD pathology and detriment
to RPE health.

CRP is mainly produced in the liver and, although
extrahepatic synthesis has been reported in some tissues,
no evidence of CRP gene transcription has been detected
in the retinal tissue [30, 31]. This indicates that the
systemic circulation is the main source of CRP in the
sub-RPE deposits. Indeed, we observed that both CRP
isoforms, at clinically relevant concentrations, are able to
cross CECs from their apical side -simulating blood
side- and reach the basolateral side of the endothelium -
simulating the subepithelial side- in a Transwell model
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Figure 2. Diffusion of CRP isoforms across ARPE-19 cells. (A) Experimental setup. CRP (10 pg/ml) was added to either the apical or
basolateral chamber of Transwell for 48h, mimicking neural retina and choriocapillaris, respectively. The presence of CRP in the opposite
chamber where it was added was determined by Western blot and ELISA, and CRP bound to the cell surface was determined by
immunofluorescence. (B) Western blot of mCRP present in apical (Up) and basolateral (Down) supernatants after 24 and 48 hours of
treatment (N=4). (C) ELISA of mCRP (ng/ml) from apical (Up) and basolateral (Down) supernatants 48 hours after treatment. Values are
expressed as mean £ SD (N=3). (D) Western blot of pCRP present in apical (Up) and basolateral (Down) supernatants after 24 and 48 hours of
treatment (N=4). (E) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP (1C6). Nuclei
stained with DAPI. Scale bar = 50 um (N=6). (F) Quantification of CRP binding measured as stained area divided by the number of cells per
image (um?/cell). Results are expressed as mean area (um?/cell) + SD. Statistical analysis was performed by One-Way ANOVA and Tukey’s
posthoc. * P<0.05, ** P<0.01 vs. mCRP apical. (G) Reconstruction of x-z sections with a 0.3 um z axis step of immunofluorescence images.
Images shown are representative of six independent experiments.
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Figure 3. Diffusion of CRP isoforms across primary porcine RPE cells. (A) Western blot of mCRP present in apical (Up) and basolateral
ELISA of mCRP (ng/ml) from apical (Up) and basolateral (Down)
supernatants. Values are expressed as mean + SD (N=5). (C) Western blot of pCRP present in apical (Up) and basolateral (Down) supernatants
48 hours after treatment (N=3). (D) Immunofluorescence of CRP (red) stained with monoclonal antibodies against mCRP (3H12) or pCRP
(1C6). Nuclei stained with DAPI. Scale bar = 30 um (N=3). (E) Quantification of CRP binding measured as stained area divided by the number
of cells per image (um?2/cell). Results are expressed as mean area (um2/cell) £ SD. Statistical analysis was performed by One-Way ANOVA and
Tukey’s posthoc. **P<0.01 vs. all conditions. (F) Reconstruction of x-z sections with a 0.3 um z axis step of immunofluorescence images.

(Down) supernatants 48 hours after addition of mCRP (N=4). (B)

Images shown are representative of three independent experiments.
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(Figure 1). The choroidal endothelium is fenestrated,
which allows the movement of macromolecules and
nutrients to nourish the RPE cells [32]. Although mCRP
could extravasate the endothelium and reach the
subepithelial space, we observed by immunofluorescence
that most mCRP was retained in the apical side of the
endothelium. Indeed, mCRP promiscuously interacts
with a variety of immunoglobulins and other proteins
[33]. Thus, we tested whether mCRP in the subepithelial
space could also originate from the dissociation of
pCRP in the RPE. Using the approach of Thiele et al.
[20], we found that LPS-induced inflammation lead to
pCRP dissociation also in RPE cells (Figure 4).
Mechanistically, this process is dependent on exposure
of LPC, a bioactive lipid that is generated after
phospholipase A, activation on activated cell membranes
[20]. Chirco et al. found that mCRP is predominantly
localized in the choriocapillaris and Bruch’s membrane
[29] and a previous work by Johnson and colleagues,
looking at total CRP, showed that CRP was more
abundant in donor eyes with the high-risk CFH
polymorphism compared to age-matched controls,

IV: mCRP

especially in regions containing drusen-like deposits
[30]. A similar study compared differences in total CRP
immunoreactivity in the retina based on AMD status and
found that early and wet AMD eyes had higher levels of
CRP compared to controls and that CRP was primarily
detected into the BM [34]. In their work, Chirco et al.
also showed that mCRP exerts an inflammatory effect on
CEC, as it increases CEC migration and paracellular
permeability and upregulates inflammatory gene
expression including /CAMI, suggesting a role for
mCRP in promoting inflammation in the choroid.

Besides the proinflammatory effect in the choroid, we
have previously demonstrated that clinically relevant
concentrations of mCRP induce barrier disruption and
have a proinflammatory effect in RPE in vitro and
potential for driving angiogenesis [26, 27]. With respect
to angiogenesis and neovessels, in the context of
vascular disease, CRP inhibits VEGF production and
angiogenesis [35, 36]. Conversely, others have shown
CRP upregulates VEGF expression in adipose-derived
stem cells and in monocytes [37, 38]. mCRP has been

lll: LPS + pCRP

A

mCRP area o-mzlcell)

mCRP pCRP LPS +pCRP

o

VI: LPS + pCRP

mCRP area onm?/cell)

mMCRP  pCRP LPS + pCRP

Figure 4. LPS-induced inflammation promotes CRP dissociation in RPE cells. RPE cells were treated with 100 ug/mL LPS for 24h
before adding pCRP. After 24h, RPE cells were treated with pCRP for 48h and the presence of mCRP on the surface of RPE cells was measured
by immunofluorescence. mCRP immunostaining of ARPE-19 (A) and primary porcine RPE (B) cells treated with 10 pg/ml mCRP for 48h (I, IV),
25 pg/ml pCRP for 48h (l1, V), or 100 pg/ml LPS 24h before treatment with 25 pug/ml pCRP for 48h (lil, VI). Arrows point mCRP dissociated
from pCRP on RPE surface. Nuclei stained with DAPI. Scale bar = 50 pum. Images shown are representative of three independent experiments.
(C, D) Quantification of CRP dissociation measured as stained area with the monoclonal antibody 3H12 against mCRP (green) divided by the
number of cells per image (um?/cell). Results are expressed as mean area (um?/cell) + SD (N=3). Statistical analysis was performed by student

t-test. *P<0.05 vs. pCRP.
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localized around newly formed microvessels in carotid
artery plaques and in peri-infarct regions after an acute
ischemic stroke [39, 40], promoting angiogenesis and
inducing inflammation [41]. One notion is understanding
of mCRP role is context dependent and in vivo studies
are required to determine the contribution of mCRP to
neovessel formation in the context of AMD, either via
VEGF dependent or -independent mechanisms. On the
other hand, Lauer et al. showed that mCRP binds
necrotic RPE cells and that complement regulation at
necrotic cell lesions is impaired by the FH His402 risk
variant [17]. In these studies, RPE cells were stimulated
with mCRP from the apical side. However, given the
polarized nature of RPE cells it could be possible that
the proinflammatory effect of mCRP on RPE cells
depends on its topological localization. Our results
showed a polarized stimulation of mCRP on barrier
disruption in RPE cells, in both ARPE-19 and primary
porcine RPE cells. The addition of mCRP to the apical
side of RPE cells resulted in a significantly greater
barrier  disruption -decreased TEER, increased
permeability and disrupted membrane ZO-1- than the
addition of mCRP to the basolateral side. This effect was
more pronounced in primary RPE cells, where mCRP
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had no effect on barrier disruption when added from the
basolateral side, than in ARPE-19 cells. Indeed, we
observed by immunofluorescence a preferential binding
of mCRP to the apical side (Figures 2, 3). The polarized
proinflammatory effect of mCRP has been already
observed in endothelial cells using a similar approach
[42]. These observations could be due to a polarized
distribution of the surface sensors for mCRP in the cell
surface.

The receptors that mediate mCRP activities have not
been fully characterized. In human neutrophils, mCRP
binds FcyRIII (CD16) [21]. However, functional
blockade of CD16 showed only a slight attenuation of
mCRP-induced activation in RPE and endothelial cells
(ECs) [27, 43]. Instead, in ECs, lipid raft microdomains
seem to be the major sensors for mCRP [44]. Therefore,
it could be speculated that mCRP interacts with RPE
cells through lipid raft microdomains. Nevertheless,
unlike many other surface receptors in epithelial tissues,
caveolae seem to have a bipolar distribution in RPE
cells [45]. The increased immunoreactivity of mCRP
when added to the apical side could be also attributed to
the presence of the Transwell filter in the basolateral

mCRP basal

mCRP apical

PCRP basal pCRP apical

0.
t*o,

Figure 5. mCRP induces barrier disruption in ARPE-19 cells in a polarized manner. ARPE-19 cells were treated with CRP isoforms for
48h either from the apical side or the basolateral chamber and TEER (A) and paracellular permeability as determined by FITC-dextran
diffusion rate (B) was determined. (C) Cells were then fixed and immunostained with anti ZO-1 (red) and DAPI (blue). Images shown are

representative of four independent experiments. Scale bar

20

um. (D) Quantification of ZO-1 at the TJs expressed as relative

(intercellular/cytoplasmic) ZO-1 distribution. Values are expressed as mean * SD and statistical analysis was performed by one-way ANOVA

and Dunnett’s posthoc analysis (N=4). * P<0.05, ** P<0.01 vs. con

trol.
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side that could hamper the binding of mCRP to the
basolateral side. This could also prevent mCRP to
induce barrier disruption when added from the
basolateral side. However, we used filters with a pore
size of 0.4 um, big enough to allow mCRP to reach the
basolateral side of the RPE cells. It could be also
possible that the receptors on the apical side of the cells
have a greater affinity for mCRP than those in the
basolateral side. However, we observed a similar
pattern with different cell types (CEC, ARPE-19, and
primary RPE), and therefore it is likely that our
observations are mainly the consequence of mCRP
settling on the cell surface.

Given that mCRP seems to induce higher barrier
disruption when present in the apical side of RPE cells,
we tested whether mCRP could cross the RPE and reach
the apical side when added in the basolateral side. RPE
cells are critical for oBRB function, enabling selective
transport of molecules in and out of the retina to
preserve its immune privilege [7]. We found that pCRP
was unable to reach the apical side -representing the
subretinal space- of RPE cells. However, mCRP was
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able to reach the apical side only in ARPE-19 cells, but
not in primary porcine RPE cells (Figures 2, 3). ARPE-
19, is a spontaneously arising RPE cell line that behaves
in many ways like primary RPE cultures as they exhibit
barrier functions mediated by tight junctions and secrete
cytokines. However, they exhibit reduced TEER [46].
Indeed, ARPE-19 cells are commonly used for studying
oxidative stress and cell signaling in AMD because they
exhibit features of aged RPE [47]. Thus, the fact that
ARPE-19 cells but not primary RPE cells allow mCRP
diffusion to the apical side suggest that mCRP could
reach the subretinal space when the RPE is damaged.
These findings may explain why mCRP had some effect
on barrier disruption on ARPE-19 cells but not in
primary RPE cells when added from the basolateral
side. As such, some mCRP may have crossed the
ARPE-19 monolayer reaching the apical side, thereby
inducing barrier disruption.

Our current work suggests a plausible mechanism by
which mCRP may contribute to RPE dysfunction and

AMD progression: the serum-associated isoform of
CRP (pCRP), would reach the oBRB by diffusion

mCRP basal mCRP apical
pCRP basal pCRP apical

Figure 6. mCRP induces barrier disruption in primary porcine RPE cells in a polarized manner. Primary porcine RPE cells were
treated with CRP isoforms for 48h either from the apical side or the basolateral chamber and TEER (A) and paracellular permeability as
determined by FITC-dextran diffusion rate (B) was determined. (C) Cells were then fixed and immunostained with anti ZO-1 (red) and
DAPI (blue). Images shown are representative of four independent experiments. Arrows show disruption of ZO-1. Scale bar = 20 um.
(D) Quantification of ZO-1 at the TJs expressed as relative (intercellular/cytoplasmic) ZO-1 distribution. Values are expressed as mean + SD
and statistical analysis was performed by one-way ANOVA and Dunnett’s posthoc analysis (N=6). * P<0.05, ** P<0.01, *** P<0.0001 vs.

control.
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through CECs from the choroidal circulation. Once
there, it would undergo dissociation into mCRP via
LPC exposed in RPE surface in an inflammatory
microenvironment. Alternatively, mCRP could also be
generated elsewhere -although in small amounts- or in
the surface of CECs before reaching the oBRB. The
mCRP in the subepithelial space could reach the apical
side of a damaged RPE and amplify the inflammation
further disrupting the RPE barrier integrity.

The present work carries some limitations. Firstly, we
used a simple model that did not incorporate a proper
analogue of the Bruch’s membrane. We used
fibronectin to grow CECs, laminin to grow primary
porcine RPE cells, and ARPE-19 cells were grown
without any protein coating in the Transwell filters.
Secondly, we did not use RPE cells derived from
inducible pluripotent stem cells which would have
added more translatability to our work. However, we
used two different models of RPE to understand how
mCRP contributes to AMD progression, albeit in an in
vitro setting.

In summary, our findings further support mCRP direct
contribution to progression of AMD, at least at the
RPE level. The topological experiments elicit that
mCRP is proinflammatory when present on the apical
side of the RPE. However, mCRP is likely to only
reach the apical side of the RPE in compromised RPE
health and where barrier functions are compromised.
Thus, a plausible scenario would infer that, in the
presence of an already aged/damaged RPE, mCRP
reaches the apical side of the RPE to amplify the
proinflammatory microenvironment and enhance
barrier disruption. With respect to previous findings,
this pathologic mechanism will be more prevalent in
patients carrying the FH risk polymorphism for AMD,
where mCRP proinflammatory effects remain
unrestrained [28].

MATERIALS AND METHODS
CRP isoforms

High purity human pCRP (Calbiochem) was stored in
10 mM Tris, 140 mM NaCl buffer (pH 8.0) containing 2
mM CaCl; to prevent spontaneous formation of mCRP
from the native pentamer. mCRP was obtained by urea
chelation from purified human CRP as previously
described [23]. Briefly, pCRP at 1 mg/mL was chelated
with 10 mM ethylene diaminetetraacetic acid (EDTA)
and incubated in 8.0 M urea for 4 h at 37°C. Urea was
removed via dialysis against low ionic strength TBS
(0.01 M Tris-HCl and 0.05 M NaCl, pH 7.3).
Monomeric CRP concentration was determined by the
BCA protein assay. The filtered solution was stored at

4 °C. pCRP was also dialyzed with TBS to remove
sodium azide.

Cell culture

ARPE-19, a spontaneously arising human retinal pigment
epithelium cell line, was obtained from the American
Type Culture Collection (ATCC®CRL-2302™). ARPE-
19 (passages 15-20) were cultured in a 50:50 mixture of
Dulbecco modified Eagle medium (DMEM) and Ham’s
F12 (Biowest) supplemented with 10% fetal bovine
serum (FBS, Biowest), 2 mM L-glutamine (Biowest),
100 U/mL penicillin (PAA), 0.1 mg/mL streptomycin
(Biowest), and 1mM sodium pyruvate (Sigma) in a
humidified incubator at 37°C in 5% CO,. Cells were
passed every 4 to 6 days by trypsinization. ARPE-19
cells were plated at confluence onto semi-permeable
polycarbonate Transwell® filters, 0.4 um pore size. At
day 3 FBS was reduced to 2 % and cells were maintained
in a 37°C and 5% CO; incubator for 2-4 weeks,
changing media every 3—4 days.

Primary porcine RPE cells were isolated and cultured
following the protocol described by [48] with some
modifications. Eyes were trimmed of excess tissue and
placed in 0.2% povidone iodine for 10 minutes on ice.
Eyes were rinsed with sterile distilled water and placed
in 1000 U/mL Penicillin-Streptomycin on ice for a
minimum of 5 minutes. Anterior segments were
removed with a scalpel at the ora serrata. Eyecups were
filled with 1 mM EDTA and incubated at 37°C for 30
minutes to loosen the neural retina from the RPE sheet.
The retina was gently pulled and detached from the
RPE sheet. RPE cells were collected after incubation of
the eyecups with 0.05% trypsin with 0.67 mM EDTA at
37°C. After trypsin inactivation with 10% FBS, RPE
suspension was centrifuged and plated in DMEM High
Glucose (Capricorn Scientific), with L-glutamine and
sodium pyruvate, supplemented with 1% penicillin-
streptomycin, 1% non-essential amino acids (Corning)
and 10% FBS. At day 3 of culture, 5 pg/ml of
ciprofloxacin (Sigma) was added to the medium and at
day 7, serum was decreased to 1%. Cell monolayers
were pigmented and showed the characteristic
cobblestone morphology. At day 14, RPE cells were
trypsinized and plated at confluence onto semi-
permeable polycarbonate Transwell® filters, 0.4 pm
pore size, previously coated with laminin. RPE cells
were maintained in a 37°C and 5% CO, incubator for
2-4 weeks and fed with 1% FBS growth medium every
3-4 days. These RPE cells expressed RPE-specific
markers and showed high levels of TEER (see
Supplementary Figure 1).

Choroidal endothelial cells from porcine eyes were
isolated and cultured as described by Browning et al. [49]
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with few modifications. Briefly, after the retina and RPE
cell layer were removed with a cell scraper, the complex
choroid-Bruch’s membrane was peeled off from the
sclera, cut into small pieces and washed three times with
Minimum Essential Medium (MEM, ThermoFisher). The
pieces were incubated with 0.1% collagenase (Sigma) for
2 hours at 37°C. The collagenase was neutralized with
MEM containing 10% FBS and the mixture was passed
through a 20G syringe. After centrifugation and washing
with isolation medium, cells were resuspended in 0.1%
BSA-PBS, adjusted to 1 x 107 cells/ml, and incubated
with rabbit anti-CD31 (Abcam) (20 ul per ml of cell
suspension) for 1 hour at room temperature (RT) with
agitation. Cells were centrifuged, washed with PBS and
incubated with Dynabeads® for 45 minutes at 4°C.
Endothelial cells positively selected were resuspended in
EGM-MV2 (PromoCell) without hydrocortisone and
seeded onto 0.5% gelatin coated wells. CECs expressed
characteristic endothelial markers (CD31, and VWF) and
showed the capacity of endothelial tube formation for up
to passage 8 (see Supplementary Figure 2). CECs were
plated at confluence onto semi-permeable polycarbonate
Transwell® filters, 0.4 pm pore size, previously coated
with 10 pg/mL fibronectin and maintained at 37°C and
5% CO> incubator in EGM-MV2 media (Promocell).

Measurement of transepithelial electrical resistance
(TEER)

TEER was measured using a commercial electrical
resistance system (Millicell; Millipore) in ARPE-19 and
primary porcine RPE monolayers grown on Transwell
filters as described above. TEER values were calculated
by subtracting the value of a blank (transwell filter
without cells). Measurements were repeated at least
three times for each filter, and each experiment was
repeated at least five times using 2 filters.

Permeability assay

The paracellular permeability of ARPE-19 and primary
porcine RPE monolayers was assessed by measuring the
passive permeation of FITC-dextran (40 kDa, Sigma-
Aldrich) across confluent cells grown on filters for a
minimum of 3 weeks. Then, the RPE monolayers were
treated with CRP isoforms (10 pg/mL) for 48h. After
48h treatment, 500 pg/ml FITC-dextran were added to
the apical compartment of the chamber and samples (200
ul) from the basal medium (lower chamber) were
collected 120 min after addition of FITC-dextran. The
absorbance of basal and apical medium samples was
measured at 485 nm of excitation and 528 nm of
emission in a microplate reader (Infinite 200 PRO
multimode, Tecan Group Ltd.,, Switzerland). Each
condition was assayed in triplicate and repeated in at
least five independent experiments. The diffusion rate

was expressed as a percentage and calculated as follows:
(amount of dextran lower chamber) x100 / (amount of
dextran upper chamber).

Immunofluorescence

The distribution of ZO-1 and RPE65 in RPE monolayers,
CD31 and VWF expression in CECs, and CRP binding to
RPE and CECs was examined by immunofluorescence.
Filters were cut out, washed with PBS and fixed with
3.8% paraformaldehyde in PBS for 15 min at room
temperature (RT). Cells were then washed with PBS,
permeabilized with Triton X-100 (0.2% for ZO-1 and
CD31, and 0.5 % for RPE65) for 15 minutes and blocked
twice with filtered 1% BSA. Cells were then incubated
with primary antibody anti-ZO-1 (clone 1A12, Thermo
Scientific), anti-RPE65 (clone 401.8B11.3D9, Abcam),
anti-CD31 (Abcam), anti-mCRP (3H12 gently provided
by Dr LA Potempa) or anti-pCRP (1D6, gently provided
by Dr LA Potempa) overnight. After washing three times
with PBS, cells were incubated with secondary antibody
Alexa Fluor anti-mouse 488 or 568 IgG or anti-rabbit 568
IgG for 1h at RT. Nuclei were counterstained with DAPL
Controls were stained with secondary antibodies only.
Stained cells were washed and covered with Prolong
Gold antifade reagent (Life Technologies). Images of
immunostained cells were recorded on the high-speed
spectral confocal microscope Leica TCS-SP5 and
analyzed with ImageJ software. ZO-1 was intensity at the
tight junctions (TJs) was measured as intensity at the
intercellular junction divided by the intensity at the
cytoplasm [50].

SDS-PAGE and immunoblotting

The presence of CRP isoforms on apical and basolateral
compartments was detected by SDS-PAGE and
immunoblotting. Supernatants were centrifuged at 1,000
g for 10 minutes, loaded onto 12.5% polyacrylamide
gels and run at 30 mA for 60 minutes. In order to avoid
denaturalization of pCRP, samples were not heated and
the amount of SDS in the acrylamide gels and the
loading and electrophoresis buffers was reduced to 1/20
[51]. Proteins were transferred to a 0.22 um
nitrocellulose membrane performing a semi-dry transfer
protocol. Non-specific binding sites were blocked with
5% non-fat dry milk in 0.1% PBS-Tween for 1 hour at
RT, before incubation with anti-mCRP-specific
monoclonal antibody 3H12 1:300 in blocking buffer
ON at 4°C. Membranes were incubated with the
secondary antibody linked to HRP (GAM-HRP, Bio-
Rad) for 1 hour at RT. Chemiluminescent signal was
detected with the Amersham ECL™ Prime Western
blotting detection reagent (GE Healthcare) with
ImageQuant LAS4000 (GE Healthcare) and bands were
analyzed using ImageJ software.
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Determination of mCRP in cell supernatants

mCRP was detected in cellular supernatants (previously
centrifuged at 1,000 g for 10 min) by an ELISA assay
following the protocol recently described by Zhang et al.
[52]. For this purpose, mouse anti-human CRP mAb
CRP-8 (Sigma-Aldrich, C1688) was immobilized as
capture antibody at 1:1,000 in coating buffer (10 mM
sodium carbonate/bicarbonate, pH 9.6) overnight at 4°C.
After washing three times for 2 minutes each with TBS,
non-specific binding sites were blocked with filtered 1%
BSA-TBS for 1 hour at RT. Samples diluted 1:100 in
blocking buffer were added into wells for 1 hour at RT.
Then, washing step was repeated and samples were
incubated with sheep anti-human CRP polyclonal
antibody (1:2,000 in blocking buffer) (BindingSite), prior
incubation with a HRP-labeled donkey anti-sheep IgG
(1:10,000 in blocking buffer) (Abcam). Signaling was
detected with VersaMax Microplate Reader and The OD
value of each sample was calculated as OD4so—ODs79 nm.

Statistical analysis

Results were expressed as mean + SD. Student’s ¢ test or
ANOVA followed by Dunnett’s posthoc analysis were
used to determine statistical significance between
treatments. A value of P<0.05 was considered significant.
All calculations were performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).
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Supplementary Figure 1. Characterization of RPE cells. (A) Cells harvested for 1, 7 and 14 days after plating. Objective lens 10x.
Primary porcine RPE cells cultured for 30 days were stained with antibodies to RPE65 (green) (B) and ZO-1 (red) (C). Scale bar = 20 um.
(D) TEER values of primary porcine RPE cells plated at 280,000 cells/cm? on laminin coated Transwell™ filters. (E) TEER values of ARPE-19 cells

plated at 250,000 cells/cm? on Transwell™ filters for 35 days.
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2Ab only

Supplementary Figure 2. Characterization of primary porcine CECs. (A) Primary porcine CECs were cultured into pure matrigel-
coated wells and allowed to form capillary-like structures for 24 hours. Scale bar = 500 um. Primary porcine CECs were stained with
antibodies against CD31 (B) and VWF (C). Scale bar = 20 um. (D) Negative control with cells stained without primary antibody.
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Supplementary Figure 3. Effect of CRP isoforms on ZO-1 expression in ARPE-19 cells. Cells were fixed and immunostained with anti
Z0-1 (red) and DAPI (blue). Scale bar = 30 um.
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Supplementary Figure 4. Effect of CRP isoforms on ZO-1 expression in primary porcine RPE cells. Cells were fixed and
immunostained with anti ZO-1 (red) and DAPI (blue). Scale bar = 30 um.
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ABSTRACT

Citicoline is the exogenous form of the nootropic, Cytidine 5'-diphosphate-choline that exerts its
neuroprotective effects in the brain as well as in the eye. The current study characterized the cytoprotective
effects of purified Citicoline in transmitochondrial AMD (Age-related Macular Degeneration) RPE cybrid cells
which carry diseased mitochondria from clinically characterized AMD patients. The effects of Citicoline were
examined via flow cytometry analysis of AnnexinV/ Pl-stained cells, IncuCyte live-cell imaging analysis to
quantify cells undergoing caspase-3/7-mediated apoptosis, analyses of gene expression profiles of apoptosis,
hypoxia, and angiogenesis markers, and measurement of ROS levels and cell viability. Our results demonstrated
that Citicoline when added exogenously alleviates apoptotic effects as evidenced by diminished AnnexinV/PI
and Caspase-3/7 staining, downregulation of apoptosis genes, enhanced cell viability, and reduced oxidative
stress in AMD RPE cybrid cells. In conclusion, our study identified Citicoline as a protector in AMD RPE cybrid
cells in vitro. However, further studies are required to establish the merit of Citicoline as a cytoprotective
molecule in AMD and to decipher the molecular underpinnings of its mechanism of action in AMD.

INTRODUCTION successfully used as a neuroprotective agent to prevent
neuronal aging and improve memory and learning in vivo
Citicoline is the international nonproprietary name [4]. Furthermore, it has been extensively used in
given to the exogenous pharmacological form of preclinical studies and clinical ftrials for neuro-
Cytidine 5'-diphosphate-choline (CDP-Choline, degenerative diseases including Parkinson’s disease and
CDPCho), a naturally occurring endogenous nucleotide glaucoma. Citicoline administration improves motor
compound that is water-soluble and has a molecular responses in Parkinson’s disease via stimulation of
weight of 488.32 g/mol [1, 2]. CDP-Choline is dopaminergic system [5]. Furthermore, Citicoline
comprised of cytosine base, ribose, pyrophosphate, and preserves the function of the retina and the visual cortex
choline. The endogenous production of CDP-Choline in glaucoma patients, and delays the progression of
from choline is an intermediate step in the de novo glaucoma disease [6—8]. Parisi et al. demonstrated that
synthesis of phosphatidylcholine which is one of the Citicoline injected intramuscularly improves retinal and
most abundant cell membrane lipids in human and visual function in glaucoma patients [9].
animal tissues [3]. By activating the biosynthesis of
structural phospholipids, Citicoline maintains neuronal The primary advantages of Citicoline as a
membrane integrity, influences neurotransmitter levels, neuroprotective compound are: a) negligible toxicity in
increases norepinephrine and dopamine levels in the humans and animals, b) >90 % bioavailability, c)
central nervous system, restores the activity of administration feasible via intravenous, intramuscular, or
membrane sodium/potassium ATPase and mito- oral routes, and d) following oral ingestion, Citicoline is
chondrial ATPase, and enhances brain function [1]. metabolized to cytidine and choline which enter the
Owing to these mechanisms, Citicoline has been systemic circulation where cytidine is converted to
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uridine; both choline and uridine cross the blood-brain RPE cybrids compared to normal RPE cybrids.

barrier [10-12]. Although the use of Citicoline in the Therefore, our previous findings have established sub-
rescue of neuronal cells and attenuation of retinal stantive cellular damage due to increased oxidative stress
neurodegeneration is well-established, its potential role in and apoptotic cell death in AMD RPE cybrid cell lines
preventing apoptotic cell death in retinal pigment compared to the normal RPE cybrid cell lines [ 13—15].
epithelium (RPE) cells and in Age-related Macular
Degeneration (AMD) pathology remains uncharacterized This in vitro study supports our hypothesis as Citicoline
and awaits detailed investigation. conferred significant protection against apoptotic cell
death that was in-part mediated by damaged mtDNA
In quest of identifying novel therapeutic candidates for from AMD patients in transmitochondrial AMD RPE
AMD, the goal of this study was to test the hypothesis cybrid cells.
that Citicoline, a naturally occurring nootropic, will
protect against apoptotic cell death in an in vitro AMD RESULTS
model 1i.e., transmitochondrial AMD RPE cybrid cells
which are created by fusing mitochondrial DNA- Citicoline reduces apoptotic cells as shown by
deficient APRE-19 (Rho0) cells with platelets isolated diminished Annexin V fluorescence intensity
from AMD patients. Since nuclear content is the same
and the cells differ only in mitochondrial DNA (mtDNA) The ability of Citicoline to attenuate apoptosis was
content, the differences in biochemical or molecular examined via Flow Cytometry analysis of untreated and
profiles in AMD RPE cybrid cell lines can be attributed Citicoline-treated AMD RPE cybrid cells stained with
to variations in mitochondrial DNA of AMD patients. apoptotic and dead cell markers, namely Annexin V and
Our previous studies have shown that the AMD RPE Propidium Iodide (PI), respectively (Figure 1A-1E).
cybrid cells carry mtDNA damage from the AMD Figure 1A and 1C show representative Flow cytometry
patients. Extensive characterization studies using various images and Figure 1B and 1D show representative
endpoints that measure cellular and mitochondrial health scatter plots of untreated and Citicoline-treated AMD
have demonstrated dysfunctional AMD mitochondria, RPE cells stained with Annexin V/ PL.
significantly higher mitochondrial superoxide generation,
increased oxidative stress and apoptosis, and reduced Figure 1E quantifies the Annexin V/ PI fluorescence
mtGFP (Green Fluorescent Protein) staining in AMD intensity in AMD RPE cybrid cells and demonstrates that
AMD Untreated B AMD Untreated E Annexin V/ Pl Fluorescence
Representative Flow Cytometry Image Representative Scatter plot Intensity Quantitation
1e7 1.5
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Figure 1. (A) AMD Untreated cells’ Representative Annexin V/ PI staining flow cytometry image; (B) AMD Untreated cells’ Representative
Annexin V/ PI fluorescence intensity scatter plot; (C) AMD Citicoline-treated cells’ Representative Annexin V/ PI staining flow cytometry
image; (D) AMD Citicoline-treated cells’ Representative Annexin V/ Pl fluorescence intensity scatter plot; (E) AMD Untreated vs. AMD
Citicoline-treated Annexin V/ PI fluorescence intensity quantitation.
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Citicoline caused significant reduction in apoptotic
cells. Flow cytometry analysis revealed a 21.67 %
decrease in Annexin V/ PI double positives’ fluo-
rescence intensity in Citicoline-treated AMD RPE
cybrid cells (0.783 = 0.06 a.u.) compared to their
untreated counterparts (1 = 0.059 a.u.) (p=0.04, n=6).

Citicoline downregulates apoptosis-associated genes

Apoptosis is regulated by multiple genes that act at
various levels of the apoptotic cell death pathway.
Exogenous addition of Citicoline downregulated the
pro-apoptotic genes significantly (Figure 2A-2D).
Compared to their untreated counterparts, Citicoline-
treated AMD RPE cybrid cells showed decreased gene
expression of: BAX gene by 28.6 % (AMD Untreated: 1
+ 0.096, AMD Citicoline-treated: 0.714 + 0.068;
p=0.03, n=8) (Figure 2A), Caspase-3 gene by 77.2 %
(AMD Untreated: 1 £ 0.248, AMD Citicoline-treated:
0.228 + 0.043; p=0.0079, n=5) (Figure 2B), Caspase-9
gene by 37.2 % (AMD Untreated: 1 = 0.147, AMD
Citicoline-treated: 0.628 = 0.028; p=0.03, n=5) (Figure
2C), and BCL2L13 gene by 28.4 % (AMD Untreated: 1
+ 0.065, AMD Citicoline-treated: 0.716 + 0.064;
p=0.010, n=8) (Figure 2D). Furthermore, Citicoline
treatment led to a 32.4 % increase in cell viability
(AMD Untreated: 1 £ 0.081, AMD Citicoline-treated:
1.324 £ 0.084; p=0.015, n=6) (Figure 2E).

Citicoline reduces Caspase-3/7-mediated apoptosis

To examine and compare Caspase-3/7-mediated
apoptosis between untreated and Citicoline-treated
AMD RPE cybrid cells, we performed IncuCyte® Live-
Cell Imaging Analysis using Caspase- 3/7 Green and
NucLight Red dyes (Figure 3A-3C). Figure 3A shows
representative IncuCyte live-cell images. The upper
panel represents untreated AMD group and the lower
panel represents the Citicoline-treated AMD group.
Addition of Citicoline led to a 55.99 % decrease in
Overlap object count (i.e., Caspase-3/7 Green+NucLight
Red staining)/ NucLight Red object count in AMD RPE
cybrid cells: Untreated - 1 £ 0.078 awu. and
Citicoline-treated - 0.440 £ 0.125 a.u. (p=0.03, n=4) at 48
h (Figure 3B). At 72 h, a 47.54 % drop in Overlap object
count was observed in Citicoline-treated AMD RPE
cybrid cells (0.52 + 0.11 a.u.) compared to their untreated
counterparts (1 + 0.082 a.u.) (p=0.03, n=4) (Figure 3C).
Therefore, Citicoline prevents Caspase-3/7-mediated
apoptosis in AMD RPE cybrid cells.

Citicoline reduces oxidative stress

To measure reactive oxygen species levels, we
performed ROS assay using H2DCFDA reagent.
Compared to their untreated counterparts, Citicoline-
treated AMD RPE cybrid cells showed decreased ROS
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Figure 2. (A) BAX gene expression in AMD Untreated and AMD Citicoline-treated cells. (B) Caspase-3 gene expression in AMD Untreated and
AMD Citicoline-treated cells. (C) Caspase-9 gene expression in AMD Untreated and AMD Citicoline-treated cells. (D) Caspase-9 gene
expression in AMD Untreated and AMD Citicoline-treated cells. (E) Cell viability MTT assay.
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levels by 22.8 % (AMD Untreated: 1 £ 0.059, AMD
Citicoline-treated: 0.772 =+ 0.040; p=0.013, n=5)
(Figure 4A). Compared to their untreated counterparts,
Citicoline-treated AMD RPE cybrid cells showed
increased gene expression of: HMOXI gene by 76.6 %

(AMD Untreated: 1 + 0.1267, AMD Citicoline-treated:
1.766 = 0.28; p= 0.0379, n=8) (Figure 4B) and
HMOX2 gene by 20.4 % (AMD Untreated: 1 + 0.0214,
AMD Citicoline-treated: 1.204 + 0.020; p=0.0286,
n=4) (Figure 4C).
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Figure 3. (A) Upper and lower panels show Representative Incucyte live-cell images of untreated and Citicoline-treated AMD cells,
respectively, in phase-contrast (first column), stained with NucLight Red (second column), stained with Caspase-3/7 Green (third column),
overlap i.e., Caspase-3/7 + NucLight (fourth column), and Merge i.e., Phase-contrast + Caspase-3/7 + Nuclight (fifth column). Scale bar = 400
um. (B) Quantitation of Caspase-3/7 overlap/ Red object count at the 48 h time point. (C) Quantitation of Caspase-3/7 overlap/ Red object
count at the 72 h time point.
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Figure 4. (A) ROS levels in AMD Untreated and AMD Citicoline-treated cells, (B) HMOX1 gene expression levels in AMD Untreated and AMD
Citicoline-treated cells, and (C) HMOX2 gene expression levels in AMD Untreated and AMD Citicoline-treated cells.
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Citicoline downregulates HIF-1a and VEGF genes

HIFla  (Hypoxia-inducible factor 1-alpha), a
transcription factor, is a master regulator of cellular
response to hypoxic stress. HIF-Io activation leads to
up-regulation of VEGF, which in turn plays a key role
in angiogenesis in choroidal neovascularization in AMD.
Compared to their untreated counterparts, Citicoline-
treated AMD RPE cybrid cells showed decreased gene
expression of: HIF-Ia gene by 34 % (AMD Untreated: 1
+ 0.123, AMD Citicoline-treated: 0.66 + 0.041; p=0.01,
n=7) (Figure 5A) and VEGF gene by 32.8 % (AMD
Untreated: 1 £ 0.069, AMD Citicoline-treated: 0.672 +
0.077; p=0.015, n=6) (Figure 5B).

DISCUSSION

Our current study identified the cytoprotective potential
of exogenously added purified Citicoline in trans-
mitochondrial AMD RPE cybrid cells in vitro. Using a
combination of apoptotic assays, we found that
Citicoline mitigates apoptotic cell death as evidenced by
diminished Annexin V/ PI positive cell population,
reduced Caspase-3/7-mediated apoptosis in live cells,
downregulation of apoptotic genes, and enhanced cell
viability in Citicoline-treated transmitochondrial AMD
RPE cybrid cells. Additionally, treatment with
Citicoline led to a significant reduction in reactive
oxygen species and upregulation of HMOXI and
HMOX?2 genes, thereby suppressing oxidative stress and
supporting cell survival. Furthermore, significantly
decreased expression of HIF-1o (hypoxia marker) and
VEGF (angio-genesis marker) genes, post-Citicoline
treatment, may in part have contributed to the
cytoprotective action of Citicoline in AMD RPE cybrid
cells. To our knowledge, this is the first report to
identify the anti-apoptotic potential of Citicoline in an in
vitro transmitochondrial AMD RPE cybrid cell model.

Apoptosis is characterized by specific morphological
and biochemical changes in the cell, which can be
detected via varied techniques. Annexin V is a
eukaryotic cellular protein commonly used as a probe to
detect apoptotic cells due to its ability to bind
phosphatidylserine i.e., a cell membrane phospholipid
that faces the cytoplasmic surface in healthy cells but is
translocated to the extracellular side in apoptotic cells.
Phosphatidylserine(s) exposure on the outer leaflet of
the plasma membrane signals macrophages and marks
the apoptotic cells for phagocytosis [16]. In this study,
we used a recombinant Annexin V conjugated to the
Alexa Fluor® 488 fluorophore to create a photostable
conjugate with maximum sensitivity. Along with
Annexin V, we used the red-fluorescent propidium
iodide (PI) nucleic acid binding dye which is
impermeant to live cells and apoptotic cells, but stains
dead cells with red fluorescence. Flow cytometry
analyses enabled us to distinguish viable cells from
apoptotic cells and necrotic cells. In this study,
Citicoline treatment led to diminished Annexin V/ PI
fluorescence intensity, indicating the ability of
Citicoline to lower apoptotic cell death in trans-
mitochondrial AMD cells. This is consistent with a
previous study in which the apoptosis inhibitory action
of Citicoline was demonstrated using Annexin V/ FITC
Flow cytometry analysis in a mouse model of cerebral
malaria (CM); administration of Citicoline rescued cells
in an experimental model of CM in vitro as well
conferred partial protection against cell death and
neurological syndrome in murine CM [17].

In the current study, Citicoline treatment in AMD RPE
cybrid cells caused downregulation of BAX, Caspase-3,
Caspase-9, and BCL2LI3 genes indicating that
Citicoline mediates its cytoprotective effects by
influencing both the intrinsic and extrinsic pathways of
apoptosis. Our previous studies have demonstrated that
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Figure 5. (A) HIF-1a gene expression in AMD Untreated and AMD Citicoline-treated cells. (B) VEGF gene expression in AMD Untreated and

AMD Citicoline-treated cells.
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dysfunctional AMD mitochondria in the AMD RPE
cybrid cells contribute to the activation of apoptosis and
enhanced expression of apoptotic markers such as BAX
and Caspase-3 [14]. BAX (Bcl-2-Associated X protein)
is a member of the Bcl-2 family and a key regulator of
the intrinsic apoptotic pathway. Apoptotic stimuli
activate  BAX and BAK (Bcl-2 homologous
Antagonist/Killer) which oligomerize and initiate
permeabilization of the mitochondrial outer membrane,
which is considered a critical step in apoptosis [18].
Caspase-3 is an effector caspase that via its protease
activity initiates and coordinates crucial apoptotic
events such as the exposure of Phosphatidylserine to the
extracellular side of the plasma membrane and cellular
degradation processes including DNA fragmentation
and cytoskeletal disruption. Caspase-3 is the point of
convergence for the extrinsic and intrinsic apoptotic
pathways [19]. On receiving apoptotic stimuli, the
mitochondria release cytochrome c¢ which binds to
Apaf-1 and recruits Caspase-9 thereby activating the
latter. Caspase-9 is a part of the apoptosome and
initiates the activation of downstream effector caspases
[20]. BCL2L13/Bcl-rambo is a member of the Bcl-2
family of proteins that regulate apoptosis. In cells, Bcl-
rambo is localized to the mitochondria, and its
overexpression induces apoptosis. Bcl-rambo mediates
apoptosis by associating with adenine nucleotide
translocator (ANT), a component of the mitochondrial
permeability transition pore, to induce its opening [21].
Previous studies have attributed the Citicoline-mediated
suppression of apoptosis to its ability to upregulate the
Sirtuinl (SIRT1) protein, downregulate procaspase and
caspase expression, and neutralization of BAX family
proteins thereby preventing cleavage of PARP and
subsequent DNA damage [22-24].

Next, we compared Caspase-3/7-mediated apoptosis
between untreated and Citicoline-treated AMD RPE
cybrid cells using IncuCyte® Live-Cell Imaging
Analysis system and Caspase- 3/7 Green and NucLight
Red reagents. The IncuCyte Caspase-3/7 Green
Apoptosis Reagent couples the activated Caspase-3/7
recognition motif (DEVD) to a DNA intercalating dye
and enables real-time quantification of cells undergoing
caspase-3/7 mediated apoptosis. This reagent is an inert,
non-fluorescent substrate which when added to culture
medium, crosses the cell membrane where it is cleaved
by activated caspase-3/7 resulting in the release of the
DNA dye and fluorescent staining of the nuclear DNA.
The IncuCyte NucLight Rapid Red Reagent is a cell
permeable DNA stain that specifically stains nuclei in
live cells and enables real-time quantification of cell
proliferation. Addition of this reagent to normal healthy
cells does not interfere with cell growth and
morphology and provides homogenous staining of
nuclei. In the culture medium, this inert stain crosses the

cell membrane and has excellent specificity for DNA
without the need for a wash step. In the current study,
Citicoline-treated AMD cells showed significantly
lower Overlap object count (i.e., (Caspase-3/7 Green +
NucLight Red staining)/ Red object count) at 48 h and
72 h compared to their untreated counterparts. To our
knowledge, this is the first study to demonstrate the role
of Citicoline in reducing Caspase-3/7-mediated apop-
tosis in live cell imaging systems.

Our current results are consistent with previous studies
which have demonstrated the apoptosis inhibitory effect
of Citicoline in various in vitro and in vivo models of
neurodegenerative conditions. For instance, Alvarez et
al. showed Citicoline-mediated protection of hippo-
campal neurons against apoptosis induced by brain
beta-amyloid deposits plus cerebral hypoperfusion in
rats [25]. Moreover, Citicoline protects against high-
glucose-induced neurotoxicity and against excitotoxic
cell damage in retina [26]. As demonstrated in recent
studies, one mechanism by which Citicoline mediates
its cytoprotective action could be via suppression of
ERK1/2 signaling which is known to induce apoptosis
in the inner and outer retina [27]. Additionally,
Citicoline is known to exert it pro-survival action in
diabetic retina by preventing glial activation and
suppressing the expression of NF-kB and TNF-a [28].

The current study also revealed that Citicoline alleviates
ROS production and downregulates HIF-1a and VEGF
genes in AMD RPE cybrid cells. These results are
corroborated by previous findings that demonstrate that
Citicoline reduces ROS species, stabilizes cell
membranes, reduces the volume of ischemic lesions,
and provides neuroprotection in ischemic and hypoxic
conditions via: a) attenuating the accumulation of free
fatty acids especially arachidonic acid, b) preventing the
activation of phospholipase A2 in both membrane and
mitochondrial fractions, and ¢) stimulating the synthesis
of glutathione [29, 30].

In summary, although further studies with Citicoline/
AMD RPE cybrid cells are underway, these results
present novel findings that identify Citicoline to be a
potential protector that attenuates apoptotic cell death in
AMD. Citicoline is available as an over-the-counter
dietary supplement in the U.S. and offers the advantage
of easy access that shortens considerably the transition
from lab bench to clinic.

MATERIALS AND METHODS
Human subjects

The University of California Irvine’s IRB (Institutional
Review Board) approved research with human subjects
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(Approval #2003-3131). All participants provided
informed consent and clinical investigations were

performed according to the tenets of Declaration of
Helsinki.

Cell culture

Passage 5 AMD ARPE-19 transmitochondrial cybrid
cell lines were created as described previously [14].
Briefly, these cybrid cell lines were prepared by
polyethylene glycol fusion of mitochondria DNA-
deficient ARPE-19 (Rho”) cell line with platelets
isolated from AMD patients. Cybrid status and that the
cybrids have acquired their mtDNAs from the donor
individuals was confirmed using allelic discrimination,
Sanger sequen-cing, and Next-Generation Sequencing.

Culture conditions

The base medium for this cybrid cell line is DMEM-
F12 Medium (Cat. # 10-092CM, Fisher Scientific,
Pittsburgh, PA). DMEM-F12 Medium contains 3.15 g/L
D-glucose, 2.5 mM L-glutamine, 15 mM HEPES, 0.5
mM sodium pyruvate, and 1200 mg/L sodium
bicarbonate. To make the complete growth medium,
fetal bovine serum was added to the base medium to a
final concentration of 10 %.

Treatment with Citicoline

Purified Citicoline was obtained from Sigma-Aldrich
(St. Louis, MO) and used at a concentration of 1mM for
all experiments. Water was used as an initial solvent.
Citicoline was subsequently dissolved in culture media
for treatment of cells.

Flow cytometry

Cell were stained with recombinant Annexin V
conjugated to fluorescein (FITC annexin V), as well as
red-fluorescent propidium iodide (PI) nucleic acid
binding dye (Life Technologies). The stained cells were
analyzed by flow cytometry, measuring the fluo-
rescence emission at 530 nm and >575 nm. Live cells
show only a low level of fluorescence, apoptotic cells
show green fluorescence and dead cells show both red
and green fluorescence.

Quantitative Real-Time PCR (qRT-PCR)

RNA extraction, cDNA synthesis, and gRT-PCR analysis
were performed as described previously [14]. QuantiTect
Primer Assays were used to study the expression of
Caspase-3 gene (Cat. # QT00023947, Qiagen,
Germantown, MD), BAX gene (Cat. # QT00031192,
Qiagen), HIF-1a gene (Cat. # QT00083664, Qiagen),

HMOXI gene (Cat. # QT00092645, Qiagen), and
HMOX2 gene (Cat. # QT00039942, Qiagen).
KiCqStart® SYBR® green primers were used to
examine the expression of VEGF gene (Cat. #
kspq12012, Sigma). Specific housekeeper gene used was
HPRTI (Cat. # QT00059066, Qiagen). Data analysis was
performed using AACt method which was calculated by
subtracting ACt of the AMD group from ACt of the
normal group. ACt was the difference between the Cts
(threshold cycles) of the target gene and Cts of the
housekeeper gene (reference gene). Fold change was

calculated using the following formula: Fold change =
2AACt.

Cell viability assay

The numbers of viable cells were measured using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay. Cells were plated in 96-well
tissue culture plates, treated with 1 mM Citicoline
followed by addition of MTT. Cells were incubated at 37
°C for 1 h, followed by addition of DMSO (DiMethyl
SulfOxide). Signal absorbance was measured at 570 nm
and background absorbance measured at 630 nm.
Normalized absorbance values were obtained by
subtracting  background absorbance from signal
absorbance. The colorimetric signal obtained was
proportional to the cell number.

IncuCyte live-cell imaging

IncuCyte live-cell imaging was performed as described
previously [31, 32]. Cells were seeded in 96-well plates
at a density of 5,000 — 10,000 cells/well followed by
staining with IncuCyte® NucLight Rapid Red (1:500)
and Caspase-3/7 Green (1:1000) labeling reagents.
Stained cell plates were placed into the IncuCyte® live-
cell analysis system and allowed to warm to 37 °C for
30 min prior to scanning. Phase Contrast, Green, and
Red channels were selected, 5 images were taken per
well with an average scan interval of 2 h until the
experiment was complete. Fluorescent objects were
quantified using the IncuCyte® integrated analysis
software that minimizes background fluorescence.

Reactive oxygen species (ROS) assay

To quantitate ROS levels, the cell-permeant H2ZDCFDA
(2', 7’-dichlorodihydrofluorescein diacetate) was used
as an indicator for ROS in cells. Stock solution of SmM
H2DCFDA was prepared in DMSO. Stock solution was
then diluted in DPBS (Dulbecco's Phosphate-Buffered
Saline) to obtain a working concentration of 10 uM.
Cells were plated in 96-well tissue culture plates
followed by treatment with 1mM Citicoline. 10 uM
H2DCFDA solution was added to cells and incubated
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for 30 min at 37 °C. H2DCFDA was then replaced with
DPBS. Fluorescence which was measured at excitation
492 nm and emission 520 nm was proportional to ROS
levels in cells.

Statistical analysis

Non-parametric Mann-Whitney test (GraphPad Prism 5.0;
GraphPad Software, CA, USA) was used to analyze data
between groups and to determine significance; p < 0.05
was statistically significant. ‘n’ represents the number of
biological replicates i.e., the number of individual AMD
cybrid cell lines used in the experiment.
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ABSTRACT

Atrophic age-related macular degeneration (AMD) and Stargardt disease (STGD) are major blinding diseases
affecting millions of patients worldwide, but no treatment is available. In dry AMD and STGD oxidative stress and
subretinal accumulation of N-retinylidene-N-retinylethanolamine (A2E), a toxic by-product of the visual cycle,
causes retinal pigment epithelium (RPE) and photoreceptor degeneration leading to visual impairment. Acute and
chronic retinal degeneration following blue light damage (BLD) in BALB/c mice and aging of Abca4”- Rdh8” mice,
respectively, reproduce features of AMD and STGD. Efficacy of systemic administrations of 9'-cis-norbixin
(norbixin), a natural di-apocarotenoid, prepared from Bixa orellana seeds with anti-oxidative properties, was
evaluated during BLD in BALB/c mice, and in Abca4” Rdh8’- mice of different ages, following three experimental
designs: “preventive”, “early curative” and “late curative” supplementations. Norbixin injected intraperitoneally in
BALB/c mice, maintained scotopic and photopic electroretinogram amplitude and was neuroprotective. Norbixin
chronic oral administration for 6 months in Abca4”- Rdh8”/- mice following the “early curative” supplementation
showed optimal neuroprotection and maintenance of photoreceptor function and reduced ocular A2E
accumulation. Thus, norbixin appears promising as a systemic drug candidate for both AMD and STGD treatment.

INTRODUCTION autosomal recessive mode of inheritance and may lead

to registered blindness within the second or third
Age-related macular degeneration (AMD) is the decade of life. STGD is caused by mutations in the
commonest cause of severe visual loss and blindness in ABCR gene encoding the ATP-binding cassette gene,
developed countries among individuals aged 60 and subfamily A, member 4 (ABCA4) transporter which is
older [1]. AMD is a major unmet medical need as it is expressed by photoreceptors and retinal pigmented
estimated that more than 20 million patients will be epithelium (RPE) cells and plays an important role in
affected by 2050 in the US alone. STGD is the most the visual cycle [4, 5]. Polymorphisms of the gene
common hereditary macular dystrophy, mostly affecting coding for ABCA4 have also been associated with
young patients aged between 6 and 15 years old with increased risk of developing AMD [6]. Other genetic
a prevalence of 1/8,000-1/10,000 [2, 3]. It has an polymorphisms, especially in the complement factor H
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(CFH) gene [7] have also been associated with AMD,
but risk factors are mostly linked to age [8, 9] and
environmental such as smoking [10]. AMD can either
evolve towards neovascular AMD, also called wet
AMD, characterized by the growth of new choroidal
blood vessels in the subretinal space, or towards
geographic  atrophy also named dry AMD,
characterized by RPE and photoreceptor degeneration.
In STGD patients, neovascularization is extremely rare
and RPE and photoreceptor atrophy occurs in the vast
majority of cases [11]. Thus, despite some differences,
dry AMD and STGD share similar pathophysiological
mechanisms [11]. In both pathologies, early signs of
evolution are characterized by subretinal accumulation
of lipids and proteins forming drusen in AMD and
flecks in STGD [2, 12]. AMD and STGD evolution are
associated with Bruch’s membrane thickening, RPE
alterations and ultimately to RPE and photoreceptor
degeneration. Rod photoreceptors, responsible for
scotopic/mesopic  vision (i.e. under dim light
conditions) are the first visual cells dying in the retina.
The cones mediating colored photopic vision under
normal light conditions are essentially preserved until
late stages of AMD and STGD [13, 14]. Therefore,
both AMD and STGD induce the progressive loss of
night vision followed by loss of color vision and
central vision [3]. To date, no treatment is available for
either STGD [11] or dry AMD [15].

Both drusen in AMD and flecks in STGD contain N-
retinylidene-N-retinylethanolamine (A2E), which is a
toxic by-product of the visual cycle [16]. It is formed by
the reaction of 2 all-zrans retinal molecules with
phosphatidylethanolamine generating N-retinylidene-PE
(A2E precursor: A2-PE), as a detoxication mechanism
of retinal isomers including all-frans and 11-cis-retinal
[17]. Under normal conditions the ABCA4 protein
participates in the elimination of A2-PE from the
photoreceptors and inhibition of this clearance increases
the accumulation of A2E and all-frans-retinal dimer in
the RPE [18, 19]. Recently, it has been shown that
ABCAA4 is also expressed in RPE cells where it would
participate in the recycling of retinaldehyde released
during proteolysis of rhodopsin in endolysosomes
following phagocytosis of photoreceptor outer segments
[5]. The authors also demonstrated that A2E
accumulates at similar rates in RPE from 4bca4”" mice
reared under cyclic light or total darkness suggesting
that de novo bis-retinoids formation within RPE endo-
lysosomes contributes more to lipofuscin build-up than
do bis-retinoids formed in outer segment discs during
light exposure. Therefore, they propose that the
clearance of retinaldehydes from RPE phagolysosomes
may be more critical for photoreceptor viability than the
clearance of retinaldehydes from outer segment discs
[5]. In vitro, it has been shown that the combination of

blue-light illumination and A2E is toxic for RPE cells;
either the ARPE19 cell line or primary porcine RPE
cells [20-22]. Indeed, in the presence of blue light and
oxygen, A2E undergoes photo-oxidation as evidenced
by the appearance of toxic oxygen adducts [23]. It
generates small amounts of singlet oxygen and is finally
cleaved to small reactive aldehydes, which contribute to
its deleterious effects on RPE cells [23]. A2E photo-
oxidation products also damage DNA [20, 21] and
activate the complement system [24]. Moreover,
photosensitization of A2E triggers telomere dysfunction
and accelerates RPE senescence [25]. In the absence of
illumination, A2E alone affects normal RPE functions
by inducing membrane permeabilization and thereby
impairing lysosomal function [26]. It also impairs
mitochondrial homeostasis and function resulting in the
reduction of ATP production [27-30]. Furthermore,
high A2E concentrations increase oxidative stress [31]
and secretion of inflammatory cytokines by RPE cells in
vitro [25, 32, 33]. In addition, A2E induces the
expression of vascular endothelial growth factor in vitro
[34] and in vivo [32, 35].

A rapid accumulation of A2E and of lipofuscin is
observed in 3-month-old Abca4”’- Rdh8”- mice [36] and
increases in 6-month-old mice [36]. In these mice,
progressive A2E accumulation is associated with retinal
degeneration and loss of both scotopic and photopic
full-field electroretinogram (ERG) responses indicate
that both rods and cones are dysfunctional (rod-cone
dystrophy) [36, 37]. Indeed, it has been shown that as
early as in 3-month-old Abca4”~ Rdh8’~ mice, the
amplitudes of scotopic A and B waves and flicker ERG
are reduced [36]. Abca4”- Rdh8’~ mice recapitulate most
phenotypic retinal alterations observed during STGD
and AMD [36, 37], and represent a chronic model of
these diseases.

Acute white-light exposure is known to induce
apoptosis of photoreceptors in albino mice retinas [38].
The model of light-induced retinopathy is used as an
amenable model of AMD and has been used to test
several neuroprotective molecules [39].

Norbixin (9’-cis-norbixin) is a 6,6’-di-apo-carotenoid
extracted from annatto (Bixa orellana) seeds [40].
Tolerability of norbixin is well known, based on animal
and human studies, and supports its use as food
additive/dye [41]. Norbixin protects primary porcine
RPE cells against phototoxicity induced by A2E and
blue-light illumination in vitro [22]. Norbixin also
reduces the accumulation of A2E by primary porcine
RPE cells in vitro [22]. We have previously reported
that a 3-month supplementation with norbixin in water
reduced A2E ocular accumulation in vivo in Abca4”
Rdh8” double-knockout mice [22]. In the same
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mouse model, the local treatment with norbixin via
intraocular injections inhibited retinal degeneration
and the loss of full-field ERG, induced following blue-
light illumination [22]. In addition, norbixin was
neuroprotective against blue-light damage (BLD) in
rats [22].

Here we used an acute BLD model in BALB/c mice
modified from our previous article [22] and that is used
to rapidly study some features of AMD and the chronic
model of AMD and STGD in aging Abca4” Rdh8"
mice to evaluate the protective efficacy of norbixin. In
the present article we demonstrate that norbixin
administered systemically is neuroprotective against
blue-light-induced retinal degeneration in BALB/c
mice. Moreover, we report for the first time that 6-
month oral supplementation of 4bca4” Rdh8”- double-
knockout mice with chow containing norbixin is
neuroprotective and partially preserves the function of
both rods and cones in vivo. Oral supplementation with
norbixin also reduces A2E and lipofuscin accumulation
in RPE cells. We define the therapeutic window during
which oral supplementation with norbixin is the most
effective in relation to progressive photoreceptor loss of
function and A2E accumulation.

RESULTS

Norbixin protects the retina of albino BALB/c
mice against blue-light-induced photoreceptor
degeneration

To determine whether norbixin could protect the retina
via a systemic effect we used a model of BLD in albino
BALB/c mice. Norbixin (10 mg/kg of body weight) was
injected intraperitoneally 30 minutes prior to BLD and
1, 2.5 and 4 hours after the beginning of exposure to
blue light (Figure 1A). Four hours of blue-light
exposure induced severe loss of retinal function in
vehicle-dosed mice, as measured seven days after
exposure by scotopic A wave (Figure 1B), scotopic B
wave (Figure 1C) and photopic B wave (Figure 1D)
ERGs. In the light-exposed mice, intraperitoneal
administration of norbixin maintained 40.4 % of the
scotopic A wave and 58.4 % of scotopic B wave
amplitudes at a flash intensity of 10 cd.s/m? compared
to the non-injected group (p<0.0001), whereas there
was no effect in the vehicle group. Norbixin treatment
also allowed a 60.4 % (p<0.001) preservation of the
photopic B wave intensity (Figure 1D). The neuro-
protective effect of norbixin was confirmed by
morphological evaluation of the retina, 7 days following
BLD (Figure 1E). Consistently, treatment with norbixin
partially protected photoreceptors against degeneration
induced by BLD. Indeed, more photoreceptors
were preserved in the norbixin group (+43 %; p<0.01)

than in the non-injected or the vehicle treated groups
(Figure 1F and 1G).

Determination of retinal degeneration, ERG
amplitudes and A2E accumulation Kinetics in Abca4”
”Rdh8”" mice of different ages

We characterized precisely the kinetics of 1)
photoreceptor degeneration of ii) the progressive loss of
visual function and of iii) the accumulation of A2E in
eyes of Abca4””Rdh8 mice in a systematic analysis of
this mice model between 2 and 18 months of age. First,
in the Abca4”Rdh8” mouse model we measured
scotopic and photopic ERGs. We found that the
amplitude of scotopic A and B waves and photopic B
wave decreased progressively between 2 and 18 months
of age (Figure 2A-2C). The progressive loss of visual
function was paralleled by reduction of the number of
photoreceptor nuclei (Figure 2D). Interestingly, losses
of visual function and of photoreceptor nuclei started
early during the course of aging since diminution were
significantly different (scotopic A wave p<0.0001,
scotopic B wave p<0.001, photopic A wave p<0.01 and
photoreceptor loss p<0.0001) between 2 and 6 months
(Figure 2A-2D). At later time points, a significant
alteration of ERG was also observed between 6 and 12
months (scotopic A wave only), 9 and 15 months
(scotopic A and photopic B waves), and 12 and 18
months (scotopic and photopic A and B waves). The
decrease of photoreceptor layers number occurred in
three steps: a strong loss between 2 and 6 months
followed by a plateau until 12 months, and a second
decrease period between 12 and 18 months (Figure 2D).
We then determined ocular A2E accumulation in the
eyes of Abca4”- Rdh8 mice. A2E ocular concentration
increased significantly between 2 and 6 months
(»<0.0001), reached a maximum at 9 months of age
followed by a plateau (Figure 2E).

RPEG65, cathepsin D and GFAP immunostaining in
Abcad” Rdh8™ mice of different ages

Next, we performed immunohistochemistry studies to
characterize RPE65 (an enzyme of the visual cycle),
cathepsin D, a lysosomal enzyme expressed in RPE, and
GFAP, a marker of astrocytes and reactive Miiller cells,
expression in 2- and 18-month-old Abca4”- Rdh8” mice.
At 2 months of age, as expected, cathepsin D expression
was observed in various retinal cells but was more
intense at the level of the RPE (Figure 3A). The same
pattern of expression was noted in 18-month-old mice,
however we noted that RPE cells appeared thicker both
on bright light image and following fluorescent staining
(Figure 3B). An Increase in intensity of cathepsin D
expression could be detected between young and old
mice (Figure 3B). Similarly, in 2-month-old Abca4”
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Figure 1. Effect of norbixin on ERG and retinal phototoxicity after BLD in BALB/c mice. (A) schematic representation of the
protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave, ERG recorded 7 days after BLD. (E) Representative
cryosection pictures showing Hoechst 33342 staining of the retinal cell nuclei one week after BLD. (F) Graph showing the number of
photoreceptor layers measured along the retina each 200 um from the optic nerve. (G) Histograms showing the area under the curve (AUC)
calculated from the photoreceptor layer quantification and used to perform statistical analyses. IP: intra-peritoneal; no BLD: no blue light
damage; no inj.: no injection; OS: outer segment; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer. Bars represent
mean + s.e.m. with n = 8 per group. # or *p<0.05, # or **p<0.01, #** or ***p<0.001, ### or ****p<0.0001 compared to non-injected or to
vehicle, respectively (One-way ANOVA, Dunnett's post-test).
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Rdh8” mice, RPE layer was thin and RPE cells
appeared uniformly immunoreactive for RPE65 (Figure
3C). By contrast, at 18 months, the RPE cells were
thicker. In addition, RPE65 expression almost dis-
appeared completely from the apical face. The weak
remaining staining appeared mostly basal (Figure 3D).
Finally, we performed immunohistochemistry for GFAP
that showed that GFAP expression was limited to
astrocytes in 2-month-old 4bca4”- Rdh8”" mice (Figure
3E), but that in 18-month-old mice, Miiller cells were
also GFAP positive, which is consistent with retinal
stress (Figure 3E). Altogether, we described progressive
reduction in ERG amplitudes, increased A2E
accumulation, modifications of the RPE layer and
apparition of retinal stress which are linked to
progressive photoreceptor loss, as the Abca4”~ Rdh8”-
mice got older. The observations that the kinetics of
evolution of these parameters could vary over time,
prompted us to test the efficacy of norbixin
administered by oral supplementation for 5 to 6 months
in mice of various ages. In an attempt to determine the
norbixin supplementation therapeutic window, we
decided to follow three experimental designs:
“preventive”, “early curative” and “late curative”

A B

scotopic A wave

scotopic B wave

supplementations in which norbixin administration
started at 1.5 months, 9 months, and 12 months of age,
respectively.

Effect of norbixin in the preventive supplementation
study

In the preventive supplementation experiment, 1.5-
month-old 4bca4”~ Rdh8” mice were fed with normal
pellets or norbixin-containing pellets for 6 months
(Figure 4A). Norbixin concentrations in the eye
were below detection limits (data not shown). However,
total norbixin concentration including isomers and
glucuronide-conjugated forms and norbixin-conjugated
glucuronides were detected in the plasma after 6 months
of supplementation, confirming the exposure of mice
to norbixin administered via food complementation
(Table 1). After 3 months of supplementation no
difference was measured in scotopic and photopic ERG
in mice fed with norbixin-containing pellets or with
normal pellets (data not shown). In contrast, after 6
months of supplementation we observed a limited, but
significant (p<0.01), protection of scotopic A-wave
ERG in mice supplemented with norbixin-containing
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Figure 2. Kinetics of loss of amplitude of scotopic A and B waves and photopic B wave, of A2E accumulation and of loss of
photoreceptor nuclear layers in Abca4”-Rdh8” mice aged between 2 and 18 months. (A) Scotopic A wave recorded at a flash
intensity of 10 cd.s/m2(n = 30-50). (B) Scotopic B wave recorded at a flash intensity of 10 cd.s/m?2 (n = 30-50). (C) Photopic B wave recorded at
a flash intensity of 30 cd.s/m?2 (n = 30-50). (D) Kinetics of loss of photoreceptor nuclear layers (n = 7-14). (E) Kinetics of A2E accumulation (n =
15-40). Bars represent mean £ s.e.m. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001 (One-way ANOVA, Dunnett's post-test).
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chow compared to mice fed with normal pellets. Indeed,
at a 10 cd.s/m’ flash intensity (that corresponds to a
mixed rod and cone response), in 7.5-month-old mice
fed with normal chow, A wave amplitude was reduced
by 44.2% compared to the 1.5-month-old mice (Figure
4B) whereas in 7.5-month-old mice fed with norbixin-
containing-chow, A wave amplitude was only reduced
by 26.8% compared to the 1.5-month-old mice (Figure
4B). Therefore, norbixin pellet administration reduced
the loss of scotopic A wave intensity by 60.7% when
compared with normal pellets (Figure 4B). However,
no significant difference in either scotopic B nor
photopic B waves were observed between the two
groups of mice (Figure 4C, 4D). Compared to normal
chow, norbixin-containing pellet supplementation had

RPE65 cathepsin D

GFAP

no effect on photoreceptor degeneration at 7.5 months
(Figure 4E). We observed a dramatic increase in A2E
accumulation between 1.5 and 7.5 months in mice fed
with normal pellets (Figure 4F). Interestingly, we
measured a reduction (18.3 %, p<0.01) in A2E
accumulation in mice supplemented for 6 months with
norbixin (Figure 4F).

Effect of norbixin in the early curative
supplementation study

In the early curative supplementation experiment,
untreated 9-month-old 4bca4” RAh8”~ mice were fed
with normal pellets or norbixin-containing pellets for 6
months (Figure 5A). At the beginning of treatment, the

Figure 3. RPE65, cathepsin D and GFAP immunostaining in Abca4”” Rdh8’" mice of different ages. Pictures showing retinal
cryosections of 2-month-old (A, C, E) and 18-month-old (B, D, F) mice captured in bright field (left pictures) or after immunostaining for
cathepsin D (A, B), RPE65 (C, D) and GFAP (E, F). OS: outer segment; ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell

layer.
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retinal function of 9-month-old Abca4"Rdh8’~ mice
was already decreased by 28.5% and 19.8 % for
scotopic A and B waves (flash intensity: 10 cd.s/m?),
respectively and by 10.3 % for the photopic B wave
compared to 2-month-old mice (Figure 2A-2C). At the
end of the early curative supplementation experiment
(15-month-old mice), norbixin concentration in the eye
was again below detection limits (data not shown).
Significant amounts of norbixin (including free norbixin
and norbixin glucuronide conjugates) were detected in
plasma after 6 months of supplementation (Table 1),
confirming norbixin exposure. After 3 months of

supplementation, we observed no statistical difference
between norbixin-treated and control animals in
scotopic A and B waves and photopic B wave measured
by full-field ERG (data not shown). By contrast, after 6
months of supplementation we observed a strong and
significant preservation of scotopic A (Figure 5B) and B
waves (Figure 5C), as well as photopic B wave (Figure
5D) in mice supplemented with norbixin compared to
mice fed with normal pellets. Most interestingly, the
photopic B wave amplitude in 15-month-old mice that
were fed with norbixin-containing pellets for 6 months
was similar to the photopic B wave amplitude of
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Figure 4. Effect of norbixin preventive supplementation from

1.5 to 7.5 months in Abca4”- Rdh8” mice. (A) schematic

representation of the 6-month preventive supplementation protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave,
recorded after 6 months of oral supplementation with norbixin in Abca4”-Rdh87- mice compared to mice fed with normal chow (vehicle) and
to 1.5-month-old mice. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the retina each measured
every 200 um apart from the optic nerve. (F) A2E quantification in eyes from 1.5-month-old Abca4”/-Rdh8/- mice, 7.5-month-old mice fed
with normal chow or with norbixin-containing pellets. Bars represent mean + s.e.m. with n= 8 mice per group (i.e. n=16 eyes per group for
ERG). **p<0.01 compared to vehicle (One-way ANOVA, Dunnett's post-test).
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Table 1. norbixin + isomers + norbixin glucuronide
conjugate plasma concentrations.

Experiment

Mean £ SD (nM)

Preventive
Early curative
Late curative

1201 +£256.5
887,4 £295.7
1782 +346.1

9-month-old mice at the beginning of treatment with
norbixin (Figure 5D). This result demonstrates that
norbixin supplementation fully preserves the function of
cone  photoreceptors. In  15-month-old  mice
supplemented during 6 months with norbixin, a
statistically significant protection of photoreceptor
degeneration was observed in the inferior retina
compared to mice fed with normal chow (Figure 5E;
p<0.05). Consistent with functional protection, A2E
accumulation in RPE was strongly reduced (-40 %;
»<0.001) in mice fed with pellets containing norbixin
compared to mice fed with normal pellets (Figure 5F).
No difference in lipofuscin granule accumulation was
observed following transmission electronic microscopy
(TEM) analysis of mice supplemented with norbixin
compared to mice fed with normal chow (data not
shown). No differences were either noted regarding
RPE65 nor cathepsin D expression in the RPE layer of
mice treated with norbixin compared to mice fed with
normal chow (data not shown). By contrast an increase
of Miiller cells GFAP staining was observed following
supplementation with norbixin (data not shown).

the curative

Effect of norbixin in late

supplementation study

During the late curative supplementation experiment
12-month-old Abca4”~ Rdh8” mice were fed with
normal pellets or norbixin-containing pellets for 5
months (Figure 6A). Norbixin was not detected in the
eyes of mice fed during 5 months with norbixin-
containing pellets (data not shown). Norbixin +
norbixin-glucuronide conjugate plasma concentration
was approximately 1.5- to 2- times higher than in the
preventive and early curative supplementation
experiments, respectively (Table 1). Nevertheless, after
three months of supplementation, norbixin did not
preserve scotopic A and B waves and photopic B wave
(data not shown). After 5 months of supplementation
with norbixin containing pellets, the loss of scotopic A
wave ERG (flash intensity: 10 cd.s/m?) was reduced by
67.3 % when compared with ERG of animals that
received normal pellets (Figure 6B; p<0.01). However,
no significant difference in neither scotopic nor
photopic B wave ERGs was observed between the two
groups of mice (Figure 6C, 6D). No significant
difference in photoreceptor degeneration was noted

between 17-month-old mice fed with pellets containing
norbixin or normal pellets for 5 months (Figure 6E).
A2E accumulation in 17-month-old mice did not differ
between mice fed during 5 months with normal chow
and with norbixin-containing pellets (Figure 6F).
Interestingly, the number of lipofuscin granules
quantified in RPE cells by TEM was slightly, but
significantly, reduced (-23.2 %; p<0.05) in 17-month-
old mice fed with norbixin-containing pellets compared
to same-age mice fed with normal pellets (Figure 6G,
6H). The cytoplasm surface occupied by this material
reached 23.4 % in the normal chow-fed mice, whereas it
was significantly reduced to 17.3 % (p<0.01) in the
norbixin-fed mice (Figure 6I).

DISCUSSION

We have previously shown that 9’-cis-norbixin, a 6,6’-
di-apo-carotenoid extracted from annatto (Bixa
orellana) seeds, protects primary porcine RPE cells
against phototoxicity induced by A2E and blue-light
illumination in vitro [22]. Norbixin was also shown to
reduce the uptake of A2E by primary porcine RPE cells
in vitro [22]. In addition, 3 months of oral
supplementation with norbixin in drinking water
reduced the A2E ocular accumulation in vivo in Abca4
“Rdh8” mice [22]. In the same mouse model, a single
norbixin intraocular injection inhibited retinal
degeneration and the loss of full-field ERG, induced
following blue-light illumination [22]. In addition,
when 50 to 100 mg/mL of norbixin was injected intra-
peritoneally, almost complete neuroprotection was
achieved in albino rats subjected to BLD [22]. In the
present study, we tested on one hand, the effect of four
intraperitoneal injections of 10 mg/kg of norbixin
administered before and during the course of a
modified BLD exposure in BALB/c mice, an acute
model used to rapidly study the neurodegeneration
symptomatic of AMD, and, on the other hand, the
effect of norbixin supplementation for 5 to 6 months in
Abca4”~ Rdh8” mice of different ages, a chronic model
of AMD and STGD.

Here, we demonstrate that norbixin IP injections are
partially neuroprotective and protect photoreceptor
function following retinal degeneration induced by
blue-light exposure. The protective effect of norbixin in

www.aging-us.com

72

AGING



the blue-light model is probably associated with its
antioxidative properties as previously demonstrated in
vitro [22, 42] and in vivo [43]. Despite the fact that we
haven’t measured the specific effect of norbixin on
expression of inflammatory markers in retina of Balb/c
mice subjected to BLD we quantified sub-retinal
infiltration in this model. We observed a small trend
toward reduction of macrophages infiltration by
norbixin, however this was not statistically significant
(data not shown). The absence of a significant effect of

A

6 months oral administration

norbixin on macrophages infiltration in the BLD model
could be explained by the limited dose of norbixin used
in this experiment. Indeed, the dose of norbixin only
induced a 30 % neuroprotective effect in the retina. It
could be hypothesized that a higher dose of norbixin
would induce a significant reduction of macrophages
infiltration in the sub-retinal space. Further experiments
to confirm this hypothesis and to decipher the
neuroprotective mechanism of norbixin in this model
are therefore still required.
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Figure 5. Effect of norbixin early curative supplementation from 9 to 15 months in Abca4”- Rdh8’" mice. (A) Schematic
representation of the 6-month early curative supplementation protocol design. (B) Scotopic A wave, (C) Scotopic B wave, (D) Photopic B wave
ERG recorded after 6 months of oral supplementation with norbixin in Abca47/-Rdh87/- mice compared to mice fed with normal chow (vehicle)
and to 1.5 and 9-month-old mice. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the retina each
measured every 200 pm apart from the optic nerve. (F) A2E quantification in eyes from 9-month-old Abca47- Rdh87- mice, 15-month-old mice
fed with normal chow or with norbixin-containing pellets. Bars represent mean + s.e.m. with n = 6 per group (i.e. n=12 eyes for the norbixin
treated group and n=11 eyes for the vehicle treated group for ERG). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle

(One-way ANOVA, Dunnett's post-test).
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Figure 6. Effect of norbixin late curative supplementation from 12 to 17 months in Abca4”" Rdh8’" mice. (A) Schematic
representation of the 5-month late curative supplementation protocol design. (B) Scotopic A wave ERG recorded after 5 months of oral
supplementation with norbixin in Abca4- Rdh87- mice compared to mice fed with normal chow (vehicle) and to 1.5- and 12-month-old mice.
(C) Scotopic B wave. (D) Photopic B wave. (E) Quantification of photoreceptor nuclear layers along the superior and inferior poles of the
retina each measured every 200 um apart from the optic nerve. (F) A2E quantification in eyes from 12-month-old Abca47- Rdh87- mice, 17-
month-old mice fed with normal chow or with norbixin-containing pellets. (G) Representative images of lipofuscin content in RPE cells of 17-
month-old vehicle and norbixin-treated mice. Large granules of lipofuscin are found in the RPE cytoplasm (white asterisk). (H) Histograms
showing the quantified lipofuscin granules expressed by area of 100 um?2. (I) Histograms representing the surface of cytoplasm occupied by
lipofuscin and expressed in percentage of total cytoplasm surface. Bars represent mean + s.e.m. with n = 8 per group (i.e. n=16 eyes per
group for ERG). *p<0.05, **p<0.01 compared to vehicle (One-way ANOVA, Dunnett's post-test).
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Abca4” Rdh8”" mice are a model of STGD but also a
broader model of retinal degeneration such as AMD
[36, 37]. Indeed, both STGD and AMD are
characterized by progressive accumulation of A2E and
lipofuscin, RPE cell and photoreceptor degeneration
eventually leading to the gradual “night” and “day”
vision loss that are mediated by rods and cones,
respectively [13, 14]. Structural and morphological
alterations over time of the retina of Abca4” Rdh8”
mice has been extensively described [37]. It is
noteworthy that despite the fact that the mice we used
also carried the rd8 mutation in the Crbl gene, we
haven’t observed the formation of photoreceptor
“rosettes” in the retina nor focal inferior retinal
degeneration characterized by the formation of local
retinal folds representative of rd87 mouse retinal
phenotype [44] (data not shown). It has been shown that
Crb 148 mutation is necessary but not sufficient for
the development of these degenerative features and that
the influence of small genetic background difference is
involved in the resulting phenotype [45]. Therefore,
we can expect that our strain does not express
gene mutations necessary to induce a degenerative
phenotype as it was already the case in our previous
publication [22].

In the present study, we describe the kinetics of
expression of cathepsin D, RPE65 and GFAP
expression and the progressive loss of visual function in
relation with photoreceptor degeneration, and of the
accumulation of A2E in eyes of Abca4”- Rdh8”~ mice as
they aged between 2 months and 18 months. Ocular
A2E accumulation in the eyes of Abca4” Rdh8’ mice
appeared to be biphasic with a maximum observed at 9
months followed by a plateau afterwards. The rapid
increase of ocular A2E concentration has been
previously reported in “young” Abca4”’- Rdh8”~ mice up
to the age of 6 months [36]. Interestingly, while retinal
degeneration and loss of ERGs appeared constant
during aging, we noted that photoreceptor loss and
decrease in retinal function was more pronounced
between 2 and 6 months and 12 and 18 months than
between 9 and 15 months. Evolution of photoreceptor
function over time might be related to the kinetics of
A2E accumulation during the early phase in young mice
and following its stabilization during the late phase in
old animals. A2E and other toxic all-trans-retinal
derivatives accumulate with age in the retina and RPE
as by-products of the visual cycle even in non-
pathological conditions [46]. In Abca4”~ Rdh8” mice,
lacking two proteins essential for avoiding
accumulation of all-trams-retinal ~ derivatives in
photoreceptors and RPE, high amounts of A2E are
found in the RPE. Similarly, in the retina of AMD and
STGD patients, A2E also accumulates faster and leads
to retinal degeneration [46]. A2E promotes the release

of Ca*" from the endoplasmic reticulum leading to the
production of reactive oxygen species (ROS) by
NADPH oxidase [46, 47]. Excessive ROS production
and oxidative stress in general contributes to
photoreceptor cell death and retinal degeneration [23]
and is recognized as a major risk factor for dry AMD
development [48—50]. It could be hypothesized that in
young Abca4”- Rdh8" mice, rapid accumulation of toxic
A2E is responsible for the early decline in photo-
receptor counts and visual function that we observed.
Then, approximately around 9 months of age, due to the
reduction of the number of photoreceptors and
reduction in the visual cycle activation, demonstrated by
reduced ERG amplitudes, the production of A2E may
be progressively slowed, reaching an equilibrium
illustrated by the plateau observed thereafter. During
this intermediate period, when A2E is produced at a
slower rate, A2E may also be more sensitive to
photodegradation. Indeed, due to the reduced number of
photoreceptor nuclei, the retina is thinner, allowing
increased light intensity to reach A2E internalized in
RPE cells [51]. In the meantime, apoptosis of
photoreceptors continues at a slower rate, probably
secondary to the early phase of photoreceptor
degeneration progressively displacing the equilibrium
between A2E concentrations and numbers of
photoreceptors established at 9 months. It is to note that
A2E ocular concentrations measured in our experiments
are slightly higher and retinal degeneration slightly
milder when compared to results found in the article by
Maeda and colleagues [36], but are consistent with
reported values by others [52]. Moreover, during the
long-term studies presented here we used the same eyes
to dose A2E and norbixin. Since norbixin could have
been present in ocular fluids and to avoid losing
vitreous/aqueous humor, we did not perform dissections
of eyes from Abca4”"Rdh8”" mice to determine the exact
location of A2E in these mice. However, we assume
that A2E is mostly present in the RPE layer. Indeed, in
previous dosing experiments performed on mice and
dog eyes we noted that A2E is almost exclusively found
in the RPE (data not shown). This observation is also
consistent with the publication from Lenis et al. [5].
Altogether, the observations that the kinetics of
evolution of ERG amplitudes, A2E accumulation and
photoreceptor loss were not constant over time, suggest
that the efficacy of a systemic treatment might be
dependent on pathological course.

In the present study, we attempted to determine the
optimal therapeutic window during which oral
supplementation with norbixin is the most effective in
relation to kinetics of A2E accumulation and of loss of
visual function in Abca4”~ Rdh8”- mice. Here we report
that 6-month oral supplementation of 9-month-old
Abca4” Rdh8”~ mice with chow containing norbixin
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totally preserves cone function and limits loss of
function in rods, as well as photoreceptor degeneration
and A2E accumulation. By contrast, during norbixin
supplementation of younger mice (starting at 1.5
months), we only observed a slight but significant
protective effect of norbixin on scotopic A wave ERG
and on retinal accumulation of A2E. This might be
related to the fact that sharp decrease in scotopic A
wave amplitude and an important A2E accumulation
occur during the early retinal degeneration phase. The
neuroprotective effect of norbixin in Abca4”~ Rdh8”
mice during the early curative supplementation
confirms our previous observations in acute blue-light
induced retinal degeneration model in vivo in the same
mice [22]. In the three supplementation protocols
(preventive, early and late curative), norbixin prevented
the loss of scotopic A wave amplitude measured by
ERGs. This suggests a protective effect on rod
photoreceptors by norbixin. Rods are the first neurons
affected during the early stages of AMD and STGD [13,
14]. They are also much more abundant in the mouse
retina than cones [13, 14]. In the preventive
supplementation the protective effect of norbixin on rod
function, was associated with a slight reduction of A2E
concentration (Figure 2). This slight reduction however
appears insufficient to prevent the loss of cone function
as demonstrated by the absence of effect on photopic B
wave. The loss of rod’s function is a progressive
phenomenon observed even in 15-month-old Abca4” -
Rdh8 mice and was also reduced by norbixin
supplementation in the late curative supplementation
protocol. It is important to note that the late curative
experiment presented here, was performed in female
mice rather than male mice in the other protocols.
However, we compared ERG results obtained in 17
months male mice treated with norbixin for 5 months
(between 12 and 17 months) and ERG amplitudes data
obtained in male mice aged 18 months from the
experimental group used in Figure 2. We observed a
protection of scotopic A wave ERG (but not scotopic B
wave) linked with rod function in norbixin
complemented male mice (data not shown). Due to the
difference of age between the two groups of male mice
we cannot conclude that these effects are solely related
with norbixin treatment with the exclusion of age, but
this observation is consistent with the preferential
preservation of rod photoreceptors reported for female
mice in the late curative experiment (Figure 5B).
Therefore, we are confident that the results reported
here on the late curative complementation in female are
representative of a phenomenon also occurring in male
mice. The protective action of norbixin extended to
cone photoreceptor function in mice supplemented
between 9 and 15 months of age. Norbixin treatment
during the early curative supplementation reduced by 40
% the A2E retinal concentration. This suggests that a

sharp reduction of A2E concentration is necessary to
protect cone photoreceptor function, whereas a more
limited reduction of A2E concentration appears to be
sufficient to protect rod photoreceptor function. Other
compounds including retinylamine [36, 53], C20-d3-
vitamin A, [54], Emixustat [55], primary amines [56],
omega-3 fatty acids [57] and the selective oestrogen
receptor modulator raloxifene [47], among others, have
been shown to reduce A2E accumulation and
concomitantly to “rescue” retinal degeneration in
Abca4”- RAh8”- mice or Abca4” in vivo. Altogether,
this supports the hypothesis that norbixin effectiveness
is at least partly linked to the level of reduction of
ocular A2E concentration.

The exact mechanism(s) of reduction of A2E
concentration in vitro and in vivo by norbixin remain(s)
to be determined. But, based on our ERG results, it
seems unlikely that norbixin supplementation limits
A2E production in vivo by slowing down the visual
cycle. We also showed previously in vitro that norbixin
reduces the amounts of A2E internalized by porcine
RPE cells as determined by HPLC-MS/MS [22].
Therefore, norbixin-induced reduction of intraocular
A2E concentration in Abca4” Rdh8”- mice could be due
to direct effects on RPE cells in vivo. We could also
hypothesize that in the BLD experiments reported here,
the neuroprotective effect of norbixin observed in
Abca4”-Rdh8”- mice in vivo may be due to a reduction
of oxidative stress and ROS production. Indeed,
norbixin has been shown to reduce oxidative stress in
rats [42] and humans [43] following a high-fat meal
diet. Further experiments to confirm the antioxidant
properties of norbixin in the context of retinal
degeneration in vivo and in RPE cells in vitro are still
required. In the present article which focuses on the
effect of norbixin in vivo in mice models of AMD and
STGD we haven’t described any mechanistic processes
of norbixin. However, experiments in vitro on primary
porcine RPE cells are actually performed to decipher
the potential mechanism of action of norbixin (V.
Fontaine et al. in preparation). Indeed, in addition with
reduction of A2E accumulation, anti-apoptotic,
antioxidant and anti-inflammatory properties of
norbixin could play a role in the protection of visual
function and in the neuroprotective effect of norbixin
that we report in the present study in vivo. In order to
determine if norbixin displayed an anti-inflammatory
effect in the late curative experiment we quantified
macrophages infiltration in the subretinal space of
Abca4” Rdh8”’- mice (data not shown) in vivo but we
did not observe any significative differences. It has been
proposed that A2E may potentiate subretinal
macrophage accumulation [58]. Therefore, the slight
reduction of A2E accumulation obtained in our model
by norbixin may not be sufficient to significantly reduce
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macrophage recruitment. However, it could be
hypothesized that norbixin may alter macrophage
activation or differentiation in vivo. This will be the aim
of future experiments. In order to better understand the
effects of norbixin in the retina in vivo and to determine
whether norbixin effects target specifically the retina or
RPE or both, we performed GFAP, RPE65 and
cathepsin D stainings on retinal sections of eyes
obtained from Abca4”Rdh8" mice treated with
norbixin versus untreated in the early -curative
supplementation experiment. However, we did not
observe any differences if RPE65 nor cathepsin D
expression in both groups. Surprisingly, we observed
enhanced GFAP staining of Miiller cells in the retina of
norbixin supplemented mice. Further experiments are
required to decipher the mechanisms behind the
protective effects of norbixin.

To our knowledge, this is the first report demonstrating
the efficiency of treatment given orally through food
complementation on the photoreceptor function in the
aging Abca4”Rdh8 mouse model. Most of the
previous studies performed to measure the efficacy of
molecules on the retinal function, using this Abca4”
Rdh8” mouse model, were done by intraperitoneal or
intravitreal injections and after light damage in young
mice [36, 47, 53, 56, 59—61]. Maeda and colleagues
also showed the beneficial effect of 9-cis-retinal
administrated by monthly oral gavage over 6 or 10
months in 4-month-old C57BL/6 mice on scotopic A
and B waves, as well as flicker ERG [62]. Similar
observations were reported following weekly gavage for
one month in 12-month-old Rdh57Rdhi11” mice [63].
In another study, the same group showed that 3 months
treatment with primary amines in 1-month-old Abca4”~
Rdh8” mice force-fed daily reduced A2E accumulation,
photoreceptor degeneration, and retinal functions [56].

Based on our previous results showing that norbixin
increases RPE survival and reduces A2E internalization
in vitro [22], we assume that norbixin’s neuroprotective
effect is local. However, free norbixin concentrations
in the eyes were below detection limits in all
supplementation experiments. It could be hypothesized
that limited amounts of free norbixin present in the
plasma access the eye and are consumed in a continuous
fashion. Oral supplementation exposure of norbixin in
mice depends on the quantity of food absorbed by each
mouse and also depends on the time of day of the
analysis of plasma concentrations relative to food
consumption which occurs mainly at night time.
Therefore, we cannot assume that all mice received the
same amount of norbixin during supplementations.
Nevertheless, at 3 and 6 months, norbixin was detected in
the plasma of all supplemented mice across all
experimental designs, confirming the exposure of mice to

norbixin administered via food as early as 3 months.
Interestingly, in the early curative supplementation
experiment, plasma norbixin and norbixin glucuronide
conjugate concentration was the lowest. Nevertheless, the
observed partial neuroprotection, and full preservation of
scotopic and photopic ERG amplitudes, suggest that this
level of plasma exposure is sufficient to support norbixin
biological effects. As a mean, we calculated that norbixin
consumption represents approximately a daily intake of
47.5 mg +/- 5 mg per kg/mouse. This value is in the same
range of administration in the BLD study, where mice
received four intraperitoneal injections of 10 mg/kg each.
Nevertheless, we have reported previously in acute BLD
model in albino rats a more profound effect of our tested
compound. The partial efficacy reported here in acute
and long-term models of retinal degeneration may be due
to the small doses used and might be improved by
increasing the doses of norbixin administered. Increasing
bio-availability of norbixin into the eye following
systemic administration may also improve efficacy and
we are actually working on these two options.

In conclusion, our present study demonstrates that
systemic administration of norbixin in the acute BLD
model of dry AMD is neuroprotective and partially
preserves photoreceptor function. In addition, 6 months
of oral supplementation with norbixin is effective in
Abca4”"Rdh8’ mice. We show that chronic norbixin
supplementation reduces the concentration of A2E in
the eye, that norbixin is neuroprotective, and preserves
visual function of Abca4”’"Rdh8’~ mice, modelling
retinal degenerative conditions such as STGD and dry
AMD. We believe that treatment using norbixin could
potentially preserve “night” and “day” visual acuity in
humans affected by dry AMD and STGD. It is essential
for patient care to develop drugs that are effective on
visual function following oral administration rather than
by repeated local intraocular injections. These results
demonstrated the effectiveness of the norbixin in a
chronic and acute model of retinal degeneration and
could offer a new therapeutic strategy, alone or in
combination with gene therapies, for AMD and/or
STGD patients. Thus, norbixin is a good drug candidate
to treat patients and may provide a cure for these very
debilitating diseases.

MATERIALS AND METHODS
Ethics statement

All procedures were carried out according to the
guidelines on the ethical use of animals from the
European Community Council Directive (86/609/EEC)
and were approved by the French Ministry of
Agriculture (OGM agreement 6193) and by the
Committee on the Ethics of Animal Experiments of the
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French Ministry of Research. All efforts were made to
minimize suffering.

Animals

BALB/c mice were provided by Envigo (Gannat,
France). Pigmented Abca4” Rdh8’ mice carrying the
Rpe65-Leud450 mutation and the rd8 mutation in the
Crbl gene were obtained from Case Western Reserve
University [36]. All animals were housed under 12-hour
on/off cyclic normal lighting.

Reagents/chemicals

All general chemicals were from Sigma (St. Louis, MO,
USA). Reagents for cell culture and Alexa Fluor® 488 -
conjugated secondary antibodies were from Thermo
Fisher Scientific (Waltham, MA, USA). TrueBlack®
was from Biotium (Fremont, CA, USA). Goat anti-
human Cathepsin D antibody was from Santa Cruz
Biotechnology (Dallas, TX, USA), mouse anti-bovine
RPE65 antibody and rabbit anti-human GFAP were
from Abcam (Cambridge, UK). Ketamine, xylazine,
tropicamide and oxybuprocaine chlorhydrate were from
Centravet (Maison-Alfort, France). Lubrithal eye gel
was from Dechra Pharmaceuticals (Northwich, UK).
Optimal cutting temperature compound and other
reagents for histology were from Roth Sochiel
(Lauterbourg, France). Agar 100 resin kit was from
Agar Scientific (Stansted, UK). 9'-cis-Norbixin was
prepared from 9'-cis-bixin (AICABIX P, purity 92 %)
purchased from Aica-Color (Cusco, Peru) upon alkaline
hydrolysis as previously described [22] and according
to Santos et al. [64]. The obtained product (the 9'-cis
isomer) showed an HPLC purity of 97 % as confirmed
by 'H-nuclear magnetic resonance (using malonic acid
as internal standard). Fresh solutions of 9'-cis-norbixin,
stored as powder at -80°C, were prepared in DMSO.

Immunohistochemistry

Retinal cryosections of Abca4” Rdh8” mice aged 2 and
18 months were permeabilized with Triton X100
(0.05% in PBS; 5 min at RT) and saturated with NGS
(10% in PBS) or BSA (3% in PBS) during 1 h at RT.
For cathepsin D immunostaining sections were
depigmented in H>O> (3% in PBS) during 24 h before
staining. Primary antibodies against GFAP, RPE65 and
cathepsin D were diluted in 2% NGS or 1% BSA and
incubated over night at 4°C and followed by Alexa
Fluor® 488 - conjugated secondary antibodies during 1
h at RT. In order to quench lipofuscin auto-fluorescence
in RPE a final incubation with TrueBlack® was
performed. Sections were stained with Hoechst 33342
to label nuclei and representative pictures were taken
using a fluorescence microscope (Nikon TiE) equipped

with a CoolSNAP HQ2 camera. For each age retinal
cryosections from 3 different mice were used.

Synthesis of A2E and A2E-Propylamine

A2E (N-retinylidene-N-retinylethanolamine) was synthe-
sized by Orga-link (Magny-Les- Hameaux, France) as
described before [65]. Briefly, all-frans-retinal,
ethanolamine and acetic acid were mixed in absolute
ethanol in darkness at room temperature over 7 days. The
crude product was purified by preparative HPLC in the
dark to isolate A2E with a purity of 98 % as determined
by HPLC. A2E (20 mM in DMSO under argon) was
stored at -20°C. A2E-propylamine (an analogue of A2E)
was synthesized as previously described [22] using
propylamine instead of ethanolamine.

Intraperitoneal treatment and blue-light damage
(BLD)

Four groups of 8 BALB/c mice were used for this study.
Mice were injected intraperitoneally with either
norbixin (10 mg/kg in 5 % Tween 80 in PBS), or an
equivalent volume of vehicle (5 % Tween 80 in PBS)
30 min prior to light damage and 1, 2.5 and 4 hours
after the beginning of the exposure. A custom-made
light-damage device equipped with fluorescent lamps
(Phillips TL-D 36W/18) with UV filter was used to
induce BLD in mice (Durand, St-Clair de la Tour,
France). All manipulations with the animals were
performed in dim red light. Pupils were dilated with 1
% atropine eye solution before illumination. Mice,
previously maintained in a 12-hour light (= 10 lux)/ 12-
hour dark cycle environment for two weeks, were dark-
adapted for 24 hours and light damage was induced at
4000 lux for 4 hours. Following exposure to light
damage, animals were placed in the dark for 24 hours
and then returned to the dim cyclic light environment
for 7 days. Two control groups were used: i) non-
injected and illuminated mice and ii) non-injected and
non-illuminated mice.

Kinetics of ERGs, photoreceptor loss and A2E
accumulation in Abca4” Rdh8”" mice

A total of 300 Abca4” Rdh8”- male and female mice of
different ages (2, 4, 6, 9, 12, 15 and 18 months) were
used in order to perform a kinetic analysis of ERGs,
photoreceptor loss and A2E accumulation.

Norbixin-containing pellet preparation preservation
and consumption

Custom rodent diet was formulated and irradiated (25
kGy) by Special Diet Services (Witham, UK). Norbixin
(600 pg/g) was incorporated in 10 mm RMI
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compression pellets. The pellets were stored at -20°C
until use and were administered as standard diet (ad
libitum). The concentration of norbixin in the pellets at
the end of each batch was determined by HPLC
MS/MS. The mean concentration was 377.9 pg/g +/-
40.93 ng/g. Based on the norbixin pellet concentration,
we calculated that male mice weighing 42.1 g after 3
months supplementation consumed 5.3 g of pellets
every day, which correspond to a daily dose of 47.5 mg
+/- 5 mg per kg.

In vivo norbixin supplementation

In order to test the preventive/curative actions of oral
norbixin against retinal neurodegeneration a total of 54
Abca4”- Rdh8”- mice of different ages were used. In the
first “preventive study”, two groups of 8 males aged 1.5
months received control chow or chow containing
norbixin orally for 6 months. In a second experiment
“early curative study” two groups of 6 males aged 9
months received norbixin mixed with chow or control
chow orally for 6 months. In a third experiment “late
curative study”, two groups of 8 females aged 12
months received norbixin mixed with chow or control
chow orally for 5 months. In each experiment full-field
ERG was performed after 3 months of supplementation.
After 5 or 6 months of supplementation, ERG was
measured in both eyes (n=16 per group in the
preventive and late curative experiments and n=12 for
norbixin treated group and n=11 in the vehicle group of
the early curative study). Blood was collected by
cardiac puncture in all mice before being euthanized. In
each group half of the eyes were removed for A2E and
norbixin measurements and half of the eyes were used
for histological analyses.

Full-field electroretinogram

ERG recordings were performed with the Espion visual
electrophysiology system (Diagnosys LLC, Lowell,
MA, USA) that includes a ColorDome Ganzfeld. ERG
was performed one week after BLD. After overnight
dark adaptation, mice were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg). Eye drops were
used to dilate the pupils (0.5 % tropicamidet+ 5%
phenylephrine hydrochloride) and anesthetize the
cornea (0.4 % oxybuprocaine chlorhydrate). Body
temperature was maintained at 37°C using a circulating
hot-water heating pad. Corneal electrodes (Ocuscience,
a subsidiary of Xenolec Inc., USA) were placed on the
corneal surface of each eye. Lubrithal eye gel was used
to maintain good contact and corneal moisture. Needle
electrodes placed subcutaneously in cheeks served as
reference and a needle electrode placed in the back
served as earth. The ERG was recorded from both eyes
simultaneously after placing the animal into the

Ganzfeld bowl. Five responses to light stimulus at
increasing intensities (0.01, 0.1, 1, 10 and 30 cd.s.m)
were averaged for scotopic response. After 5 min of
light adaptation, the photopic response was recorded at
the highest stimulus (average of 5 measurements at 30
cd.s.m?).

Histology and photoreceptor counting

Following ERG measures, mice were euthanized and
eyes were enucleated and dissected to remove the
cornea and lens. For cryosection, eyes were fixed in 4 %
paraformaldehyde/ 5 % sucrose (in PBS) for one hour at
4°C. The eye cups were then cryoprotected by
successive bathing in 5 % sucrose (1h), 10 % sucrose
(lh) and 20 % sucrose (overnight), embedded in
optimal  cutting temperature = compound, and
cryosections (10 pm) were prepared using Superfrost®
Plus slides and stored at -20°C until analysis. Sections
were stained with Hoechst 33342 to label nuclei and
were scanned using a nanozoomer (NDP.scan v2.5.86,
Hamamatsu, Japan) with fluorescence imaging
modules. Photoreceptor nuclei were quantified at 200
pm intervals superior and inferior to the edge of the
optic nerve head along the vertical meridian using the
NDP.view software.

Electronic microscopy analysis

After enucleation and anterior segment removal, eye
cups were fixed in 1.5 % glutaraldehyde and 1 %
paraformaldehyde diluted in 0.1 M sodium cacodylate.
One mm? sections of eye cups were cut and incubated
for 1 hin 1 % osmium tetroxide. Cells were dehydrated
through graded concentrations of ethanol (50-70-96-100
%) and infiltrated in epoxy resin (Agar 100 resin kit) at
room temperature according to the manufacturer’s
instructions and polymerized for 48 h at 60 °C. Ultrathin
sections (70 nm) were cut with an ultramicrotome
(Ultracut, Leica Microsystems) and collected on 200
Mesh copper grids (EMS). Observations were made
with a Field Emission Scanning Electron Microscope
(Gemini 500, Zeiss). Lipofuscin quantification was
carried out with Fiji software using the «Cell Counter»
plugin. Three different images of RPE cells were
counted for each eye in each group. The total area of
RPE cytoplasm was systematically quantified. Nuclei
areas were excluded from the measure. Results are
expressed as number of lipofuscin granules / 100 pm? of
cytoplasm and as the cytoplasmic volume occupied by
lipofuscin.

A2E measurement by HPLC-MS/MS

HPLC-MS/MS analysis was performed on an Agilent
1100 in-line triple quadrupole mass spectrometer
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(API365 or API3200, Applied Biosystems, Les Ulis,
France) operated in MRM positive-ion mode. A2E was
eluted on a reverse-phase C18 column (2.1x50 mm; 3.5
um particle size; Symmetry, Waters, Guyancourt,
France) with the following gradient of acetonitrile in
water (containing 0.1 % formic acid): 65 to 100 % (4
min), 100 % (5 min), (flow-rate: 0.3 mL/min). A2E-
propylamine (25 ng) was used as internal standard. The
AUC of A2E and A2E-propylamine were determined in
MRM mode with precursor ion/product ion settings,
A2E (m/z 592.5/105.1) and A2E-propylamine (m/z
590.6/186.2). For A2E quantification, a calibration
curve was performed using various concentrations of
A2E (5 to 10000 nM). A2E-propylamine was used as
internal standard for A2E quantification by HPLC
coupled with tandem mass spectrometry (HPLC-
MS/MS).

A2E measurement in mice eyes

A2E present in eyes was determined with the HPLC-
MS/MS  method described above. Each eye was
homogenized in CHCl3/MeOH (1:1, v/v) (0.5 mL) with
homogenizer (Precellys-24) during 2 cycles (30 s) at
6500 rpm. The internal standard (A2E-propylamine)
was added and the organic layer was extracted. The
homogenate was then extracted two times with CHCls/
CH:Cl, (0.5 mL). The combined organic extracts were
dried in vacuo without heating (EZ2, Genevac Ltd
Ipswich, U.K.). Then they were dissolved in 100 pL
DMSO/MeOH (1:1, v/v) and transferred to microtitre
plates. The calibration curve of A2E was prepared in
CHCI3/MeOH (1:1, v/v) and dried in vacuo without
heating (EZ2, Genevac), then dissolved in 100 pL
DMSO/ MeOH (1:1, v/v). Under these conditions, with
an injection volume of 10 pL, the limit of quantification
(LOQ) was 10 nM.

Norbixin concentration determination in pellets,
mice plasma and eye samples

HPLC analysis was performed on an Agilent 1200 with
DAD. Norbixin was eluted from a reverse-phase C18
column (2.1x50 mm; 5 um particles; Purospher Star,
Merck, Molsheim, France) with the following gradient
of acetonitrile in water (containing 0.1 % formic acid):
0 to 90 % (1.5 min), 90 % (1 min), (flow-rate: 0.5
mL/min) and they were monitored at 460 nm. For
quantification of norbixin, a calibration curve was
performed under the same conditions as the sample
matrix, with various amounts of norbixin (10 to 50000
ng/mL). Plasma samples (30 pL) from different
animals, and methanol (100 pL) were distributed in a
96-well microtitre plate, mixed for 10 min and
precipitated. The microtiter plate was frozen at -20°C
for 30 min, thawed and then centrifuged. The hydro-

alcoholic phase was removed from each well and
transferred into another microtitre plate for LC-MS/MS
analysis. Under these conditions, with 20 pL injections,
the limit of quantification (LOQ) was 50 ng/mL (= ca.
2.5 pmol). Eye samples were treated with the same
protocol as for A2E measurements (see above).
Norbixin isomers were analyzed by LC-MS/MS on an
Agilent 1200 with DAD and in-line triple quadrupole
mass spectrometer (6420, Agilent, Les Ulis, France)
operated in MRM positive-ion mode. HPLC used a
reverse-phase C18-column (2.1x50 mm; Fortis-18)
eluted with the following gradient of acetonitrile in
water (containing 0.1 % formic acid): 60 to 95 % (2.5
min), 95 % (2 min), (flow-rate: 0.3 mL/min). Norbixin
and its isomers or conjugates (= glucuronides) were
monitored at 460 nm and MRM mode with precursor
ion/product ion ratio (m/z 381.1/144.9).

Statistical analyses

For statistical analyses, one-way ANOVA followed by
Dunnett's tests were performed using Prism 7
(GraphPad Software, La Jolla, CA, USA) depending of
the sample size.
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ABSTRACT

Since mitochondrial dysfunction is implicated in the pathogenesis of AMD, this study is based on the premise
that repurposing of mitochondria-stabilizing FDA-approved drugs such as PU-91, might rescue AMD RPE cells
from AMD mitochondria-induced damage. The PU-91 drug upregulates PGC-1a which is a critical regulator of
mitochondrial biogenesis. Herein, we tested the therapeutic potential of PU-91 drug and examined the additive
effects of treatment with PU-91 and esterase inhibitors i.e., EI-12 and EI-78, using the in vitro
transmitochondrial AMD cell model. This model was created by fusing platelets obtained from AMD patients
with Rho’i.e., mitochondria-deficient, ARPE-19 cell lines. The resulting AMD RPE cell lines have identical nuclei
but differ in their mitochondrial DNA content, which is derived from individual AMD patients. Briefly, we report
significant improvement in cell survival, mitochondrial health, and antioxidant potential in PU-91-treated AMD
RPE cells compared to their untreated counterparts. In conclusion, this study identifies PU 91 as a therapeutic
candidate drug for AMD and repurposing of PU-91 will be a smoother transition from lab bench to clinic since
the pharmacological profiles of PU-91 have been examined already.

INTRODUCTION

The incidence of Age-related Macular Degeneration
(AMD) is increasing at an alarming rate in elderly
population in the United States. Per the National Eye
Institute projection, the estimated number of AMD
patients is expected to rise to 5.44 million by 2050.
Most AMD cases occur among Caucasian Americans,
followed by Hispanic and other populations. AMD — a
disease which damages the macula and affects central
vision, remains a leading cause of uncorrectable vision
loss in the United States [1]. Despite intensive study, a
limited number of FDA-approved treatment options are
available for treatment of AMD. Anti-VEGF drugs such

as Ranibizumab, Bevacizumab, and Aflibercept have
been demonstrated to reduce choroidal neovas-
cularization in AMD. Therefore, injections of these
anti-VEGF drugs into the vitreous cavity are by far the
most viable treatment option available for wet AMD
[2]. Furthermore, AREDS (Age-Related Eye Disease
Study) supplements, which are over-the-counter
antioxidant/zinc supplements, are known to slow down
the progression of AMD [3].

Mitochondrial (mt) DNA damage due to mutations or
oxidative stress has long been implicated in the
development of AMD [4]. Mitochondrial DNA damage
induces ARPE-19 cells to secrete pro-inflammatory
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cytokines associated with onset and progression of
AMD [5]. Macular RPE cells from aged and AMD
human donor eyes have higher frequencies of mtDNA
lesions and mtDNA genomic heteroplasmic mutations,
compared to their age-matched controls. AMD severity
has been associated with decreased expression of a
DNA repair enzyme OGGI1, which is involved in
excision repair of oxidatively-damaged DNA.
Accumulation of mtDNA lesions and reduced DNA
repair capacity contribute to loss of RPE cells in AMD
and aging retinas [6]. Therefore, several mitochondria-
targeting therapeutic molecules have been identified in
the hope of rescuing mtDNA and subsequently RPE
cells in AMD. For instance, a mitochondria-targeted
antioxidant SkQ1 prevents AMD progression in an in
vivo model of AMD [7]. A mitochondria-targeting
peptide called MTP-131 (Bendavia) targets cardiolipin
and improves mitochondrial function [8]. Furthermore,
our recent work has shown that Humanin G (HNG)
which is a more potent variant of Humanin, a
mitochondrial-derived peptide, rescues AMD RPE
cybrid cells in vitro [9]. In that study, we demonstrated
that mitochondria from AMD patients were
dysfunctional compared to the normal mitochondria
which were derived from age-matched normal subjects.
Mitochondrial DNA damage was evidenced by
significant reduction in mtDNA copy numbers and
higher numbers of mtDNA lesions in the AMD cybrids
compared to that in the normal cybrids. Furthermore,
decreased expression of mitochondrial transcription and
replication genes suggesting impaired mitochondrial
transcription and replication was observed in the AMD
cybrid cells compared to their normal counterparts.
Moreover, this work with AMD cybrids revealed higher
mitochondrial superoxide generation and reduced
mtGFP fluorescent staining in AMD cybrids compared
to normal cybrids [9]. Therefore, our previous findings
established substantive mitochondrial damage in AMD
cybrid cell lines compared to the normal cybrid cell
lines which served as controls.

Since mitochondrial biogenesis is influenced by PGC-
la  (Peroxisome-proliferator-activated  receptor vy
Coactivator-la) expression and activity [10,11],
numerous pharmacological interventions in retinal and
neurodegenerative diseases have been directed toward
PGC-1a upregulation [12-15].

The purpose of this study was to test the following
hypothesis: PU-91, an FDA-approved mitochondrion-
stabilizing drug, will protect RPE cells in an in vitro
macular degeneration model. PU-91 is a pro-drug that
when metabolized is PPARa ligand and which was
developed for the treatment of dyslipidemia. The drug is
estimated to have seen >5 million-years of patient
exposure and remains an effective agent for certain

dyslipidemias. PU-91, not its metabolite, is the
chemical matter that produces the upregulation of
PGC-1a (data not shown, manuscript in preparation).
Our in vitro AMD model was created by fusion of
mitochondria-deficient APRE-19 (Rho") cell line with
platelets isolated from AMD patients. The resulting
AMD RPE transmitochondrial cybrids have identical
nuclei derived from ARPE-19 cells but mitochondria
from different AMD patients (Supplementary Table 1).
We investigated the effect of PU-91 drug on
mitochondrial biogenesis, apoptosis, oxidative stress,
mitochondrial membrane potential, mitochondrial
superoxide production, mtGFP staining, and finally
examined the additive effects of PU-91 and esterase
inhibitors ie., EI-12 and EI-78 in AMD RPE
transmitochondrial cybrids. Our findings demonstrated
that PU-91 preserved AMD mitochondrial function and
integrity, and protected AMD RPE cybrids against
oxidative stress-induced and mtDNA-induced apoptotic
cell death. This study suggests a potential role for PU-
91 as a candidate drug for AMD treatment. Since PU-
91 is an FDA-approved drug, its repositioning for
treatment for AMD would encounter a smoother
pathway because its side effects and other risks are
already known. This shortens considerably the journey
from lab bench to clinic. However, further studies are
required to establish the merit of PU-91 as a
cytoprotective molecule in AMD.

RESULTS

PU-91 increases mitochondrial DNA copy number
and upregulates the genes involved in mitochondrial
biogenesis pathway in AMD RPE cells

Mitochondrial biogenesis involves the orchestration of
expression of multiple nuclear encoded genes, in large
part, mediated through the transcriptional action of
PGC-1a gene product in concert with others. As PU-91
is posited to upregulate mitochondrial biogenesis, we
sought to measure mitochondrial DNA (mtDNA) copy
number and transcriptional outputs in AMD RPE cybrid
cells treated with this repositioned drug.

Accordingly, PU-91 significantly increased relative
mtDNA copy numbers by 50% (p=0.03; AMD UN:
1£0.03, n=4; AMD PU-91: 1.50 £ 0.13, n=4) (Figure
1A) and upregulated the gene expression of PGC-1a by
208 % (p= 0.016; AMD UN: 1 + 0.29, n=5; AMD PU-
91: 3.08 + 0.35, n=5) (Figure 1B), NRF-1 by 46 % (p=
0.03; AMD UN: 1 + 0.09, n=4; AMD PU-91: 1.46 +
0.1, n=4) (Figure 1C), NRF-2 by 38 % (p= 0.03; AMD
UN: 1 + 0.13, n=5; AMD PU-91: 1.38 + 0.06, n=5)
(Figure 1D), PPAR-a by 19 % (p=0.03; AMD UN: 1 +
0.05, n=5; AMD PU-91: 1.19 + 0.05, n=5) (Figure 1E),
and PPAR-y by 32 % (p= 0.03; AMD UN: 1 + 0.09,
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Figure 1. PU-91 regulates the mitochondrial biogenesis pathway. We used quantitative gRT-PCR to measure the relative
mtDNA copy number (A), and the gene expression of markers of the mitochondrial biogenesis pathway such as PGC-1a (B), NRF-1 (C),
NRF-2 (D), PPAR-a (E), and PPAR-y (F). PU-91-treated AMD cybrids (AMD PU-91) had higher mtDNA copy numbers and increased gene
expression levels of all the above-mentioned markers (p<0.05, n=4-5). Data are presented as mean * SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;

*p<0.05.

n=5; AMD PU-91: 1.32 + 0.08, n=5) (Figure 1F) in
AMD cybrids compared to their untreated counterparts.

PU-91 improves mitochondrial function in AMD
RPE cells

It would be anticipated that transcriptional activation of
genes that promote mitochondrial biogenesis would be
accompanied by evidence of improved mitochondrial
function. As shown in Figure 2, PU-91-treated AMD
cybrid cells had increased mitochondrial membrane
potential (JC-1 assay) (116 % increase; p= 0.03; AMD
UN: 1 + 0.09, n=3; AMD PU-91: 2.16 + 0.26, n=4),
(Figure 2A), and significantly lower levels of
mitochondrial superoxides (MitoSOX assay) (22 %
increase; p=0.04; AMD UN: 1 + 0.06, n=4; AMD PU-
91: 0.78 + 0.038, n=4), (Figure. 2B). Furthermore, PU-
91-treated AMD cells showed upregulation of SOD2, a
mitochondrial antioxidant gene, by 160 %, (p=0.0079;
AMD UN: 1+0.11, n=5; AMD PU-91: 2.6 £ 0.37, n=5)
(Figure 2C), and reduced gene expression of HIF o (47
% increase; p=0.03; AMD UN: 1 + 0.14, n=4; AMD
PU-91: 053 + 0.03, n=4) (Figure 2D). PU-91
upregulated MT-RNR2 (Mitochondrially Encoded 16S
rRNA) gene in AMD RPE cybrid cells. Treatment with

PU-91 drug caused a 104 % higher expression of MT-
RNR?2 gene in AMD RPE cybrid cells (p=0.0079; AMD
UN: 1 £ 0.15, n=5; AMD PU-91: 2.04 + 0.39 n=5)
(Figure 2E), suggesting that increased production of
Mitochondrial Derived Peptides (MDPs) could be one
of the mechanisms by which PU-91 rescues cells.

PU-91 enhances mitochondrial GFP (mtGFP)
fluorescence in AMD RPE cells

The cell biological features of mitochondria integrity
are best observed in whole cells where mitochondria are
visualized. Figure. 3A shows representative confocal
images of AMD RPE cells stained with DAPI (blue)
and mitochondrial GFP stain (green). Panel 1 shows
bright-field images, panel 2 shows DAPI (blue)-stained
images, panel 3 shows mtGFP (green)-stained images,
and panel 4 shows merge (DAPI + mtGFP) images. The
qualitative appearance of the mitochondrial network is
vastly different in PU-91 treated cells compared with
untreated controls (panel 3). When quantitated, PU-91-
treated AMD cells showed an increase in mtGFP
fluorescence intensity by 168 % (p = 0.03; AMD UN: 1
+ 0.22, n=4; AMD PU-91: 2.68 £ 0.25, n=4) (Figure
3B) compared to the untreated AMD cells.
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Figure 2. PU-91 regulates mitochondrial function. We used the fluorometric JC-1 assay and MitoSOX assay to measure
mitochondrial membrane potential and mitochondrial superoxide production, respectively. Treatment with PU-91 led to elevated
mitochondrial membrane potential (p<0.05, n=3) (A) and reduced mitochondrial superoxide production (p<0.05, n=3) (B) in AMD
cybrids (AMD PU-91) compared to the untreated group (AMD UN). Furthermore, PU-91-treated AMD cybrids showed upregulation of
the mitochondrial superoxide dismutase, SOD2 gene (p<0.05, n=5) (C) and reduced expression of HIF1a gene (p<0.05, n=3-4) (D). (E)
PU-91 upregulates MT-RNR2 gene. Using TagMan probe for the MT-RNR2 gene, qRT-PCR analysis revealed that PU-91 increases MT-
RNR2 gene expression by 104% compared to untreated control (p<0.05, n=5). Data are presented as mean + SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;

*p<0.05, **p<0.01.

PU-91 rescues AMD RPE cells from apoptotic cell
death

Apart from promoting mitochondrial biogenesis, PGC-
1o also partners to promote the expression of additional
gene networks that are cytoprotective. Treatment of
AMD RPE cells with PU-91 decreased expression of

Caspase-3 gene by 34 % (p=0.016; AMD UN: 1 +
0.099, n=5; AMD PU-91: 0.66 + 0.03, n=5) (Figure 4A)
and BAX gene by 21 % (p=0.0079; AMD UN: 1 + 0.05,
n=5; AMD PU-91: 0.79 + 0.03, n=5) (Figure 4B), and
significantly increased cell viability by 55 % (p=0.03;
AMD UN: 1 + 0.11, n=4; AMD PU-91: 1.55 + 0.086,
n=4) (Figure 4C) compared to their untreated counter-
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A) Representative mtGFP and DAPI-stained confocal images
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Figure 3. PU-91 alters mitochondrial GFP fluorescence intensity. Untreated (AMD UN) and PU-91-treated AMD cybrids (AMD
PU-91) were stained with CellLight mitochondrial GFP stain followed by confocal imaging of cells. (A) Shows representative bright-
field, DAPI, mtGFP, and overlay (DAPI + mtGFP) confocal images. PU-91-treated AMD cybrids had a drastic increase in mtGFP
fluorescence intensity compared to the untreated group (p<0.05, n=3) (B). Data are presented as mean +SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences;

*p<0.05.
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Figure 4. PU-91 regulates apoptotic cell death. gRT-PCR analysis showed downregulation of apoptotic genes such as Caspase-3
(p<0.05, n=4) (A) and BAX (p<0.05, n=4) (B) in AMD cybrids treated with PU-91. Using the MTT assay, it was observed that PU-91-
treated AMD cybrids had a higher number of viable cells compared to the untreated group (p<0.05, n=4) (C). Data are presented as
mean + SEM and normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to
measure statistical differences; *p<0.05, **p<0.01.
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A) Representative IncuCyte live cell images showing NucLight Red and Caspase-3/7 Green staining
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Figure 5. PU-91 regulates apoptotic cell death — Caspase-3/7 staining. (A) Shows representative IncuCyte live-cell images of
untreated (AMD UN) and PU-91-treated AMD cybrid cells (AMD PU-91) stained with NucLight Red and Caspase-3/7 Green reagent.
(B) Shows quantitation graphs for the 48 h and 72 h time points. Data are presented as mean + SEM and normalized to untreated
(UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical differences; *p<0.05.

parts. Furthermore, to examine and compare cell
proliferation and apoptosis between untreated and PU-
91-treated AMD cells, we performed IncuCyte® Live-
Cell Imaging Analysis using Caspase- 3/7 Green and
NucLight Red reagents (Figures SA and 5B). Figure. 5A
shows representative IncuCyte live-cell images. The
upper panel represents untreated AMD group and the
lower panel represents the PU-91-treated AMD group.

Panel 1 shows phase-contrast images; panel 2 shows
NucLight Red-stained images; panel 3 shows Caspase-
3/7 Green-stained images; panel 4 shows Overlap i.e.,
Caspase-3/7 + NucLight Red images; and panel 5 shows
Merged i.e., Phase-contrast + NucLight Red + Caspase-
3/7 Green images. Compared to untreated AMD cells,
PU-91-treated AMD cells showed 43.6 % and 46.6 %
higher NucLight Red object count at the 48 h (p=0.03;
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Figure 6. PU-91 regulates inflammation and complement. qRT-PCR analysis showed lower gene expression of inflammation
markers such as IFNB1 (p<0.05, n=4) (A), IL-18 (p<0.05, n=4) (B) in PU-91-treated AMD cybrids (AMD PU-91) compared to untreated
AMD cybrids (AMD UN). However, PU-91 upregulated the complement inhibitor CFH gene (p<0.05, n=3-4) (C). Data are presented as
mean + SEM and normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to

measure statistical differences; *p<0.05.

AMD UN: 1 +£0.119, n=4; AMD PU-91: 1.436 £ 0.119,
n=4) (Figure 5B (a)) and 72 h (p=0.03; AMD UN: 1 £
0.115, n=4; AMD PU-91: 1.466 + 0.099, n=4) (Figure
5B (b)) timepoints respectively. Furthermore, as
hypothesized, PU-91-treated AMD cells showed lower
Overlap object count (i.e., Caspase-3/7 Green +
NucLight Red staining (Yellow))/ Red object count
compared to their untreated counterparts i.e., at 48 h —
32 % decrease; p=0.03; AMD UN: 1 + 0.079, n=4;
AMD PU-91: 0.68 + 0.05, n=4 (Figure 5B (c)) and at
72 h —50.21 % decrease; p=0.03; AMD UN: 1 + 0.082,
n=4, AMD PU-91: 0.498 + 0.084, n=4 (Figure 5B (d)).

PU-91 regulates inflammation and complement in
AMD RPE cells

Molecular correlates of AMD include chronic
inflammation and dysregulation of the complement
pathway. We sought to determine whether PU-91
regulated these pathogenic features. Treatment with PU-
91 altered the gene expression of inflammatory markers,
IFNBI1 (25 % decrease; p=0.03; AMD UN: 1 £ 0.08,
n=4; AMD PU-91: 0.75 + 0.02, n=4) (Figure 6A), IL-18
(56 % decrease; p=0.03; AMD UN: 1 + 0.13, n=4;
AMD PU-91: 0.44 £+ 0.12, n=4) (Figure 6B), and of a
complement inhibitor CFH (106 % increase; p=0.03;
AMD UN: 1 + 0.07, n=4; AMD PU-91:2.06 + 0.21,
n=3) (Figure 6C).

Additive effects of PU-91 + Esterase Inhibitors (EI)
i.e., EI-12 and EI-78 on cell viability in AMD RPE
cells

esterase inhibitors (EI) namely EI-12 and EI-78. To
determine whether addition of either of these esterase
inhibitors to PU-91 alters pharmacodynamic
responses and/or produce independent effects, we
studied these on AMD RPE cybrids. Figure 7A and
7B and Supplementary Table 2 show the effects of
treatment with PU-91+EI-12 at varying concentra-
tions i.e., EI-12 5 uM, 10 uM, and 20 uM, on the cell
viability of AMD cybrid cells at 48 h (Figure 7A) and
at 72 h (Figure 7B). Compared to untreated AMD
cybrids, a significant increase in cell viability was
observed in PU-91 treated AMD cybrids and in the
PU-91+EI-12 20 uM group at 48 h.

Also, a significant difference in cell viability was
observed between the untreated AMD group and the
group treated with PU-91+EI-12 5 uM, PU-91+EI-12
10 uM and PU-91+ EI-12 20 uM at 72 h (Figure 7B).
Compared to untreated AMD cells, treatment with PU-
91+EI-78 at varying concentrations i.e., EI-78 2.5 uM,
SuM and 10 uM, eliminated the cell viability
cytoprotection of PU-91 alone on AMD RPE cells at 48
h (Figure 7C). Compared to untreated AMD cells,
treatment with PU-91+EI-78 at concentrations 5 uM
and 10 uM eliminated the cell viability cytoprotection
of PU-91 alone on AMD RPE cells at 72 h time points.
A significant increase in cell viability was observed
between the untreated AMD group and the group
treated with PU-91+EI-78 2.5uM (Figure 7D,
Supplementary Table 3).

No significant changes in cell viability were observed
between AMD cells treated with only PU-91 and those

To drive higher levels of PU-91 into tissues such as treated  with  PU-91+EI-12  or  PU-91+EI-78
the neuroretina we evaluated co-administration with (Supplementary Tables 2 and 3).
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Figure 7. Effect of PU-91 + EI-12/ EI-78 on cell viability. This figure shows cell viability differences using MTT assay in AMD cells
treated with P + EI-12 (A and B) / EI-78 (C and D) at 48 h and 72 h. Data (n=3) are presented as mean + SEM and normalized to
untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test were used to measure statistical differences;

*p<0.05. P = PU-91; El = Esterase Inhibitor.

Additive effects of PU-91 + EI-12 and EI-78 on gene
expression in AMD RPE cells

We extended the observations of PU-91 with esterase
inhibitors EI-12 and EI-78, on gene expression changes.
Treatment with PU-91 + EI-12/ EI-78 at different
concentrations i.e., EI-12: 5 uM, 10 uM, and 20 uM;
EI-78: 2.5 uM, 5 uM, and 10 uM altered the expression
of PGC-la, Caspase-3, IL-18, VEGF, SOD2 genes in
AMD RPE cybrid cells (n=3) at the 72 h time point.

PGC-1a: EI-12 - Compared to untreated AMD cybrids,
significant PGC-1a upregulation was observed in PU-
91-treated, P (PU-91)+EI-12 5 uM (216 %), P+EI-12 10
uM (263 %), P+EI-12 20 uM (115 %) groups, and only
EI-12 20 uM (82 %) groups (Figure 8A, Supplementary
Table 4). EI-78 - Compared to untreated AMD cybrids,
significant PGC-1o upregulation was observed in PU-

91-treated, P+EI-78 2.5 uM (189 %), P+EI-78 5 uM
(109 %), and P+EI-78 10 puM (126 %) groups,
(Figure 9A, Supplementary Table 5).

Caspase-3: EI-12 - Compared to untreated AMD
cybrids, significant Caspase-3 downregulation was
observed in PU-91-treated, P+EI-12 5 uM (22 %),
P+EI-12 10 uM (27 %), P+EI-12 20 uM (34 %), and
only EI-12 20 pM (26 %) groups (Figure 8B,
Supplementary Table 4). EI-78 - Compared to untreated
AMD cybrids, significant Caspase-3 downregulation
was observed in PU-91-treated, P+EI-78 2.5 uM (26
%), P+EI-78 10 uM (34 %), and only EI-78 10 uM
(13.8 %) groups (Figure 9B, Supplementary Table 5).

IL-18: EI-12 - Compared to untreated AMD cybrids,
significant /L-/8 downregulation was observed only in
the PU-91-treated group, P+EI-12 5 uM (18.3 %),
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Esterase Inhibitor.

PU-91; EI

normalized to untreated (UN) AMD cybrids which were assigned a value of 1. Mann-Whitney test was used to measure statistical

differences; *p<0.05. P
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P+EI-12 20 uM (22.4 %), and only EI-12 20 uM (22 %)
groups (Figure 8C, Supplementary Table 4). EI-78 -
Compared to untreated AMD cybrids, significant /L-/8
downregulation was observed in PU-91-treated, P+EI-
78 2.5 uM (34.6 %), P+EI-78 5 uM (45 %), and P+EI-
78 10 uM (61 %) groups (Figure 9C, Supplementary
Table 5).

VEGF: EI-12 - Compared to untreated AMD cybrids,
significant VEGF downregulation was observed in PU-
91-treated, P+EI-12 5 uM (60 %), P+EI-12 10 uM (63
%), P+EI-12 20 uM (63 %), and only EI-12 20 uM (58
%) groups (Figure 8D, Supplementary Table 4). EI-78 -
Compared to untreated AMD cybrids, significant VEGF
downregulation was observed in PU-91-treated,
P+EI-78 2.5 uM (46.7 %), and P+EI-78 5 uM (53 %),
P+EI-78 10 uM (48.9 %), and only EI-78 10 uM (47.9
%) groups (Figure 9D, Supplementary Table 5).

SOD2: EI-12 - Compared to untreated AMD cybrids,
significant SOD2 upregulation was observed only in the
PU-91-treated group (Figure 8E, Supplementary Table
4). EI-78 - Compared to untreated AMD cybrids,
significant SOD?2 upregulation was observed only in the
PU-91-treated and P+EI-78 2.5 uM (99.7 %) groups
(Figure 9E, Supplementary Table 5).

DISCUSSION

We report that PU-91, an FDA-approved drug,
promotes mitochondrial-stabilization, PGC-la
upregulation, cytoprotection of AMD ARPE-19 trans-
mitochondrial cybrid cells by preserving mitochondrial
health, reducing apoptotic cell loss, and inducing
upregulation of the MDP-coding MT-RNR2 gene. Our
study establishes PU-91 as a potential candidate drug
for AMD therapy.

Gene expression analyses revealed significant
upregulation of mitochondrial biogenesis pathway
genes i.e., PGC-lo, NRF-1, NRF-2, PPAR-o, and
PPAR-y in PU-9l-treated AMD cybrids. PU-91
positively regulates the expression of nucleus-encoded
markers of mitochondrial biogenesis in  AMD
mitochondria-containing cybrid cell lines.
Dysregulation of mitochondrial function and decreased
PGC-1o  levels have been  implicated in
neurodegeneration [16, 17]. PGC-la is a master
regulator of mitochondrial biogenesis in several disease
models including cardiac disorders, Parkinson’s disease,
Huntington’s disease and Alzheimer’s disease [18-24].
A study demonstrated that PGC-la activity and
signaling are induced to regulate detoxifying responses
to oxidative and metabolic stress in inner retina [25].
The same study identified PGC-lo. as an important
regulator of retinal ganglion cell (RGC) homeostasis

and astrocyte reactivity. Moreover, PGC-la, by
regulating senescence, protects RPE cells against
oxidative damage in aging retina in AMD-like
pathology in vivo [26]. lacovelli et al. reported major
involvement of PGC-1la in mitochondrial function and
in antioxidant capacity in primary human RPE cells and
in ARPE-19 cell lines in vitro [13]. PGC-1a increases
the expression of mitochondrial enzymes such as ATP
synthase and Cytochrome c¢ Oxidase (COX), and
induces mitochondrial biogenesis by activating various
transcription factors, including NRF-1 and NRF-2,
which in turn induce TFAM, PPARs, estrogen and
ERRs [27].

NRF-1 and NRF-2 are redox-sensitive transcription
factors that are activated in response to oxidative stress.
By inducing cytoprotective molecules, they orchestrate
a defense mechanism against reactive oxygen species
(ROS)-induced cytotoxicity. Moreover, NRF-1 and
NRF-2 are known to protect neurons against acute brain
injury [28]. NRF2 binds to the antioxidant response
element (ARE) in the promoter regions of its target
genes, thereby activating antioxidant gene transcription
[29]. Activation of NRF-2 conferred neuroprotective
effects in the retina post-ischemia/reperfusion injury in
vivo [30]. Both NRF-1 and NRF-2 activate the genes
involved in oxidative homeostasis. Deletion of PGC-1a
and NRF-2, as found in NRF-2/PGC-lo dKO mice,
resulted in significant age-dependent RPE degeneration
[31]. Substantial in vivo evidence demonstrates the
involvement of NRF-1 and NRF-2 in early
development, and their absence causes embryonic
lethality and oxidative stress-induced toxicity [32].
NRF-1 activates the Cytochrome ¢ gene and therefore
plays a role in nuclear-mitochondrial interactions [33].

PPARs, a subfamily of nuclear receptors, are
transcription factors that can heterodimerize with
partners, such as the retinoid X receptor (RXR) and
bind to DNA of target genes [34]. Dingetal.
demonstrated that PPAR-a (Peroxisome Proliferator-
Activated Receptor o) improves mitochondrial oxygen
consumption and protects capillary pericytes in the
retina [35] Pearsall et al. showed that PPAR-a plays a
pivotal role in retinal neuronal survival, lipid
metabolism and improves retinal energy efficiency.
Since energy deficits due to dysfunctional
mitochondria have been implicated in AMD, PPAR-a
was suggested to be a putative therapeutic target in
AMD [36]. Zhu et al. reported a potential role of
PPAR-y in differentiation and maturation of retinal
cells [37]. Studies also highlighted potential
neuroprotective function of PPAR-y agonists in vivo
and in vitro in neurodegenerative diseases such as
Alzheimer’s [38], Parkinson’s [39], and ALS [40].
Addition of the PPAR-y agonists such as Pioglitazone
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is known to induce neuronal survival and protection
from apoptotic cell death in the retina [41].
Furthermore, PPAR-y ligands inhibit corneal
neovascularization [42-44] and injury-induced scarring
in the conjunctiva after glaucoma surgery [45]. Murata
et al. demonstrated inhibition of choroidal
angiogenesis and VEGF-induced RPE migration and
proliferation in vitro by PPAR-y ligands namely
troglitazone/ rosiglitazone. This group also showed
that intravitreal injection of troglitazone caused
significant reduction in lesions and leakage in the eyes
of choroidal neovascular (CNV) animal models [46].
In summary, by modulating the expression of
mitochondrial ~ biogenesis mediators, PU-91
orchestrates mitochondrial and cellular health.

We next performed JC-1 dye assay to compare
mitochondrial membrane potential (A¥Wm) between
untreated and PU-91-treated AMD cybrids. Previously,
it has been established that any imbalance in oxidative
redox state causes mitochondrial depolarization,
opening of mitochondrial permeability transition pore,
and collapse of mitochondrial membrane potential,
subsequently leading to apoptosis [47, 48]. These events
hold true in the retina as well [ 49]. We know that AMD
cybrids have damaged mitochondria, which likely
contribute to compromised mitochondrial membrane
potential. However, PU-91 administration improved
AW¥m significantly in AMD cybrid cells, suggesting that
PU-91 can protect mitochondrial membrane integrity
and function. Potential mechanisms of PU-91-mediated
A¥m restoration including attenuation of mitochondrial
depolarization should be further examined. Consistent
with our study, Chong et al. demonstrated that
Artemisinin, an FDA-approved drug improves A¥Ym as
measured by JC-1 assay and protects human retinal
pigment epithelial cells from oxidative damage [50].
Moreover, in vivo studies by Ellis et al. showed that
addition of Sigma-1 receptor agonists restored A¥m in
oxygen-deprived retina [ 51].

Mitochondria are a major source of reactive oxygen
species (ROS) in a cell, and the principal mitochondrial
ROS is superoxide anion, which is a by-product of
leakage from the Electron Transport Chain. We have
previously shown that AMD RPE cybrid cells have
higher mitochondrial superoxide production compared
to age-matched normal cybrid cells [9]. In the current
study, we used a fluorogenic MitoSOX Red dye for
specific detection of mitochondrial superoxide. Once
inside the mitochondria, the MitoSOX Red reagent is
oxidized by superoxide and exhibits red fluorescence.
Our results revealed significantly  diminished
mitochondrial superoxide production in PU-91-treated
AMD cybrids compared to untreated AMD cybrids.
This finding is important because elevated levels of

intracellular ROS and mitochondrial superoxides
contribute to retinal and neurological diseases [52-54],
and reduction in mitochondrial superoxide is critical to
protect against oxidative stress-related diseases.

We also examined in AMD cybrids the gene expression
of SOD2, the mitochondrial Super Oxide Dismutase,
also known as MnSOD (Manganese SOD). SOD?2
prevents binding of mitochondrial superoxide to nitric
oxide thereby preventing apoptosis, necrosis,
mitophagy, and autophagy [55]. Deficiency of SOD2
causes extensive oxidative damage in the RPE and has
been associated with AMD pathogenesis [56]. Recent
Genome-Wide Association Studies (GWAS) have
suggested an association between a susceptible locus -
1s2842992 near the SOD2 gene and geographic atrophy
in AMD [57]. In the present study, PU-91 treatment
upregulated SOD2 gene levels significantly, which
would enhance the antioxidant effects in AMD cybrids.
Hypoxic stress and activation of HIFla has been
implicated in AMD. ROS and HIFla cause VEGF
activation thereby triggering angiogenesis and
subsequent choroidal neovascularization in wet AMD
[58, 59]. PU-9l-treated AMD cybrids had lower
expression of HIFla gene, suggesting that PU-91 may
exhibit hypoxia-suppressing effects. Cumulatively,
these results highlight a key pharmacological role of
PU-91 in decreasing oxidative stress in AMD cells.

We have established previously that dysfunctional
mitochondria in the AMD cybrids contribute to
activation of cleaved Caspase-3 and BAX, which are
markers of cell apoptosis [9]. Other studies have
demonstrated the role of apoptotic and necrotic
cascades in death of retinal cells in AMD [60, 61].
Therefore, treatment with drugs that inhibit apoptosis is
essential to prevent retinal cell loss and to preserve
cellular heath. We observed higher number of viable
cells and downregulation of Caspase-3 and BAX genes
in PU-91-treated AMD cybrids, indicating that PU-91
prevents mitochondria-induced apoptotic cell death in
these cells. Next, we compared cell proliferation and
apoptosis between untreated and PU-91-treated AMD
cells using IncuCyte® Live-Cell Imaging Analysis
system and Caspase- 3/7 Green and NucLight Red
reagents. PU-91-treated AMD  cells showed
significantly higher NucLight Red object count at the 48
h and 72 h compared to untreated AMD cells.
Furthermore, as hypothesized, PU-91-treated AMD
cells showed lower Overlap object count (i.e., Caspase-
3/7 Green + NucLight Red staining (Yellow))/ Red
object count compared to their untreated counterparts.
Our IncuCyte data revealed that PU-91 enhanced cell
proliferation and reduced Caspase-3/7 activity in AMD
cybrids. To our knowledge, this is the first study to
report these findings.
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The MT-RNR2 gene contains small open-reading
frames for mitochondrial-derived peptides (MDPs)
such as Humanin and SHLPs that possess
cytoprotective and neuroprotective properties [9, 62,
63]. Interestingly, addition of PU-91 upregulated the
MDP-coding MT-RNR2 gene in AMD cybrids,
suggesting that PU-91-mediated protective effects in
AMD cybrids may be partly attributed to MDP
production. Therefore, PU-91 may ameliorate cell
health by triggering production of MDPs including
Humanin, which is cytoprotective in AMD [9].

Mitochondrial stabilization and protection are potential
mechanisms by which PU-91 protects AMD RPE
cybrids. To compare mitochondrial density between
untreated and PU-91-treated AMD cells, we
transduced the cells with CellLight reagent, which is a
GFP-E1 alpha pyruvate dehydrogenase leader peptide
construct driven by a mammalian promoter. This
fluorescent fusion construct provides precise targeting
to mitochondria. Herein, treatment with PU-91
enhanced mitochondrial GFP fluorescence appreciably
in AMD cells compared to their untreated
counterparts, indicating that PU-91 can augment
and/or prevent mitochondrial loss in AMD cybrids.
These results are consistent with a previous study
wherein Humanin G, a mitochondrial-derived peptide,
rescued AMD mitochondria in RPE cybrid cells [9].

PU-91 attenuated /L-18 gene expression, thereby
reducing mtDNA damage-induced inflammation in
AMD cybrids. This is significant because elevation of
pro-inflammatory cytokines in the serum and ocular
fluids of AMD patients accompanies pathogenesis.
Ijima et al. suggested association of IL-18 with dry
AMD since patients with dry AMD had higher IL-18
serum levels; this study also demonstrated IL-18-
induced RPE cell degeneration in mouse eye [64].
AMD cybrids treated with PU-91 showed reduced
expression of [FNBI gene which has been
demonstrated to reduce human RPE cell proliferation
[65]. As shown previously, AMD cybrids have
decreased expression of CFH, an inhibitor of
complement pathway, consistent with complement
activation [66]. Moreover, AMD patients carrying the
high-risk allele for CFH showed substantial retinal
mtDNA damage [67]. MtDNA dysfunction has been
associated with AMD due to increased mtDNA lesions
with aging [68]. Significant increase in CFH gene
expression was observed in PU-91-treated AMD
cybrids, suggesting inhibition of complement by PU-
91.

Next, we investigated the effects of co-administration
of PU-91 with esterase inhibitors (EI) - EI-12 and EI-
78, which are being evaluated to augment PU-91

penetration into retina and neural tissue in vivo.
Administration of PU-91 in humans/animals results in
a large first pass effect, converting the vast majority of
PU-91 to its primary metabolite, PU-91* which
is inactive as a PGC-1a upregulator. We identified the
mechanism of PU-91 to PU-91* conversion and
identified two esterase inhibitors namely EI-12 and EI-
78, that when co-administered with PU-91 largely
block conversion to PU-91%, thereby
markedly increasing CNS bioavailability of PU-91.
We  tested the following co-administration
combinations — 1) PU-91 50 uM + EI-12 5 uM, 2) PU-
91 50 uM + EI-12 10 uM, 3) PU-91 50 uM + EI-12 20
uM, 4) PU-91 50 uM + EI-78 2.5 uM, 5) PU-91 50
uM + EI-78 5 uM, 6) PU-91 50 uM + EI-78 10 uM, 7)
EI-12 20 uM, 8) EI-78 10 uM, 9) PU-91 50 uM, and
10) AMD untreated. No substantive changes either in
cell viability or gene expression (PGC-1a, Caspase-3,
IL-18, VEGF, and SOD2) were observed when treated
with a combination of PU-91 + EI-12/EI-78 compared
to treatment with PU-91 alone.

In summary, in the in vitro AMD RPE transmito-
chondrial cybrids, the PU-91 drug: 1) regulates the
mitochondrial biogenesis pathway, 2) improves
mitochondrial function, 3) enhances mitochondrial
GFP fluorescence, 4) prevents apoptotic cell death, 5)
favorably regulates inflammation and complement, 6)
favorably regulates the MDP-coding MT-RNR?2 gene,
7) when co-administered with EI-12/EI-78, does not
impact either the viable cell count or gene expression
(PGC-1a, Caspase-3, IL-18, VEGF, and SOD2)
substantially compared to treatment with PU-91 alone.
In conclusion, PU-91 rescues AMD RPE cybrids, and
potentially could be repurposed as an FDA-approved
drug to prevent/treat AMD. Since it improves
mitochondrial function and has already been FDA-
approved, the candidate therapeutic PU-91 will be an
excellent treatment_option for AMD. Repositioning of
PU-91 will be a smoother transition from lab bench to
clinic since the pharmacological profiles of PU-91
have been examined already. Furthermore, because of
its extensive safety record it could be potentially
prosecuted through NDA more rapidly than a drug-like
new chemical entity. Bringing a disease modifying
therapeutic to market for the most prevalent form of
blindness, AMD, has substantial potential benefit for
our aging populations world-wide.

MATERIALS AND METHODS
Human subjects
The University of California Irvine’s Institutional

review board approved research with human subjects
(Approval #2003-3131). All participants provided
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informed consent and clinical investigations were
performed according to the tenets of Declaration of
Helsinki.

Cell culture

Passage 5 AMD ARPE-19 transmitochondrial cybrids
were created as described previously [9]. Briefly, these
cybrid cells were prepared by polyethylene glycol
fusion of mitochondrial DNA-deficient ARPE-19
(Rho") cell line with platelets isolated from AMD
patients. All cybrids used in this study (Supplementary
Table 1) belonged to the ‘H> mtDNA haplogroup. Our
ARPE-19 cells have been validated using RPE-specific
markers such as Bestrophin 1, Cellular retinaldehyde
binding protein-1, and Keratin-18. Cybrid status and
that the cybrids have acquired their mtDNAs from the
donor individuals was confirmed using allelic
discrimination, Sanger Sequencing, and Next-
Generation Sequencing.

Culture conditions: The base medium for this cybrid
cell line is DMEM-F12 Medium (Cat. # 10-092CM,
Fisher Scientific, Pittsburgh, PA). DMEM-F12 Medium
contains 3.15 g/L D-glucose, 2.5 mM L-glutamine, 15
mM HEPES, 0.5 mM sodium pyruvate, and 1200 mg/L
sodium bicarbonate. To make the complete growth
medium, fetal bovine serum was added to the base
medium to a final concentration of 10 %.

Treatment with PU-91 and esterase inhibitors (EI-12
and EI-78)

PU-91 stock solution of 40 mM concentration was
prepared at 15 mg/mL in DMSO. PU-91 stock was
diluted in culture media to obtain a working
concentration of 50 uM, which was used for all
experiments in this study. PU-91 has been estimated to
have clinical exposure in greater than 5 million patient
years. 50 puM was selected as this concentration
produces an optimal response in cell culture studies.
Stock solutions of 20 mM EI-12 and 10 mM EI-78 were
prepared in DMSO and were diluted in culture media to
obtain the following working concentrations: EI-12 at 5
uM, 10 uM, and 20 pM; EI-78 at 2.5 uM, 5 uM, and 10
uM.

Mitochondrial copy number

Total DNA was extracted from AMD cybrids followed
by quantitative real-time PCR (qRT-PCR). QRT-PCR
was performed using TagMan gene expression assays for
185 and MT-ND2 (Cat. # 4331182, Thermo Fisher
Scientific) genes and TagMan gene expression master
mix (Cat. # 4369016, Thermo Fisher Scientific). Relative
mtDNA copy numbers were determined using delta Cts.

Quantitative Real-Time PCR

RNA extraction, cDNA synthesis, and qRT-PCR analysis
were performed as described previously [9]. QuantiTect
Primer Assays were used to study the expression of
Caspase-3 gene (Cat. # QT00023947, Qiagen,
Germantown, MD), BAX gene (Cat. # QT00031192,
Qiagen), HIFIla gene (Cat. # QT00083664, Qiagen),
CFH gene (Cat. # QT00001624, Qiagen), and SOD?2
gene (Cat. # QT01008693, Qiagen). KiCqStart® SYBR®
green primers were used to examine the expression of
PGC-la, NRF-1, NRF-2, PPAR-a, PPAR-y, VEGF, IL-
18, and IFNBI genes (Cat. # kspql2012, Sigma, St.
Louis, MO). Specific housekeeper genes used were
HPRTI (Cat. # QT00059066, Qiagen) for Caspase-3,
BAX, SOD2, VEGF, IL-18, NRF-1, NRF-2, PPAR-o, and
PPAR-y; HMBS (Cat. # QT00014462) for CFH, PGC-1a
and TUBB (Cat. # QT00089775, Qiagen) for HIF-Ia.
TagMan gene expression master mix (Cat. # 4369016,
Life Technologies) and TagMan gene expression assays
were used to examine the expression of the MT-RNR2
gene (Assay ID: Hs02596860 s1, Life Technologies), for
which GAPDH (Assay ID: Hs02786624 g1, Life
Technologies) was used as a housekeeper gene. Data
analysis was performed using AACt method. ACt was the
difference between the Cts (threshold cycles) of the target
gene and Cts of the housekeeper gene (reference gene).
Fold change was calculated using the following formula:
Fold change = 222¢,

Cell viability assay

The numbers of viable cells were measured using the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) assay. Cells were plated in 96-well tissue
culture plates, treated with 50 uM PU-91 followed by
addition of MTT. Cells were incubated at 37 °C for 1 h,
followed by addition of DMSO. Absorbance was
measured at 570 nm and background absorbance
measured at 630 nm. Normalized absorbance values
were obtained by subtracting background absorbance
from signal absorbance. The colorimetric signal
obtained was proportional to the cell number.

IncuCyte live-cell imaging

IncuCyte live-cell imaging was performed as described
previously [69]. The IncuCyte NucLight Rapid Red
Reagent is a cell permeable DNA stain that specifically
stains nuclei in live cells and enables real-time
quantification of cell proliferation. Addition of this
reagent to normal healthy cells does not interfere with
cell growth and morphology and provides homogenous
staining of nuclei. In the culture medium, this inert stain
crosses the cell membrane and has excellent specificity
for DNA without the need for a wash step.
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The IncuCyte Caspase-3/7 Green Apoptosis Reagent
couples the activated Caspase-3/7 recognition motif
(DEVD) to a DNA intercalating dye and enables real-
time quantification of cells undergoing caspase-3/7
mediated apoptosis. This reagent is an inert, non-
fluorescent substrate which when added to culture
medium, crosses the cell membrane where it is cleaved
by activated caspase-3/7 resulting in the release of the
DNA dye and fluorescent staining of the nuclear DNA.

Cells were seeded in 96-well plates at a density of 5,000
— 10,000 cells/well followed by staining with
IncuCyte® NucLight Rapid Red (1:500) and Caspase-
3/7 Green (1:1000) labeling reagents. Stained cell plates
were placed into the IncuCyte® live-cell analysis
system and allowed to warm to 37 °C for 30 min prior
to scanning. Phase Contrast, Green, and Red channels
were selected, 5 images were taken per well with an
average scan interval of 2 h until the experiment was
complete. Fluorescent objects were quantified using the
IncuCyte® integrated analysis software that minimizes
background fluorescence.

Mitochondrial membrane potential assay

The JC-1 assay uses a unique cationic dye i.e., 5,5°,6,6’-
tetrachloro-1,1°,3,3’- tetraethylbenzimidazolylcarbocya-
nine iodide, to detect loss of mitochondrial membrane
potential. JC-1 1X reagent was prepared by diluting
100X JC-1 reagent in assay buffer to 1:100 dilutions.
AMD cybrids were plated in 24-well tissue culture
plates for 24 h followed by treatment with 50 uM PU-
91. 1X JC-1 reagent was added to cells and incubated for
15 min at 37 °C. JC-1 reagent in the wells was then
replaced with DPBS and fluorescence was measured as
follows: Red fluorescence (Live cells): Excitation 550
nm and Emission 600nm; Green fluorescence (Apoptotic
cells): Excitation 485 nm and Emission 535 nm. Ratio of
Red/Green was wused for analysis. Lower ratio
corresponded to higher apoptotic/dead cell number.

MitoSOX assay

The fluorogenic MitoSOX Red dye (Cat. # M36008,
Invitrogen, Grand Island, NY, USA) is a live-cell
permeant reagent that detects mitochondrial superoxide
in cells. MitoSOX Red reagent oxidized by superoxide
has red fluorescence that can be quantified. AMD cybrids
were plated in 24-well tissue culture plates. Stock
solution of 5 mM MitoSOX reagent was diluted with
HBSS (Hank’s balanced salt solution) buffer to obtain a 5
uM working solution. Cells were treated with 5 pM
MitoSOX reagent and incubated for 10 min at 37 °C.
Cells were then washed with HBSS buffer, and
fluorescence was measured at excitation/emission
maxima of 510/580 nm.

CellLight mitochondrial GFP staining and confocal
microscopy

Staining with CellLight Mitochondrial GFP probe (Cat.
# C10600, Thermo Fisher Scientific, MA, USA) and
confocal microscopy were performed as described
previously [9]. Cells were plated in 4-well tissue culture
chamber slides, stained with CellLight mtGFP for 24 h
and incubated overnight at 37 °C. The cells were
washed with 1X TBS (Tris buffered saline), fixed in
paraformaldehyde and mounted in DAPI. Confocal z-
stack images were captured using the LSM-700
Confocal microscope (Zeiss, Thornwood, NY, USA).
ZEN 2 lite software (Zeiss) was used for fluorescence
quantitation.

Statistical analysis

Non-parametric Mann-Whitney test (GraphPad Prism
5.0; GraphPad Software, CA, USA) was used to analyze
data between groups and to determine significance. p <
0.05 was statistically significant.
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SUPPLEMENTARY MATERIALS

Supplementary Tables

Supplementary Table 1. AMD Patient/ Cybrid cell lines’ Patient Information.

CYBRID CYBRID AGE | GENDER | RACE | HAPLOGROUP
NUMBER TYPE
AMD 81 Female White H
2 AMD 82 Female White H
3 AMD 86 Female White H
4 AMD 84 Female White H
5 AMD 75 Female White H
6 AMD 76 Male White H
7 AMD 83 Male White H
8 AMD 74 Male White H
9 AMD 76 Male White H
10 AMD 83 Male White H
This table provides information about the AMD patients and AMD cybrid cell lines.
Supplementary Table 2. Effects of PU-91 + EI-12 on cell viability.
Effectof EI-12on | AMD UN AMD AMD AMD AMD AMD
cell viability Only PU-91treated | PU-91+EI125pM | PU-91 + EI-12 10 yM | PU-91 + EI-12 20 uM | Only EI-12 20 yM
48 hr Time point
Mean + SEM 140.07 1.33 £ 0.09 1.215 + 0.09027 1.176 + 0.07125 1.253 + 0.07453 1.037 £ 0.1413
Effectof EI-12on | AMD UN AMD AMD AMD AMD AMD
cell viability Only PU-91-treated | PU-91+EI-125pM | PU-91 +EI-1210 yM | PU-91 + EI-12 20 uM | Only EI-12 20 yM
72 hr Time point
Mean + SEM 1 0.09 1.37 £ 0.07 1.335 + 0.08792 1.361 + 0.07264 1.452 + 0.06857 1.259 + 0.1060

This table shows the additive effects of PU-91 + EI-12 on cell viability. All values are normalized to 1 and are presented as

Mean * SEM.
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Supplementary Table 3. Effects of PU-91 + EI-78 on cell viability.

Effect of EI-78 on AMD UN AMD AMD AMD AMD AMD

cell viability Only PU-91-treated | PU-91 + EI-78 2.5 uM PU-91 +EI-78 5pyM | PU-91 + EI-78 10 yM | Only EI-78 10 pM
48 hr Time point

Mean * SEM 1+0.07 1.33£0.09 1.05 £ 0.09 1.10 £ 0.06 0.91£0.19 0.95+0.11
Effect of EI-78 on AMD UN AMD AMD AMD AMD AMD

cell viability Only PU-91-treated | PU-91 + EI-78 2.5 uM PU-91 + EI-78 5 pM PU-91 + EI-78 10 yM | Only EI-78 10 yM
72 hr Time point

Mean * SEM 1+0.09 1.37 £ 0.07 1.19 £ 0.04 1.17 £ 0.08 1.21 £ 0.09 0.99 £ 0.09

This table shows the additive effects of PU-91 + EI-78 on cell viability. All values are normalized to 1 and are presented as
Mean + SEM.

Supplementary Table 4. Effects of PU-91 + EI-12 on gene expression.

AMD UN AMD AMD AMD AMD AMD

Effect of EI-12 Only PU-91-treated PU-91 + PU-91 + PU-91 + Only
on gene El-12 5 pM El-12 10 uM El-12 20 uM El-12 20 pM

expression

PGC-1a Mean + SEM 1%0.02 3.48 £ 0.45 3.16 £0.71 3.63 £0.69 2.15+0.24 1.82 £ 0.57
Caspase-3 | Mean £ SEM | 1 +0.0002 0.65 + 0.04 0.78 + 0.06 0.73 £ 0.06 0.66 + 0.09 0.74 + 0.045
IL-18 Mean = SEM 1+0.004 0.49 £ 0.09 0.82+£0.09 0.88 £0.12 0.77 £0.11 0.78 £0.13
VEGF Mean = SEM 1+0.002 0.45+0.17 0.40 £0.09 0.37 £ 0.08 0.37 £ 0.12 0.42+0.16
SoD2 Mean = SEM 1+0.06 281011 2.05+0.83 1.57 £0.53 1.51 £ 0.57 0.88 £ 0.22

This table shows the additive effects of PU-91 + EI-12 on gene expression. All values are normalized to 1 and are presented as
Mean + SEM.
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Supplementary Table 5. Effects of PU-91 + EI-78 on gene expression.

AMD UN AMD AMD AMD AMD AMD

Effect of EI-78 on Only PU-91- PU-91 + PU-91 + PU-91 + Only
gene expression treated EI-78 2.5 pM EI-78 5 yM EI-78 10 yM EI-78 10 pM
PGC-1a Mean + SEM 1+0.02 3.48+0.45 2.89+0.41 2.09 +0.37 2.26 +0.64 1.40 £0.48
Caspase-3 Mean + SEM 1+0.0002 0.65 + 0.04 0.74 £ 0.019 0.85+0.12 0.66 + 0.05 0.86 + 0.06
IL-18 Mean + SEM 1+0.004 0.49 +0.09 0.65+0.13 0.55 *+ 0.06 0.39 + 0.08 0.71 +£0.25
VEGF Mean + SEM 1+0.002 0.45+0.17 0.53 +0.21 047 +0.14 0.51+0.18 0.52+0.19
SOoD2 Mean + SEM 1+0.06 2.81+0.11 1.99 +0.59 1.62+0.57 1.82+0.69 1.71£0.46

This table shows the additive effects of PU-91 + EI-78 on gene expression. All values are normalized to 1 and are presented as

Mean + SEM.
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ABSTRACT

Accumulation of lipofuscin in the retinal pigment epithelium (RPE) is considered a major cause of RPE
dysfunction and senescence in age-related macular degeneration (AMD), and N-retinylidene-N-retinyl-
ethanolamine (A2E) is the main fluorophore identified in lipofuscin from aged human eyes. Here, human-
induced pluripotent stem cell (iPSC)-RPE was generated from healthy individuals to reveal proteomic changes
associated with A2E-related RPE cell senescence. A novel RPE cell senescence-related protein, high-mobility
group box 1 (HMGB1), was identified based on proteomic mass spectrometry measurements on iPSC-RPE with
A2E treatment. Furthermore, HMGB1 upregulated Caveolin-1, which also was related RPE cell senescence. To
investigate whether changes in HMGB1 and Caveolin-1 expression under A2E exposure contribute to RPE cell
senescence, human ARPE-19 cells were stimulated with A2E; expression of HMGB1, Caveolin-1, tight junction
proteins and senescent phenotypes were verified. HMGB1 inhibition alleviated A2E induced cell senescence.
Migration of RPE cells was evaluated. Notably, A2E less than or equal to 10uM induced both HMGB1 and
Caveolin-1 protein upregulation and HMGB1 translocation, while Caveolin-1 expression was downregulated
when there was more than 10uM A2E. Our data indicate that A2E-induced upregulation of HMGB1, Caveolin-1
and HMGBL1 release may relate to RPE cell senescence and play a role in the pathogenesis of AMD.

INTRODUCTION phic changes. As the disease progresses, neovascular

changes or geographic atrophy involving the macular
Age-related macular degeneration (AMD) is the leading area can be present in patients for years. Dry AMD
cause of vision loss in older adults worldwide [1]. AMD manifests as well-demarcated areas, providing direct
can be classified into early-stage or late-stage AMD. visualization of the underlying choroidal vessels due to
The latter is characterized by neovascularization (wet atrophy of photoreceptor and retinal pigment epithelium
AMD), geographic atrophy (dry AMD), or both [2]. (RPE) cells; wet AMD is characterized by the
Conversely, early-stage AMD is characterized a limited development of choroidal neo-vascularization (CNV)
amount of drusen, which is mainly caused by lipid and [3]. Although anti-vascular endothelial growth factor
protein accumulation and thought to contribute to astro- (anti-VEGF) has become the main treatment approach
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for wet AMD, there is a lack of consensus regarding the
treatment of dry AMD. Most importantly, an
appropriate disease model that can simulate the
occurrence and development of AMD must be chosen
[4]. Therefore, we explored the relationship between
dry AMD and RPE dysfunction and senescence using
proteomic mass spectrometry to examine differential
expression in induced pluripotent stem cell(iPSC)-
derived RPE cell lines with and without A2E treatment
[5]. We have previously demonstrated that the iPSC-
derived RPE is phenotypically and functionally similar
to the native RPE [6]. In addition, the young status of
iPSC-RPE may provide an excellent means for
observing changes in protein expression during the
process of RPE cell aging [7].

As a by-product of the visual cycle, N-retinylidene-N-
retinylethanolamine (A2E) and its isomers are formed
by the reaction of two trans-retinal molecules with
phosphatidyl-ethanolamine. A2E is the major fluoro-
phore identified in lipofuscin from aged human eyes,
and it has been widely studied [8]. As a hallmark of
aging, A2E continuously accumulates in the RPE [9].
The lipofuscin constituents consist of various molecules
that have photoreactive properties and undergo photo-
oxidation [10]. A2E photo-oxidation products can cause
oxidative stress, membrane permeation, telomere
dysfunction and accelerated RPE senescence [11].
Although A2E is clearly present in the retina, there are
rather different opinions regarding its distribution.
Ablonczy et al. showed that levels of A2E decreased
from the periphery to the centre region in aging tissue of
macaques and humans [12] but A2E was localized
mainly in the centre region of young mouse retina.
However, the distribution of A2E increases across the
entire RPE with age [13]. Thus, the relationship
between A2E and AMD is worthy of further study.

Our aim in the present study was to identify protein
changes related to A2E in aging iPSC-RPE cells and to
verify and explore the mechanism of these altered
proteins in human ARPE-19 cells.

RESULTS

Proteomic mass spectrometry detection of
differential expression of proteins, highlighting
HMGRBI in iPSC-RPE cells with and without A2E
treatment

We used proteomic mass spectrometry to explore
differential expression of proteins in iPSC-RPE cells
after A2E treatment. The method of iPSC-RPE cell
culture was described previously [6]. For liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS)
analysis, we extracted proteins from iPSC-derived RPE

cells with and without A2E treatment, with three
biological replicates prepared from three separate
cultures (Flow chart, Figure 1A). Representative
proteomic MS-based analyses of proteins from A2E-
treated cells versus untreated cells are depicted in a
volcano plot in Figure 1B, where the -logio(P value)
was plotted against the logx(fold change A2E
Treatment/Control). In the figure, black, green, and red

splashes  indicate proteins  without significant
differential expression, significantly downregulated
proteins, and significantly upregulated proteins,

respectively. We arranged the ratio of A2E treatment/
control expression from large to small and found that
the high-mobility group box 1(HMGBI1), which is
marked with a red arrowhead, was upregulated 76-fold
in the A2E treatment group compared to the control (p
value=0.00578, Table 1). Thus, based on MS results,
HMGBI1 was upregulated in iPSC-RPE cells by A2E
treatment.

Upregulation and translocation of HMGBI1 in
ARPE-19 cells after A2E treatment

To determine the optimized concentration of A2E
causing upregulation of HMGBI without undue
influence on cell viability, ARPE-19 cells were incubated
with increasing concentrations of A2E with or without
blue light (10min) for 48 h. After 24 h in fresh medium,
cell viability was examined using the 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. The viability of ARPE-19 cells decreased
with increasing A2E concentration, especially at 25 uM
A2E and 50 uM A2E with blue light (Figure 2A).
Therefore, we used A2E at a concentration of 10 uM in
this study to mimic aged ARPE-19 cells with lipofuscin
accumulation. Western blotting of cells incubated with
10 uM A2E with blue light for 48 h showed higher
levels of HMGBI than that the control and blue light
alone (Figure 2C). Moreover, fluorescein diacetate
(FDA)/propidium iodide (PI) staining showed that most
of the ARPE-19 cells were alive (Figure 2B),
confirming that A2E can increase expression of
HMGBI at an early stage and low dose (* indicates a p
value <0.05, ** indicates a p value <0.01, *** indicates
a p value<0.001). In the presence of A2E, a large
amount of HMGB1 was translocated from the nucleus to
the cytoplasm (Figure 2D). The results confirm that A2E
can induce upregulation and translocation of HMGBI.

HMGBI1 upregulation and release increased the
expression of Caveolin-1

The potential role of HMGBI upregulation and
translocation in ARPE-19 cells was then investigated.
Cell senescence can be caused by various factors,
including DNA damage and oxidative stress. It has been
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Figure 1. Proteomic mass spectrometry-based measurement of differential expression of HMGB1. (A) The flow chart
of shotgun mass spectrometry. (B) Volcano plot illustrating significant differential abundant proteins based on quantitative
analysis. The -logio (P value) was plotted against log,(fold change A2E treatment/Control). Proteins were significantly upregulated
(red dots) or downregulated (green dots) between the A2E treatment and control. The red arrowhead indicates HMGB1.

reported that Caveolin-1 plays a major role in cell
senescence and that HMGBI1 increases its expression
[14, 15]. The interaction between HMGB1 with
Caveolin-1 was assessed using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING)
database (Figure 3B).Thus, RPE cells were infected
with HMGBI1 overexpression lentivirus. LV-empty-
vector (NC) and stimulated with recombination
HMGBI. Then, Real-time Quantitative polymerase
chain reaction (qPCR), western blot and immuno-
fluorescence analyses indicated that Caveolin-1
expression was increased by HMGB1 in ARPE-19 cells
(Figure 3A, C). Furthermore, lentiviral infection of
ARPE-19 cells using shHMGB1 and sh-NC (scramble
shRNA) constructs was performed. Effective knock-
down of HMGBI and decrease of Caveolin-1 in ARPE-
19 cells transfected with ssHMGB1 was demonstrated.

Meanwhile, shHMGB1-expressing cells indicated a sig-

nificant reduction in Toll-like receptor2 (TLR2) and Toll-
like receptor4 (TLR4) protein expression but not in
Receptor of Advanced Glycation Endproducts (RAGE)
which three proteins were reported as potential
connection with HMGBI1 and Caveolin-1 compared to
sh-NC (scramble shRNA) cells. (Figure 3D, * indicates a
p value<0.05, ** indicates a p value<0.01, ***
indicates a p value<0.001). Together, these results
showed that HMGBI1 regulates the expression of
Caveolin-1 via TLR2 and TLR4.

Caveolin-1 upregulation induced ARPE-19 cell
senescence

We investigated the effect of stable Caveolin-1 over-
expression on ARPE-19 cell senescence. ARPE-19 cells
were infected with lentivirus-Caveolin-1, and p-galacto-
sidase staining showed that Caveolin-1-overexpressing
RPE cells were more aged compared with the negative
control (LV-empty-vector) RPE cells (Figure 4E).
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Table 1. The data set was arranged by the ratio of A2E treatment/control, and HMGB1 was

found to be upregulated more than 76-fold in the A2E-treated group.

Uniprot# Gene Names Ratio A2E treatment/ control | P-Value A2E treatment/control
P09429 HMGBI 76.95828543 0.0057787
Q06210 GFPT1 65.83452999 0.0167382
GSE9P1 ITPR1 64.99257944 0.0757587
Q7Z4HS KDELC2 64.17736137 0.0116703
P20591 MX1 50.71424385 0.000773586
P04179 SOD2 37.3876135 0.000328524
H9KVAO TYMP 27.61593536 0.00153441
F5H090 UNCI13C 26.74494289 0.00305275
H3BPK7 AARS 26.39582865 0.000375675
P51911 CNNI1 26.24793326 0.0604881
Q8IYMO FAM186B 25.5978875 0.373977
P21281 ATP6VIB2 23.45846962 0.0387506
Q562R1 ACTBL2 19.38697164 0.0155401
P42785 PRCP PCP 17.65006048 0.0672487
Q15349 RPS6KA2 17.34576845 0.000390284
HOYO9RS5 SNX25 17.23254402 0.000304062
Q14240 EIF4A2 15.7087038 0.402011
J3KSW2 POLI 13.22929896 0.0174629
E7EX17 EIF4B 12.53696128 0.106437
P62310 LSM3 11.81044422 0.0147819
Q03135 CAV1 0.810928595 0.289982
P42224 STATI1 4.42761394 0.000198283
P05362 ICAM1 2.45723684 0.00874002

Inhibition of cell motility by Caveolin-1 upregulation
in ARPE-19 cells

Since cell senescence may result in reduced migration
and invasion, we further investigated whether Caveolin-
1 affects RPE cell migration and invasion capacities
using wound-healing and Transwell invasion assays.
The results showed that Caveolin-1 overexpression
significantly reduced migration (Figure 4Fi and Gi) and
invasion (Figure 4Fii and Gii). In addition, expression
of Zo-1 and B-catenin was increased by Caveolin-1
upregulation, according to quantitative real-time PCR,
western blot and immunofluorescence analysis (Figure
4A, B, C, D). In contrast, the mRNA levels of other
tight junction proteins, such as Claudin-1, Claudin-3,
Occludin, and N-cadherin, did not change (Figure 4C,*
indicates a p value <0.05, ** indicates a p value <0.01,
*** indicates a p value <0.001).

Relationships among A2E induced cell senescence,
HMGBI1 and Caveolin-1

Because HMGBI increases expression of Caveolin-1,
we further explored the relationship among AZ2E,
HMGBI and Caveolin-1. We assessed HMGB1 and
Caveolin-1 expression in ARPE-19 cells by western
blot and found that A2E increased the levels of both,
compared with unstimulated cells. Interestingly, A2E
enhanced expression of Caveolin-1, though Caveolin-1
levels did not increase with higher concentrations of
A2E. The tendency of Caveolin-1 expression first
increased and then decreased at more than 10 pM A2E
(Figure 5A, * indicates a p value <0.05, ** indicates a p
value <0.01, *** indicates a p value <0.001). Further-
more, although the tendency of Caveolin-1 expression
first increased and then decreased at more than 10 uM
A2E, the senescence of cells was still in process (Fi-
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gure 5B). Since we have found A2E could induce
translocation of HMGB1, we collected the supernatants
from ARPE-19 cells stimulated by different concentra-
tions of A2E to investigate the level of HMGBI
secretion into the extracellular space. Enzyme Linked
Immunosorbent Assay (ELISA) revealed the secretion
of HMGBI1 was increased along with increasing con-
centrations of A2E (Figure 5C). These data showed that
A2E increases HMGBI1 and Caveolin-1 expression,
with links to cell senescence, but the expression of
Caveolin-1 was changing dynamically based on
different A2E concentration.
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Glycyrrhizic acid inhibited the release of HMGB1
alleviated A2E induced cell senescence

To further confirm the role of ARPE cell-secreted
HMGBI1 in cell senescence, we used a HMGBI
inhibitor, glycyrrhizic acid (GA), which binds directly
to HMGBI, to block HMGBI released into the extra-
cellular space and inhibit its extracellular cytokine
activities [16] (Figure 6E). MTT assay was used to
identify candidate concentrations of GA that were not
cytotoxic to ARPE-19. Shown in Figure 6A, these data
revealed that glycyrrhizic acid showed no toxicity at

Figure 2. Experimental validation that blue light exposure of A2E-treated ARPE-19 cells induces HMGB1 upregulation
and translocation. (A) An MTT assay was performed on RPE cells treated with different concentrations of A2E with or without blue
light photosensitization. Data are presented as means + SD; * indicates a p value < 0.05, ** indicates a p value <0.01,*** indicates a p
value < 0.001, compared to the control, n=3. (B) FDA/PI staining of RPE cells after in vitro culture for 48 h with 10 uM A2E + blue light
(10 min). Most living RPE cells were stained green by fluorescein diacetate (FDA); a few dead cells were stained red bypropidium
iodide (PI). (C) Western blot analyses showed that HMGB1 protein expression was higher in 10uM A2E + blue light-treated cells
compared to the control and also higher in the blue light treatment, as quantified by densitometry; the results are expressed as a
ratio with B-actin. Data are presented as means + SD; * indicates a p value <0.05, ** indicates a p value <0.01, n=3. (D) HMGB1
localization in RPE cells was assessed by confocal microscopy after 10uM A2E + blue light treatment. HMGB1 moved from the nucleus
(arrow) to the cytoplasm (star) after 10uM A2E + blue light treatment. Nuclei are labelled with DAPI (blue); HMGB1 is stained green.
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Figure 3.HMGB1 upregulation and release increase the expression of Caveolin-1. (A) (i) Western blot analyses showed that
overexpression of HMGB1 upregulated Caveolin-1; B-actin was used as the loading control; Western blot results were quantified by
densitometry, and the results are expressed as a ratio with B-actin. (ii) gPCR analyses showed that overexpression of HMGB1 upregulated
Caveolin-1. Data are presented as means + SD; * indicates a p value <0.05, ** indicates a p value <0.01, n=3. (iii) Expression of EGFP and
Caveolin-1 was assessed by immunofluorescence in HMGB1-overexpressing RPE cells and negative-control RPE cells. (B) Protein
interaction between HMGB1 and Caveolin-1 was revealed by the STRING version 9.1 program. (C) Relative Caveolin-lexpression in RPE
cell incubated with normal medium, 1ug/ml rHMGB1, 100uM GA, or 1ug/ml rHMGB1+100uM GA, Data are presented as means + SD; *
indicates a p value<0.05, ** indicates a p value<0.01, n=3. (D) Western blot analyses showed that knock-down of HMGB1
downregulated Caveolin-1; Tublin was used as the loading control, western blot results were quantified by densitometry, and the results
are expressed as a ratio with Tublin. Data are presented as means + SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, n=3.

various concentrations from SuM to 200 uM. Then we
explored the effect of GA on ARPE-19 cells treated
with A2E and blue light, and 50 uM A2E induced
ARPE-19 cell senescence used as a positive control.
The results showed that GA blocked the release of
HMGBI into the extracellular space and A2E induced
cell senescence was mitigated correspondingly.
(Figure 6B, C, D) These results indicated that blocking
HMGBI1 by directly inhibiting its extracellular
cytokine activities could alleviate A2E induced cell
senescence.

DISCUSSION

Cellular senescence is a process during which physio-
logical function and proliferation and differentiation
capacities decline gradually [17]. It is also a state of
permanent cellular division arrest that only concerns
only mitotic cells. Although RPE cells are quiescent in
the retina, they can undergo oxidative stress-induced
senescence. Therefore, cellular senescence can be con-
sidered as an important molecular pathway of AMD
pathology [18]. The reason we chose RPE cells differen-
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tiated from iPSCs is because their young age allows for
observing the process of ageing under certain stimulation.
This approach has been applied to several studies on age-
related diseases, including Parkinson’s disease and
Alzheimer’s disease [19, 20]. Although it has been
reported that A2E accumulation causes RPE cell senes-
cence and dysfunction, including complement factor
activation and oxidative stress [21], there is thus far no
unanimous conclusion regarding the specific mechanism.

HMGBI1 organizes DNA, regulates transcription and is
a damage-associated molecular pattern molecule that is
related to oxidative stress and downstream apoptosis or
survival [22]. Under pathological conditions such as
hypoxia, cell death, atherosclerosis and ischaemia-
induced angiogenesis [23,24,14] and in senescent cells,
HMGBI1 is upregulated and translocated from the
nucleus to the cytoplasm and extracellular space.
Indeed, HMGBI1 is deemed a more reliable and accurate
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Figure 4.0verexpression of Caveolin-1 induced ARPE-19 cell senescence and inhibited migration and invasion. (A) Western
blot analyses showed that overexpression of Caveolin-1 upregulated Zo-1 and B-catenin; B-actin was used as the loading control. (B)
Western blot results were quantified by densitometry, and the results are expressed as a ratio with B-actin. Data are presented as
means * SD; * indicates a p value < 0.05, ** indicates a p value <0.01, *** indicates a p value < 0.001, n=3. (C) gPCR analyses showed that
overexpression of Caveolin-1 upregulated Zo-1 and B-catenin. Data are presented as means + SD; * indicates a p value <0.05, n=3. (D)
Expression of EGFP, Zo-1 and B-catenin was assessed by immunofluorescence in Caveolin-1-overexpressing RPE cells and negative-control
RPE cells. (E) Representative microscopic images of B-galactosidase staining in RPE cells showed overexpression of Caveolin-1 in RPE cells
compared with that in negative-control RPE cells. Quantification of percentage of cells with positive SA-B-gal staining.Data are presented
as means * SD; * indicates a p value <0.05, ** indicates a p value <0.01, n=3. (F) (i) Wound-healing assays in Caveolin-1-overexpressing
RPE cells. (ii). Transwell invasion assays in Caveolin-1-overexpressing RPE cells. (G) (i) The rate of cell migration in different groups was
measured at different time points. Note that cell migration was decreased in Caveolin-1-overexpressing RPE cells. (ii) The mean number
of invaded cells was assessed in 5 fields. Note that cell invasion was decreased in Caveolin-1-overexpressing RPE cells. Data are presented
as means + SD; * indicates a p value < 0.05, ** indicates a p value < 0.01, *** indicates a p value < 0.001, n=3.
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evaluation of the senescent state than using SA-B-gal
positive staining alone. Importantly, HMGBI is
regarded as a central mediator of senescent phenotypes
[25]. After identification by proteomic MS-based
measurement, we detected HMGBI1 expression and
localization in A2E-treated RPE cells and confirmed
that the protein was upregulated and released from the
nucleus into the cytoplasm. This is consistent with the
findings of CoCl-induced hypoxia and senescent
human and mouse cells in culture and in vivo [25, 26].
GA, extracted from the root of G.glabra was recently
found to suppress HMGBI1-induced injury by binding
directly HMGBI1. Furthermore, the effect of GA was
demonstrated against photo-aging in skin, which
indicated the potential role of GA against aging [27].
GA can inhibit the release of HMGBI1. Alleviated A2E
induced cell senescence confirmed the important role of
HMGBI in cell senescence.
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Another RPE cell age-related protein detected in our
study is Caveolin-1, which is the main component of the
caveolae found in most cell types and is involved in the
regulation of many cellular processes, such as mito-
chondrial function, proliferation, migration and
senescence [28]. Senescence is strongly associated with
decreased responses to growth factors that interact with
Caveolin-1 via caveolae [29], and it has been reported
that Caveolin-1 plays a major role in both replicative
senescence and stress-induced premature senescence
[15]. Our results showed that HMGB1 upregulation and
release enhanced expression of Caveolin-1, suggesting
that both HMGB1 and Caveolin-1 had a synergistic
effect on RPE cell senescence. Caveolin-1 and
translocation of HMGBI significantly and consistently
suppress cancer cell migration and invasion, with little
effect on cell viability [30]. HMGB1 binding to RAGE
up-regulates Caveolin-1 expression during macrophage
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Figure 5. Blue light exposure of A2E-treated ARPE-19 cells increased HMGB1 and Caveolin-1 expression. (A) Western blot
assay for HMGB1 and Caveolin-1 in RPE cells treated with a concentration gradient of A2E with or without blue light, quantified by
densitometry, and the results are expressed as a ratio with B-actin. Data are presented as means + SD; * indicates a p value <0.05, **
indicates a p value <0.01, n=3. (B) Representative microscopic images of B-galactosidase staining in RPE cells with various concentrations
of A2E. Quantification of percentage of cells with positive SA-B-gal staining.Data are presented as means+SD; * indicates a p
value <0.05, ** indicates a p value < 0.01, n=3. (C) The release of HMGB1 induced by A2E treatment were detected by ELISA assays.
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necroptosis [31]. Therefore, it is worth studying this
synergistic effect in RPE cells.

Although interaction between HMGB1 with Caveolin-1
was indicated by the STRING program, there is no
evidence to date for this in RPE cells. Furthermore,
research on the pathophysiology of pre-eclampsia (PE),
hypoxic trophoblasts displayed higher intracellular
HMGBI protein levels which could increase TLR4 and
Caveolin-1 [14]. However, Shang et al. suggested that
RAGE mediated HMGB1-induced Caveolin-1 phospho-
rylation but did not raise the expression level; Lin et al.
showed that Caveolin-1 phosphorylation, which
promotes HMGBI1 release, regulates endothelial cell
apoptosis [32, 33]. Therefore, it is also worth addressing
how HMGBI interacts with Caveolin-1.
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Upregulation of Caveolin-1 inhibits cell proliferation by
suppressing receptor tyrosine kinase activities. In
contrast, Caveolin-1 causes an enlarged and flattened
shape in senescent cells via upregulation of Rb family
and focal adhesion proteins [34]. Furthermore, the
senescent phenotype can be reversed by downregulation
of Caveolin-1, which suggests that it is a major switch
in cellular senescence [35]. Our results demonstrate that
cell aging reduces migration and invasion, which was
consistent with previous reports [36], and that Zo-1 and
[B-catenin are upregulated, despite the results of other
studies indicating that all tight junction proteins
increased [37]. The upregulation of Zo-1 may be
associated with activation of Src tyrosine kinases and
matrix metalloproteinases (MMPs), which can be
negatively regulated by the scaffolding domain of
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Figure 6. Glycyrrhizic acid alleviated A2E induced cell senescence. (A) An MTT assay was performed on RPE cells treated with
different concentrations of GA. Data are presented as means = SD; * indicates a p value < 0.05, ** indicates a p value <0.01, n=3. (B)The
release of HMGB1 induced by different concentrations of A2E+BL with or without 100uM GA were detected by ELISA assays. Data are
presented as means +SD; * indicates a p value <0.05, ** indicates a p value <0.01, n=3. (C) Representative microscopic images of B-
galactosidase staining in RPE cells induced by different concentrations of A2E+BL with or without 100uM GA. (D) Quantification of
percentage of cells with positive SA-B-gal staining. Data are presented as means = SD; * indicates a p value <0.05, ** indicates a p
value <0.01, n=3. (E) Proposed schematic model for strategies for HMGB1 inhibition in response to A2E treatment.
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Caveolin-1[38, 39]. For example, Hardyman et al.
found that a Src kinase inhibitor was able to rescue
structural destruction of the epithelial cell barrier [40],
and Vermeer reported that activation of MMP-9
decreased expression of Claudin-1 and Occludin [41].
In addition, upregulating Caveolin-1 rescued expression
of tight junction proteins under hyperoxic conditions
[37]. Nonetheless, f-catenin is not only a type of tight
junction protein but is also a key link for the Wnt
pathway, which is related to cell proliferation. Galbiati
et al. suggested both Caveolin-1 and B-catenin levels
increased and decreased in parallel and Caveolin-1
inhibited Wnt-1 signaling [42]. Kook et al. showed that
quercetin could protect RPE cells from oxidative
damage and cellular senescence via decreasing the
expression of Caveolin-1 [43].

Although our expected results were that expression of
Caveolin-1 would increase with increasing concentra-
tions of A2E, it exhibited a tendency of first increasing
up to 10uM A2E and then decreasing above 10 pM
A2E. However, there is no relevant research on changes
in Caveolin-1 expression during RPE aging. These
results may be due to the following reasons. First, we
found that cell growth began to decline and that cell
morphology began to change under high concentrations
of A2E (Figure 5B). Yu et al. confirmed that Caveolin-1
deficiency induces premature senescence, with mito-
chondrial dysfunction, in human diploid fibroblasts
[44]. Second, we surmised that cumulative feedback
inhibition of Caveolin-1 may be associated with RPE
cell senescence because upregulation of Caveolin-1
inhibits cellular levels of nitric oxide (NO) by regulating
NO synthase activity [45]. Regardless, the mechanism
responsible for these changes remains to be determined.

In summary, upregulation of HMGBI1 and Caveolin-1
caused RPE cell senescence and suppressed migration
and invasion, and B-catenin and Zo-1 accumulation was
enhanced by A2E in RPE cells. In particular, the results
showed a change in expression of HMGBI and
Caveolin-1, which suggests that they are prime gate-
keepers in RPE cell senescence. The above results
indicate that stabilizing expression of HMGBI1 and
Caveolin-1 is a potential therapeutic target to prevent
the progression of RPE cell senescence.

MATERIALS AND METHODS
Cell culture

iPSC-derived RPE cell lines were created from healthy
individuals, as described inYang et al. and Lin et al. [6,
46]. In short, lentiviral vectors were used to transduce
fibroblasts into iPS cell lines with OCT4, SOC2, KLF4,
and MYC, which were cultured in human embryonic

stem cell medium with 10 mM basic fibroblast growth
factor (FGF).IPS cell lines wereco-cultured with
mitomycin-C-treated stromal cells from the PA6 line
and were further incubated in differentiation me-
dium under 5% CO;at 37°C. Differentiation medi-
um contained human embryonic stem cell medium
(HUESM)-bFGF with 10 nm Nicotinamide (from d 0 to
20) and 20 ng/ml Activin A (from day 20 to 40).The
first two generations of cells were plated onto 12-well
dishes with feeder cells to induce RPE differentiation.
After 6 weeks, pigmented colonies were re-plated on
Matrigel-coated plates in RPE culture medium.ARPE-
19was purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured
in complete Dulbecco's modified Eagle's medium F-12
nutrient mixture (DMEM F12, Gibco Life Technology,
China) containing 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (100 unit penicillin/100 pg
streptomycin per mL) (Invitrogen, USA) at 37°C with
5% COz. All cells were cultured in a humidified 5% CO;
atmosphere at 37°C and passaged every 5 to 7 days.

Proteomic MS-based measurements

The process described in Yang et al. and Lin et al. [6, 46]
consisted of three steps. (1) The third passage of iPSC-
derived RPE cell lines were treated with and without
A2E. Three biological replicates were prepared
representing three separate cultures derived from each
cell line and were also performed separately for A2E-
treated samples. (2) Proteins were extracted from each
cell line, reduced and alkylated before tryptic digestion,
and RapiGest was cleaved with acid. The resulting
peptides were analysed using a Synapt G2 quadrupole-
time-of-flight mass spectrometer (Waters Corp.) with
MSE data-independent scanning. (3) Initial data were
processed using ProteinLynx Global Server (Version 2.5
RC9, Waters Corp.). Further analysis was performed
with TransOmics software (Waters Corp.) and the NCBI
database of human sequences.

Lentivirus-mediated transduction

For overexpression and knock-down of human HMGB1
and Caveolin-1, lentiviruses were purchased from
Genechem (Shanghai, China). For infection of ARPE-
19 cells, we used SpuM polybrene, and the medium was
changed after 11 h. To acquire stable clones, 2uM
puromycin (Solarbio, China) was added to the culture
medium, and the medium was replaced every 3 days
with fresh puromycin-containing medium until resistant
colonies were identified.

Drug treatment

A2E was purchased from Gene And Cell Technologies
(310 Georgia St,Vallejo CA, 94590,USA), dissolved in
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dimethyl sulfoxide (DMSO) at a concentration of
25mM and stored at —80°C in the dark as a stock
solution. ARPE-19 cells were incubated with different
concentrations of A2E in culture medium without FBS
for 48 h. After A2E loading, RPE cells were exposed to
470£20nm light at 2000+500 Ix (Yingze, Tianjin) for
10 min, as described previously [47]; the cells were then
returned to complete medium and incubated for 24 h.
GA was purchased from MCE, ARPE-19 cells were
pretreated with GA for 2h, then the cell culture medium
was replaced with medium containing A2E and GA for
48h. Mammalian recombinant HMGB1 (rHMGBI1)
protein was purchased from Sigma—Aldrich, ARPE-19
cells were treated with tHMGBI1 for 24h.

Cell viability assays

Cytotoxicity was assessed using the MTT assay. After
treatment with different concentrations of A2E/Blue
light, 20 4L MTT labelling reagent (Solarbio, China)
was added to 200 L medium in each well. After 4h of
incubation at 37°C, the labelling reagent was replaced
with 200 4L DMSO, and the sample was shaken for 15
min to dissolve the crystals. Optical density (OD) was
measured at 490 nm using a Full Wavelength
Microplate Reader (Infinite 200 PRO, TECAN).
FDA/PI staining was also performed.

Quantitative real-time PCR

Expression of tight junction genes, Claudin-1, Claudin-
3, Zo-1, Occludin, N-cadherin, B-catenin, and HMGBI,
Caveolin-1, was analysed by RT-PCR. Each gene
expression value was normalized to the endogenous
control  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH). RNA was extracted from cells in 6-well
plates using 1mL of Trizol® (Invitrogen, USA) and re-
suspended in 20pL diethyl pyrocarbonate (DEPC)-
treated water. The total RNA concentration was
determined using a Nanodrop 2000 (Thermo Scientific).
Total RNA (1 pg) was used for reverse transcription

Table 2. Primers used for quantitative RT-PCR.

with a retroscript kit (Revert Aid First Strand cDNA
Synthesis Kit, Thermo Scientific), and real-time PCR
was performed using a 7900HT Fast Real-Time PCR
system (Applied Biosystems, USA). For quantification,
the relative expression of different gene transcripts was
calculated with the AACt method. The Ct of any gene of
interest was normalized to the Ct of GAPDH. Fold
changes were determined as 2 ~ 24¢, All reactions were
performed 3 times. Primer information is provided in
Table 2.

Western blot analysis

ARPE-19 cells were collected in RIPA buffer (Solarbio,
China) with protease inhibitors (Thermo Fisher
Scientific). Protein concentrations were measured using
a bicinchoninic acid (BCA) assay kit (Solarbio, China)
A total of 20 or 40 pg of protein was loaded per lane,
separated by sodium dodecyl-sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), and transferred to
Immobilon-FL.  polyvinylidene difluoride (PVDF)
membranes. Subsequently, the membranes were

blocked in 10% bovine serum albumin (BSA, BD
Biosciences) in phosphate-buffered saline with Tween
20 (PBST) for 1.5 h at room temperature and incubated
overnight at 4°C with primary antibodies against
TLR2(1:1000, Rabbit, Abcam), TLR4(1:2000, Mouse,

Proteintech), = RAGE(1:1000, Rabbit, = Abcam),
Tublin(1:1000, Mouse, Proteintech), B-actin (1:1000,
Mouse, Abcam), Caveolin-1 (1:10000, Rabbit,

Abcam), HMGB1 (1:1000, Mouse, Abcam), Zo-1
(1:1000, Rabbit, Proteintech), or B-catenin (1:5000,
Rabbit, Abcam). After washing 3 times, the
membranes were incubated for 2 h in the dark at room
temperature with horseradish peroxidase (HRP)-
conjugated secondary antibodies diluted 1:3000 in
PBST. The membranes were washed in PBST 3 times
before visualizing using Immobilon Western
Chemiluminescent HRP Substrate (MILLIPORE,
USA). Blots shown are representative of at least three
biological repeats for each experiment. Every immuno-

Forward (5°to 3°)

Reverse (5°to 3°)

GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

HMGBI1 GAGAGGCAAAATGTCATCAT GGGATCCTTGAACTTCTTTT

Caveolin-1 CGGGAACAGGGCAACATCTAC CTTCTGGTTCCGCAATCACATC

Zo-1 AAGGAAGGCTTAGAGGAAGGTGA GTCCATAGGGAGATTCCTTTTCA

B-catenin CCTGAGGAAGAGGATGTGGATAC CATTTAGCAGTTTTGTCAGTTCAGG

Claudin-1 CTGGGAGGTGCCCTACTTTG ACACGTAGTCTTTCCCGCTG

Claudin-3 ACGCGAGAAGAAGTACACGG GTAGTCCTTGCGGTCGTAGC

Occludin AGGTTCCATCCGAAGCAGG GTGTAGGTGTGGTGTGTCGG

N-cadherin CCTTTCAAACACAGCCACGG TGTTTGGGTCGGTCTGGATG
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reactive band was detected using the ECL detection
system (UVP, USA), and densitometric values were
quantitated using ImageJ software (version 1.45). The
relative expression of each immunoreactive band was
normalized to that of B-actin.

Immunofluorescence and confocal microscopy

ARPE-19 cells in a 24-well cell culture plate were fixed
with 4% paraformaldehyde (PFA) for 20 min and then
permeabilized in 0.1% Triton X-100 in PBS for 20 min
at room temperature. After being blocked with10% goat
serum in PBS for 1.5 h, the samples were incubated
with the primary antibodies described above at 4°C
overnight. Coverslips were washed with PBST 3 times
and incubated with Alexa Fluor 488-conjugated (1:500;
ThermoFisher) and Alexa Fluor 594-conjugated (1:500;
ThermoFisher) secondary antibodies diluted in PBST at
room temperature in the dark for 1 h. Coverslips were
washed 3 times and stained with 4',6-diamidino-2-
phenylindole (DAPI) for 3-5 min and then imaged by
confocal microscopy (Zeiss).

Migration assays

For the wound-healing assay, cells were transfected
with Caveolin-1 for 24 h and then cultured in 6-well
plates. When reaching 80% confluence, we used a
sterilized pipette to scratch the cell monolayer. After
washing three times with PBS, the cells were cultured in
medium without FBS. Images shown are from three
time points, 0, 12 and 24h, and demonstrate wound
closure, which was measured using ImageJ. For
transwell assays, cells were transfected with Caveolin-1
for 24 h, trypsinized and counted; 1x10° cells in
medium without FBS were placed in the top chamber of
a Transwell device (24-well insert; 8 pm, pore size;
Corning Incorporated). Medium with 20% FBS was
used as a chemical attractant in the lower chamber.
After incubation at 37°C for 24 h, the membranes were
fixed with 4% PFA for 30 min and stained. Cells
migrated to the lower side of the membranes were
counted using an inverted microscope.

ELISA assays

The amount of HMGBI1 in cell culture medium was
assessed using the HMGB1 ELISA kit (Mlbio, China).

SA-B-gal staining
The SA-B-gal staining assay was performed using an

SA-B-gal staining kit (Solarbio, China) following the
manufacturer’s instructions.

Data and statistical analysis

All figures are representative of at least 3 separate
experiments. All quantitative data were analysed with
SPSS (Version 22), and the results are expressed as the
mean = SEM, with p< 0.05 considered statistically
significant. Differences between groups were assessed
using either an independent #-test or one-way analysis of
variance (ANOVA) with Tukey's post hoc or Dunnett's
tests.
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ABSTRACT

Emblica officinalis Gaetrn (i.e., Phyllanthus emblica/ Indian gooseberry/ Amla) (EO) has been used extensively
as a nutraceutical in several diseases since it is known to boost immunity and offers numerous health benefits
such as antioxidant, anti-inflammatory, and anti-aging effects. The goal of our study was to test the hypothesis
that EO will rescue human AMD RPE transmitochondrial cells from mitochondria-induced cellular damage. AMD
RPE transmitochondrial cell lines were created by fusing mitochondria DNA-deficient APRE-19 (RhoO) cells with
platelets isolated from AMD patients, and therefore had identical nuclei but differed in mitochondrial DNA
content. These AMD RPE cells were treated with EO extract followed by characterization of effects of EO using
cellular and molecular assays. Herein, EO significantly improved live cell number and mitochondrial membrane
potential, reduced apoptosis and oxidative stress, down-regulated VEGF, and up-regulated PGC-la. In
conclusion, EO improved cellular and mitochondrial health, thereby playing a key cytoprotective role in AMD in
vitro. Further studies are required to examine the mechanisms that mediate the cytoprotective effects of EO.

INTRODUCTION Several health rejuvenating Ayurvedic formulations

have been prepared using EO fruit (referred to as EO
Emblica officinalis  Gaetrn  (Phyllanthus — emblica), throughout the paper) as a primary ingredient [1].
commonly known as Indian gooseberry or Amla, is an Phytochemically, EO is composed of several bioactive
edible fruit which is borne on a deciduous tree of the compounds such as flavonoids (i.e, Quercetin,
same name. All parts of the Emblica officinalis (EO) Kaempferol), phenolic compounds (i.e., gallic acid,
tree i.e, fruits, bark, leaves, seeds, flowers, and roots are methyl gallate, ellagic acid, trigallayl glucose), tannins
known to have medicinal properties. EO is native to the (i.e., Emblicanin A and B, phyllaemblicin B,
tropical and subtropical regions of Southeast Asia punigluconin, pedunclagin, Chebulinic acid, Corilagin,
including India, China, Malaysia, Bangladesh, Sri Geraniin, Ellagotannin), amino acids (i.e., glutamic
Lanka, and Mascarene Island. EO is a vital medicinal acid, aspartic acid, alanine, lysine, proline, cystine),
plant in Ayurveda which is the ancient holistic system fatty acids (i.e., stearic acid, oleic acid, palmitic acid,
of medicine practiced in the Indian subcontinent. myristic acid, linolenic acid, linoleic acid), alkaloids
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(i.e., Phyllantine, Phyllembein, Phyllantidine), pectin,
citric acid, ascorbic acid (Vitamin C), cellulose, gum,
and albumin. Based on the stage of ripening, the
vitamin C content of EO varies and is the highest in ripe
EO fruits (~800 mg/100 g) compared to unripe (~560
mg/100 g) or semi-ripe (~600 mg/100g) EO fruits [2].

Due to its high Vitamin C content which on an average
is ~600 mg/100 g, EO is well-known as an immunity
boosting food. In addition to vitamin C, EO is a rich
source of antioxidants, including polyphenols, which
confer EO its free radical scavenging potential [3]. A
study by Carlson et al. revealed that EO has an anti-
oxidant content of ~261.5 mmol/100 g which was sub-
stantially higher than numerous other plant-based foods
and supplements that were tested using the FRAP assay
in the same study [4]. Substantive evidence validates the
antioxidant and cytoprotective properties of EO in
several disease models including Alzheimer’s, diabetes,
cardiac diseases, inflammatory disorders, hepatic disea-
ses, atherosclerosis, cancer, and pulmonary fibrosis [5-
11].

The goal of the current study was to examine and
characterize the nutraceutical potential of EO in a
human retinal pigment epithelial (RPE) age-related
macular degeneration (AMD) transmitochondrial cybrid
cell model [12]. We hypothesized that EO will rescue
AMD RPE transmitochondrial cells from cellular and
mitochondrial damage in vitro. The results of this novel

sk

study the cytoprotective role of EO in AMD RPE cybrid
cells in terms of increased viability and reduction in
oxidative stress and apoptosis.

RESULTS
EO concentration optimization

To determine the optimum working concentration of EO
for all experiments, we performed an initial concentration
titration experiment wherein AMD cybrids were treated
with increasing doses of EO i.e, 10, 15, 20, and 25
mg/mL of EO (Figure 1) followed by measurement of
viable cell numbers using MTT assay. Although
compared to untreated AMD cybrids (Bar 1; 1 + 0.382
(Mean + SEM) arbitrary unit (a.u.), n=3), 10 mg/mL EO-
treated AMD cybrids (Bar 3; 1.59 £ 0.191 a.u.; n=3)
showed a 59 % higher viable cell number, the difference
was not statistically significant (p=0.2387). However,
EO-treated cybrids showed significantly improved viable
cell number at 15 mg/mL (Bar 4; 295 % increase; 3.95 +
0.240 a.u.; p<0.001; n=3), 20 mg/mL (Bar 5; 330 %
increase; 4.30 + 0.193 awu.; p<0.001; n=3), and 25
mg/mL (Bar 6; 357.5 % increase; 4.575 £ 0.297 a.u.;
p<0.001; n=3) compared to their untreated counterparts.
No difference (p=0.96) in cell viability was observed
between the untreated and solvent control (Bar 2; 1.018
+ 0.018 a.u.; n=3) groups. Based on these results, we
chose 25 mg/mL as the optimal working concentration
of EO for all experiments performed in this study.

Cell Viability

Figure 1. EO concentration optimization. Bar graph showing the effects of EO on cell death in AMD RPE cybrid cells. No
difference was observed between the AMD untreated (bar 1) vs. AMD solvent control (bar 2) groups. Furthermore, no
statistically significant difference was observed between untreated (bar 1) and 10 mg/mL EO-treated (bar 3) AMD cybrids.
Higher viable cell numbers were observed in EO-treated AMD cybrids at concentrations of 15 mg/mL (bar 4), 20 mg/mL (bar
5), and 25 mg/mL (bar 6). *** indicates p<0.001; ns indicates non-significant p-value. Data are presented as mean + SEM and
normalized to untreated AMD cybrids which were assigned a value of 1. Experiments were performed at the 24 h time-point.
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Figure 2. Effect of EO on cell viability. When treated with 25 mg/mL EO, AMD cybrid cells showed consistently increased viable cell
numbers at 24 h (A), 48 h (B), and 72 h (C) compared to their untreated counterparts. ** indicates p<0.01. Data are presented as mean +
SEM and normalized to untreated AMD cybrids which were assigned a value of 1.

Effect of EO on cell viability

We next examined the effects of treatment of AMD
RPE cybrids with 25 mg/mL EO over a time course i.e.,
at 24 h, 48 h, and 72 h post EO treatment (Figure 2). As
anticipated, compared to their untreated counterparts,
we observed significantly higher viable cell numbers in
EO-treated AMD cybrids at 24 h (369 % increase;
AMD untreated: 1 + 0.166 a.u., AMD EO-treated: 4.69
+ 0.571 a.u.; p=0.002; n=6) (Figure 2A), 48 h (398.1 %
increase; AMD untreated: 1 = 0.049 a.u., AMD EO-
treated: 4.981 £+ 0.145 a.u.; p=0.008; n=5) (Figure 2B),
and 72 h (398.8 % increase; AMD untreated: 1 + 0.049
a.u.,, AMD EO-treated: 4.988 + 0.203 a.u.; p=0.008;
n=5) (Figure 2C), suggesting that EO is able to rescue
AMD cybrids from cell death [13].

Effect of EO on Caspase-3/7 and NucLight staining

To compare the effects of EO on Caspase-3/7 activity,
we morphologically monitored the kinetic activation of
Caspase-3/7 using IncuCyte® live-cell imaging (Figure
3). Figure 3A shows representative overlap live-cell
images of AMD RPE cybrids stained with Caspase-3/7
Green + NucLight Red reagents. The left panel
represents untreated AMD cybrids and the right panel
represents EO-treated AMD cybrids. We observed that
EO reduced the number of Overlap object count
(Yellow) (i.e., Caspase-3/7 Green + NucLight Red
staining / NucLight Red object count) at 24 h (34.8 %
decrease; AMD untreated: 1 = 0.076 a.u., AMD EO-
treated: 0.652 + 0.032 a.u.; p=0.029; n=4) (Figure 3B)
and 48 h (22.7 % decrease; AMD untreated: 1 + 0.032
a.u.,, AMD EO-treated: 0.773 + 0.023 a.u.; p=0.001,
n=4) (Figure 3C).

These results suggest that EO can mitigate Caspase-3/7
mediated apoptosis in AMD RPE cybrids.

Effect of EO on Caspase-3 and MT-RNR2 gene
expression

Treatment with EO led to significant downregulation of
Caspase-3 gene (60 % decrease; AMD untreated: 1 +
0.063 a.u.; AMD EO-treated: 0.400 + 0.112 a.u.;
p=0.008; n=5) (Figure 4A), suggesting that EO reduces
caspase-3-mediated apoptosis in  AMD cybrids.
Moreover, upregulation of the mitochondria derived
peptide (MDP)-coding MT-RNR2 gene (3006 % increa-
se; AMD untreated: 1+ 0.231 a.u.; AMD EO-treated:
31.06 + 11.93 a.u.; p=0.008; n=5) (Figure 4B) was
observed in EO-treated AMD cybrids compared to
untreated cells, suggesting higher MDP production as a
result of EO treatment.

Effect of EO on ROS assay and SOD2 gene
expression

To measure reactive oxygen species levels, we
performed ROS assay using H2DCFDA reagent.
Addition of EO to AMD cybrids reduced ROS levels at
24 h, 48 h and 72 h time points: 24 h (39.4 % decrease;
AMD untreated: 1 + 0.082 a.u., AMD EO-treated: 0.606
+ 0.023 a.u.; p=0.008, n=5) (Figure 5A), 48 h (41.1 %
decrease; AMD untreated: 1 = 0.076 a.u., AMD EO-
treated: 0.589 + 0.011 a.u.; p=0.008, n=5) (Figure 5B),
and 72 h (43.9 % decrease; AMD untreated: 1 + 0.166
a.u., AMD EO-treated: 0.561 + 0.009 a.u.; p=0.008,
n=5) (Figure 5C). Furthermore, EO-treated AMD
cybrids showed upregulation of SOD2 gene compared
to their untreated counterparts (357.3 % increase; AMD
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0.533 a.u.; p=0.029; n=4) (Figure 5D). These results cybrids.

A) Caspase-3/7 Green + NucLight Red Overlap Representative images
AMD Untreated AMD EO-treated

B) Caspase-3/7 Overlap Count C) Caspase-3/7 Overlap Count

24 h 48 h
1.5 € 1.5q
b s E
zE 4
z & ]
o3 oL
o = =
e <= 1.0 & o 1.0
Sy o *
e % %
S 2 * <R
55 == S 3
o © o © 1
0 = 0.5 = 0.5
@ 9 © ©
Q.2 a9
Ry =
[T e)
© Q o )
(&)
° O3
& @
0.0 & 0.0
AMD Untreated AMD EO-treated AMD Untreated =~ AMD EO-treated

Figure 3. Effect of EO on Caspase-3/7 and NuclLight staining. This figure shows representative IncuCyte live-cell
images of untreated and EO-treated AMD cybrid cells stained with NucLight Red and Caspase-3/7 Green reagent (A), and
quantitation graphs for Caspase-3/7 Green and NucLight Red staining at the 24 h (B) and 48 h (C) time points. * indicates
p<0.05. Data are presented as mean + SEM, normalized to untreated AMD cybrids, which were assigned a value of 1.
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Figure 4. Effect of EO on Caspase-3 and MT-RNR2 gene expression. Treatment of AMD cybrids with EO reduced
the gene expression of Caspase-3 (A) and up-regulated MT-RNR2 gene (B). ** indicates p<0.01. Data are presented as
mean * SEM and normalized to untreated AMD cybrids which were assigned a value of 1.
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Figure 5. Effect of EO on ROS assay and SOD2 gene expression. Addition of EO lowered ROS levels in AMD cybrids at 24 h (A), 48 h
(B), and 72 h (C) time points. (D) shows increased expression of the antioxidant gene, SOD2, as a result of treatment with EO. ** and *
indicate p<0.01 and p<0.05 respectively. Data are presented as mean = SEM and normalized to untreated AMD cybrids which were

assigned a value of 1.

Effect of EO on mitochondrial membrane potential
and PGC-1a gene expression

Compared to their untreated counterparts, EO-treated
AMD  cybrids showed elevated mitochondrial
membrane potential at 24 h post-treatment (169.3 %
increase; AMD untreated: 1 + 0.139 a.u., AMD EO-
treated: 2.693 £+ 0.246 a.u.; p=0.029, n=4) (Figure 6A).
Moreover, EO-treated AMD cybrids showed up-
regulation of the PGC-1a gene (1498 % increase; AMD
untreated: 1 + 0.277 a.u.; AMD EO-treated: 15.98 +
1.589 a.u.; p=0.029; n=4) (Figure 6B). These results
suggest that EO promotes mitochondrial health and
function in AMD cybrids.

Effect of EO on VEGF gene expression and on cell
viability and ROS levels in amyloid-B-stressed AMD
cells

Since VEGF has been implicated in the etiology of
AMD, we next sought to compare VEGF gene expres-
sion between untreated and EO-treated AMD cybrids.
We observed significant downregulation of VEGF gene

in EO-treated AMD cybrids compared to untreated
cybrids (64.7 % decrease; AMD untreated: 1 = 0.066
a.u.; AMD EO-treated: 0.353 + 0.132 a.u.; p=0.029;
n=4) (Figure 7A).

As amyloid- is a component of drusen deposits formed
in AMD, it is also important to determine the effect of
EO treatment on amyloid-fB-induced damage in AMD
cybrids. Our previous studies have established that
exogenously added amyloid-f1.4, (active form) peptides
stressed AMD RPE cybrid cells. [13-14] Therefore, we
analyzed the effects of EO against amyloid-B-induced
damage in AMD cybrids using amyloid-B;4; (active
form) and amyloid-B4,.; (inactive scrambled control)
peptides. Pretreatment with EO preserved the viable cell
number and reduced ROS levels in amyloid-f 4,-treated
AMD cybrids. In terms of cell viability (Figure 7B),
there was a 263.36 % increase in viable cell number in
EO + amyloid-p, .4, treated versus amyloid-p;4, alone-
treated AMD cybrids (AMD amyloid-Bi4: 0.625 +
0.039 a.u.; AMD EO + amyloid-p;4: 2.271 + 0.258;
p<0.001; n=4) (Figure 7B — bar 2 vs. bar 5). No diffe-
rence in cell viability was observed between untreated
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and amyloid-P4; 1(scrambled control)-treated (0.927 +
0.054; p=0.364; n=4) AMD cybrids. AMD cybrids
treated with EO-alone (4.213 + 0.242, n=4) served as
one of the controls. Furthermore, as shown in Figure
7C, pretreatment with EO reduced ROS levels by
74.1 % in EO + amyloid-P;_4, treated versus amyloid-f3;.
42 alone-treated AMD cells (AMD amyloid-f; 45: 1.193
+ 0.025 a.u.; AMD EO + amyloid-p;_4: 0.309 = 0.028
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(1.047 £0.112; p=0.723; n=3) AMD cybrids. EO-alone-
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one of the controls. These results suggest that EO can
rescue AMD RPE cybrid cells from cellular stress
induced by amyloid-f in vitro.
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Figure 6. Effect of EO on mitochondrial membrane potential and PGC-1a gene expression. This figure shows increased
mitochondrial membrane potential in EO-treated AMD RPE cells (A), and increased PGC-1a gene expression in EO-treated AMD cybrids
(B). * indicates p<0.05. Data are presented as mean + SEM and normalized to untreated AMD cybrids which were assigned a value of 1.
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Figure 7. Effect of EO on VEGF gene expression, and on cell viability and ROS levels in amyloid-B-stressed AMD cells. This
figure showed down-regulation of VEGF gene in EO-treated AMD cybrids (A). Pretreatment with EO rescued AMD cybrids from amyloid-B-
induced damage as shown by changes in cell viability (B) (bar 2 versus bar 5) and ROS levels (C) (bar 2 versus bar 5). *, ** and ***
indicate p<0.05, p<0.01, and p<0.001 respectively; ns indicates non-significant p-value. Data are presented as mean + SEM and
normalized to untreated AMD cybrids which were assigned a value of 1.
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DISCUSSION

In the present study, we report the protective role of
Emblica officinalis in rescuing human AMD RPE
cybrid cells from damage. Herein, we analyzed the
effects of exogenously added EO on the viable cell
numbers, ROS levels, mitochondrial membrane poten-
tial, gene expression of Caspase-3, SOD2, PGC-la,
MT-RNR2, and VEGF, and against amyloid-p-induced
toxicity in AMD RPE transmitochondrial cybrid cell
lines in vitro.

We began our EO study by testing a varying range of
concentrations of EO i.e., 10, 15, 20, and 25 mg/mL in
AMD RPE cybrids in vitro and chose EO concentration
of 25 mg/mL as the final optimal working concentration
for all experiments. To our knowledge, this is the first
study investigating the effects of EO on RPE cybrids
containing damaged AMD mitochondria [13]. Accord-
ing to previous literature, varying doses of EO fruit
extract are administered depending on the species, the
model system, and nature of the study. For instance,
Rao et al. found clinically relevant concentrations at 1—
100 pg/ml of EO fruit extract to be effective in human
umbilical vein endothelial cells (HUVEC) in vitro [15].
Yamamoto et al. demonstrated that treatment with 100-
200 pg/ mL EO was effective in C2C12 myoblasts, a
skeletal muscle cell line, in vitro [16]. However, in vivo
and human studies required higher concentrations of EO
fruit extract. For example, Lim et al. showed adminis-
tration of 300 mg/kg EO to Sprague-Dawley (SD) rats
was effective [17]. In diabetic studies, human subjects
were given oral concentrations of EO at 1 g/mL, 2
g/mL, and 3 g/mL in water [6].

We next characterized the cytoprotective role of EO in
AMD cybrids. Comparison of cell viability between
untreated and EO-treated AMD cybrids demonstrated
consistently higher viable cell numbers in EO-treated
AMD cybrids at 24 h, 48 h and 72 h post EO-treatment.
Our observations were consistent with previous studies
that have highlighted the cytoprotective role of EO. For
example, EO at a concentration of 500 mg/kg sig-
nificantly increased cell viability, thereby rescuing
splenocytes from arsenic-induced cell damage in mice
[18]. Another recent finding revealed attenuation of t-
BHP-induced cytotoxicity by pretreatment with EO for
48 h in a murine skeletal muscle cell line [16]. EO was
shown to inhibit chromium-induced toxicity by
enhancing percent cell survival and cell proliferation in
an in vitro murine macrophage model [19]. In addition,
EO prevented apoptotic cell death and enhanced cell
proliferation in lymphocytes isolated from Sprague-
Dawley rats [20]. Another study demonstrated the role
of EO as a cytoprotectant in vivo [21].

It has been established previously that AMD RPE
transmitochondrial cybrid cells are damaged due to
diseased AMD mitochondria and undergo apoptotic cell
death [13-14]. Therefore, to examine the effects of EO
on apoptosis markers, we next examined the effects of
EO administration on Caspase-3/7 activity using
IncuCyte® live-cell imaging system and reagents. The
NucLight reagent (Red) stains nuclei in live cells and
the Caspase-3/7 reagent (Green) enables real-time
quantification of cells undergoing caspase-3/7 mediated
apoptosis. Our data revealed that EO-treated AMD
cybrids had reduced Caspase-3/7 activity compared to
their untreated counterparts. Moreover, AMD cybrids
treated with EO had reduced expression levels of
Caspase-3 gene compared to untreated AMD cybrids.
To our knowledge, this is the first study to report such
EO effects in human AMD cybrids. However, addition
of EO has been reported to decrease caspase-3 activity
and to protect against arsenic-induced toxicity in
thymocytes of mice [22]. Another study reported that
co-treatment with EO reduced caspase-3 activity in
splenocytes in vitro [18]. The same study used Annexin
V/PI binding experiment to demonstrate that co-
treatment with EO reduced the number of apoptotic and
necrotic cells [18].

Enhanced production of reactive oxygen species (ROS)
is associated with damaged mitochondria and deterio-
ration of mitochondrial health and function [23]. AMD
RPE transmitochondrial cybrid cells used in this study
have higher levels of mitochondrial ROS compared to
normal RPE transmitochondrial cells [13]. In the current
study, we used H2DCFDA, a chemically reduced form
of fluorescein, as an indicator of ROS in AMD cybrids
and observed that EO induces a consistent ROS-
reducing effect in AMD cybrids at 24 h, 48 h, and 72 h
post treatment. This finding is critical since elevated
ROS levels have been implicated in the pathogenesis of
numerous aging-related diseases [24-26] including
retinal diseases such as AMD, diabetic retinopathy,
glaucoma, etc. [27]. Quantitative RT-PCR analyses
revealed that treatment with EO increased the transcript
levels of SOD2, the mitochondrial superoxide dismutase
which plays an antioxidant role in preserving cellular
health in AMD. [28] This is a key finding since SOD2
deficiency contributes to oxidative damage in RPE and
development of AMD pathogenesis [29]. Our current
results are consistent with previous studies that have
highlighted the crucial role of EO as a potential
antioxidant [4,30-31] in combating oxidative stress in
aging-related diseases/disorders such as diabetes, renal
dysfunction, hyperlipidaemia, etc. [32-34]. Elevated
ROS levels can cause VEGF (Vascular Endothelial
Growth Factor) activation thereby triggering angio-
genesis and subsequent choroidal neovascularization in
wet AMD [35-36]. In our previous studies, we found
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significant up-regulation of VEGF gene in AMD RPE
transmitochondrial cybrid cells compared to age-
matched normal RPE transmitochondrial cybrid cells
(Data not shown). Interestingly, in the present study,
EO decreased the VEGF gene levels in AMD cybrids,
suggesting that EO might help in reducing VEGF-
induced neovascularization in AMD. This data is
consistent with reports by Lu et al. wherein an EO pre-
paration inhibited VEGF-induced angiogenesis via
suppression of VEGF receptor activity [37].

Using the JC-1 dye, we compared the mitochondrial
membrane potential (A¥Ym) between untreated and EO-
treated AMD cybrids, and found significantly higher
A¥m in EO-treated AMD cybrids. Therefore, EO can
enhance the oxidative redox state of AMD cybrids,
contributing to preservation of mitochondrial integrity
and function in AMD cybrids. Our data were in
agreement with recent studies showing that EO
positively contributes to mitochondrial health by
enhancing the spare respiratory capacity [16]. QRT-
PCR analyses demonstrated that EO-treated AMD
cybrids had significant upregulation of PGC-la
(peroxisome proliferator-activated receptor gamma
coactivator 1-alpha) gene compared to untreated AMD
cybrids. PGC-lo is an important regulator of mito-
chondrial biogenesis and its downregulation contributes
to AMD pathology [38]. Moreover, PGC-la drives
human RPE mitochondrial function and induces
antioxidant capacity [39].

Drusen deposit formation under the retina is a
characteristic feature in AMD [40]. Amyloid-p is a
common protein found in retinal drusen deposits [41-
42] and in the brains of patients with Alzheimer’s
disease [43-44]. Therefore, we tested the effects of EO
on amyloid-B-induced toxicity. The AMD cybrids were
pretreated with EO followed by exposure to amyloid-8
peptides. The EO pretreatment rescued AMD cybrids
from amyloid-B-induced cellular damage as demons-
trated by higher cell viability and lower ROS levels.
Similar results were observed in an in vivo model of
Alzheimer’s disease wherein oral administration of EO
attenuated amyloid-induced toxicity [5].

To speculate a mechanism by which EO mediates its
protective action in AMD cybrids, we measured the
expression of MT-RNR2 gene using TagMan probes.
Significant up-regulation of the MDP-coding MT-RNR?2
gene was observed in EO-treated AMD cybrids
compared to the untreated cells. Since MDPs have been
assigned a cytoprotective role in AMD [13-14] and
other age-related diseases [45], EO-mediated cytopro-
tection in the AMD cybrids may be partly attributed to
higher expression of the MT-RNR2 gene. Another
plausible mechanism by which EO confers its protective

effects in AMD cybrids could be via aldose reductase
inhibition. It is known that tannins, which are one of the
components of EO, possess aldose reductase inhibitor
activity [46]. Aldose reductase, an enzyme involved in
glucose metabolism, has been associated with the
pathogenesis of retinal diseases including diabetic
retinopathy and cataract [47-50]. Chang et al. demon-
strated that overexpression of aldose reductase is
associated with activation of retinal microglia in mice.
Since retinal microglia are immune cells that mediate
inflammatory responses in the eye, their activation
causes secretion of pro-inflammatory cytokines thereby
contributing to the pathogenesis of eye diseases.
However, suppression of aldose reductase prevents
retinal microglia activation and migration, subsequently
preventing ocular inflammation and disease develop-
ment [51].

In conclusion, treatment with purified EO extract
preserves mitochondrial and cellular health and
function in human AMD RPE cybrids, implying that
EO mitigates aging-related damage in AMD. Since EO
extract is an over-the-counter nutraceutical and is
available in both liquid and capsule forms for easy
consumption, it might serve as an effective, inexpen-
sive, and non-invasive therapeutic option for treatment
of AMD. Further studies are required to fully under-
stand the precise mechanisms that orchestrate the
protective events post EO treatment in AMD cells.

MATERIALS AND METHODS
Human Subjects

The Institutional review board of the University of
California Irvine approved research with human
subjects (Approval #2003-3131). All participating
subjects provided informed consent and clinical
investigations were performed according to the tenets of
Declaration of Helsinki.

Cell culture

Human AMD RPE transmitochondrial cells were
created by fusing mitochondria DNA-deficient APRE-
19 (Rho0) cells with platelets isolated from AMD
patient’s blood as described previously. [13] Passage 5
cells were used for all experiments (n=3-6).

Treatment with Emblica Officinalis (EO)

Purified EO extract was obtained and used at a
concentration of 25 mg/mL for all experiments. DMSO
was used as an initial solvent. EO was subsequently
dissolved in culture media for cell treatment.
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Cell viability assay (MTT assay)

The numbers of viable cells were measured using the
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay (Cat.# 30006, Biotium, Fremont,
CA). Cells were plated in 96-well tissue culture plates
and treated with 25 mg/mL EO for 24 h and 48 h. Cells
were incubated with MTT reagent at 37 °C for 1 h,
followed by addition of DMSO. Signal absorbance was
measured at 570 nm and background absorbance was
measured at 630 nm. Normalized absorbance values
were obtained by subtracting background absorbance
from signal absorbance. The colorimetric signal ob-
tained was proportional to the cell number.

IncuCyte Live-cell imaging

The IncuCyte NucLight Rapid Red Reagent (Cat.#
4717, IncuCyte, Ann Arbor, MI) is a cell permeable
DNA stain that specifically stains nuclei in live cells
and enables real-time quantification of cell pro-
liferation.

The IncuCyte Caspase-3/7 Green Apoptosis Reagent
(Cat.# 4440, IncuCyte) couples the activated Caspase-
3/7 recognition motif (DEVD) to a DNA intercalating
dye and enables real-time quantification of cells
undergoing caspase-3/7 mediated apoptosis. This
reagent is an inert, non-fluorescent substrate which
when added to culture medium, crosses the cell
membrane where it is cleaved by activated caspase-3/7
resulting in the release of the DNA dye and fluorescent
staining of the nuclear DNA.

Cells were seeded in 96-well plates at a density of 5000
— 10,000 cells/well, treated with EO, followed by
staining with IncuCyte® NucLight Rapid Red (1:500)
and Caspase-3/7 Green (1:1000) labeling reagents.
Stained cell plates were placed into the IncuCyte® live-
cell analysis system and allowed to warm to 37 °C for
30 min prior to scanning. Phase Contrast, Green, and
Red channels were selected, 5 images were taken per
well with an average scan interval of ~2 h until the
experiment was complete. Fluorescent objects were
quantified using the IncuCyte® integrated analysis
software that minimizes background fluorescence.

Reactive Oxygen Species (ROS) assay

To quantitate ROS levels, the cell-permeant H2DCFDA
(2', 7’-dichlorodihydrofluorescein diacetate) was used
as an indicator for ROS in cells. Stock solution of SmM
H2DCFDA was prepared in DMSO. Stock solution was
then diluted in DPBS to obtain a working concentration
of 10 uM. Cells were plated in 96-well tissue culture
plates followed by treatment with 25 mg/mL EO. 10

pM H2DCFDA solution was added to cells and
incubated for 30 min at 37 °C. H2DCFDA was then
replaced with DPBS. Fluorescence which was measured
at excitation 4924 nm and emission 520 nm was propor-
tional to ROS levels in cells.

Mitochondrial membrane potential (JC-1) assay

The JC-1 assay (Cat.# 30001-T, Biotium) uses a unique
cationic dye i.e., 5,5°,6,6’-tetrachloro-1,1°,3,3’- tetra-
ethylbenzimidazolylcarbocyanine iodide, to detect loss
of mitochondrial membrane potential. JC-1 1X reagent
was prepared by diluting 100X JC-1 reagent in assay
buffer to 1:100 dilutions. Cells were plated in 24-well
tissue culture plates followed by treatment with 25
mg/mL EO. 1X JC-1 reagent was added to cells and
incubated for 15 min at 37 °C. JC-1 reagent in the wells
was then replaced with DPBS and fluorescence was
measured as follows: Red fluorescence (Live cells):
Excitation 550 nm and Emission 600 nm; Green
fluorescence (Apoptotic cells): Excitation 485 nm and
Emission 535 nm. Ratio of Red/Green was used for
analysis. Lower ratio corresponded to higher apoptotic/

dead cell number.

Quantitative Real-Time PCR

RNA extraction, cDNA synthesis, and qRT-PCR
analysis from EO-treated AMD cybrids were performed
as described previously. [14] QuantiTect Primer Assays
were used to study the expression of Caspase-3 gene
(Cat. # QT00023947, Qiagen, Germantown, MD), and
SOD?2 gene (Cat. # QT01008693, Qiagen). KiCqStart®
SYBR® green primers were used to examine the
expression of PGC-la and VEGF genes (Cat. #
kspq12012, Sigma, St. Louis, MO). Specific house-
keeper genes used were HPRTI (Cat. # QT00059066,
Qiagen) and HMBS (Cat. # QT00014462). TagMan
gene expression master mix (Cat. # 4369016, Life
Technologies) and TagMan gene expression assays
were used to examine the expression of the MT-RNR2
gene (Assay ID: Hs02596860 sl, Life Technologies),
for which GAPDH (Assay ID: Hs02786624 gl, Life
Technologies) was used as a housekeeper gene. Data
analysis was performed using AACt method which was
calculated by subtracting ACt of the AMD group from
ACt of the normal group. ACt was the difference
between the Cts (threshold cycles) of the target gene
and Cts of the housekeeper gene (reference gene). Fold
change was calculated using the following formula:
Fold change = 288

Statistical analysis

Non-parametric Mann-Whitney test (for 2 groups) or
one-way ANOVA (for 3 or more groups) followed by
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post-hoc Tukey—Kramer test (GraphPad Prism 5.0;
GraphPad Software, CA, USA) were performed to
analyze data between groups. P values < 0.05 were
considered statistically significant.
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ABSTRACT

Macular corneal dystrophy (MCD) is an autosomal recessive disease featured by bilateral progressive stromal
clouding and loss of vision, consequently necessitating corneal transplantation. Variants in CHST6 gene have
been recognized as the most critical genetic components in MCD. Although many CHST6 variants have been
described until now, the detailed mechanisms underlying MCD are still far from understood. In this study, we
integrated all the reported CHST6 variants described in 408 MCD cases, and performed a comprehensive
evaluation to better illustrate the causality of these variants. The results showed that majority of these variants
(165 out of 181) could be classified as pathogenic or likely pathogenic. Interestingly, we also identified several
disease causal variants with ethnic specificity. In addition, the results underscored the strong correlation
between mutant frequency and residue conservation in the general population (Spearman’s correlation
coefficient = -0.311, P = 1.20E-05), thus providing potential candidate targets for further genetic manipulation.
The current study highlighted the demand of further functional investigations to evaluate the causality of
CHST6 variants, so as to promote earlier accurate diagnosis of MCD and future development of potential
targets for genetic therapy.

INTRODUCTION and II) depending on the levels of keratan sulfate (KS)
that detected in the serum and in the cornea. Patients
Macular corneal dystrophy (MCD; OMIM 217800) is with MCD type I lack KS in the serum and cornea,
an autosomal recessive disease featured by bilateral whilst patients with MCD type II contain detectable KS
progressive stromal clouding and loss of vision, finally both in the serum and cornea [5]. The third type, IA, in
necessitating corneal transplantation [1, 2]. Cases of which sulfated KS can be detected in the keratocytes
MCD have been recognized worldwide, while it is instead of the serum and the cornea, has also been
found to have high prevalence in India, Saudi Arabia, described [6].
and Iceland [3]. The clinical symptoms usually manifest
in the first decade of life, presented by a diffuse central Keratan sulfate plays a central role in maintaining corneal
stromal haze that progressively extends to the periphery transparency. It is the major component of keratocan and
of the cornea, which yields loss of corneal transparency lumican that are critical in collagen fibril organization.
and decreased vision. It is reported that MCD The sulfation of keratin in cornea is mediated through the
constitutes 10% to 75% of the corneal dystrophies that corneal isoform of carbohydrate sulfotransferase 6
demand corneal grafting [4]. Generally, MCD could be (CHST®6), an enzyme which functions in catalyzing the
divided into three immunophenotypes (MCD types IA, I transfer of a sulfate group to the GIcNAc residues of
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keratan [7]. The CHST6 (OMIM 605294) gene spans
approximate 23 kb of the short arm of chromosome 16
(16g23.1) and consists of 4 exons and a 1,187 bp open
reading frame. The encoded protein CHST6 contains 395
amino acids with a molecular weight of 44 kDa. Like
other members of the carbohydrate sulfotransferase
family, it includes a short cytosolic tail at the N-terminal,
a single transmembrane span, and a C-terminal domain.
The sulfate donor PAPS binding site that located in the
C-terminal domain determines carbohydrate specificity in
vivo [8]. Deficiency in CHST6 may generate unsulfated
polyactosamine chains that are less water-soluble than
the fully sulfated keratan sulfate, and result in
malformations in fibril organization in the cornea, which
finally leads to progressive corneal opacification in MCD
patients [9].

Variants in CHST6 gene have been recognized as the
most critical genetic components in MCD. To date,
more than 100 frameshift, nonsense, or missense
variants in CHST6 were described in patients with MCD
I/TA. In MCD 1II patients, large rearrangements and
deletions in the upstream of CHST6 were initially
reported, followed by subsequent identification of
mutations within the coding region of CHSTG6 [4, 9—45].
However, substantial genetic heterogeneity still exists,
and there is no study systematically evaluating CHST6
variants in MCD patients, in particular with regards to
genotype-phenotype correlation and informing on the
significance of specific variants.
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In the current study, we conducted a comprehensive
evaluation of all 181 CHST6 variants described in
MCD patients, and then classified the pathogenicity of
those variants according to the American College of
Medical Genetics and Genomics (ACMG) guidelines
[46].

RESULTS
The spectrum of CHST6 variants

Totally, we retrieved information of 436 MCD cases
reported in 38 articles. Most of these cases were Asian
ethnicity (65%, 284 families), followed by Europeans
(21%), Americans (12%) and Africans (2%, Figure 1).
The age of disease onset in these reported MCD patients
was highly variable, ranging from 6 to 57 years old,
with the average onset age of 25.2+11.8 years old. The
number of females and males were almost identical,
with no obvious gender preference. Four hundred and
eight MCD cases were found to harbor potential
pathogenic CHST6 variants. Among them, 270 cases
had homozygous CHST6 variants, 98 cases carried
compound heterozygous variants, and 40 cases have
only a single variant. A total of 181 unique CHST6
variants were previously reported, including 128
missense, 29 frameshift, 17 nonsense, and 4 non-
frameshift variants, together with 3 deletions and/or
rearrangements in the upstream region of CHST6
(Supplementary Table 1).

Iranian, 13

Korean, 7

Japanese, 21

Figure 1. Population distribution of CHST6 variants found in patients with macular corneal dystrophy (MCD). Pie-chart showing
the number of MCD patients carrying CHST6 variants in different countries and the percentage in the general population (middle).
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Frequent CHST6 variants

The most frequently described CHST6 variant was
p-L200R, which was observed in 37 cases. This mutation
was only described in Europeans and Americans, and
many of the affected cases (23/37) were compound
heterozygous for this mutation. The second most frequent
variant was located at position 211, which has been
observed in 21 cases. Three types of amino acid
substitutions, including p.R211G, p.R211Q and p.R211W
were identified here. Interestingly, these mutations were
mainly found in Asian populations, except for a
homozygous p.R211W mutation that was reported in three
Turkish cases, as well as a compound heterozygous
p-R211Q mutation found in a Germany patient. Of note,
these frequent variants were located quite close to the
sulfate donor (PAPS) binding site, implying their potential
roles in affecting protein function. In general however,
most of CHST6 variants were identified in only one or a
few patients, indicating the substantial genetic
heterogeneity of MCD caused by CHST6 variants. A
complete list of CHST6 variants with nucleotide and
predicted amino acid changes was shown in
Supplementary Table 1. The position of these variants,
with regard to key domains, was illustrated in a schematic
representation of the CHST6 protein (Figure 2).

Protein sequence alignment revealed that at least half of
the reported CHST6 variants that caused amino acid
changes are conserved among various vertebrate species
(Figure 3). Further, the normalized conservation score
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p-W2X p.L46P —pp.Y11UC
;;;Igsl\g: — p.S48X r P-R114C

—p.R166P
P.S167F
—p.K174R

of each residue in the CHST6 protein was calculated
using the empirical Bayesian method, as implemented
in the Consurf Server (Shown in Supplementary Table
4), and compared with its mutated frequency detected in
MCD patients. Both of the two measurements were
transformed into z-scores before comparison. It was
interesting to find that the number of patients who
carried CHST6 variants at each position was sig-
nificantly correlated with the conservation score of the
corresponding  residue  (Spearman’s  correlation
coefficient =-0.311, P =0.000012, shown in Figure 4).

Pathogenicity classification of all CHST6 variants

All the reported CHST6 variants were classified based
on the ACMG guidelines as described in Materials and
Methods part. Finally, 62 variants were classified as
pathogenic, 103 variants as likely pathogenic and 16 as
being of uncertain significance.

Among the 49 protein-truncating variants, 32 of them
were leading to a frameshift (including large deletions)
and 17 were nonsense mutations. Majority of the
truncating variants were rare, because only nine of them
existed in the gnomAD database, with the frequency
lower than 4.67E-05. Protein truncating variants were
considered to be pathogenic if they caused a termination
of the protein before residue 298, since the p.Q298X
variant has already been classified as pathogenic by the
ClinVar database. It thus showed that 41 of them were
classified to be pathogenic.
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Figure 2. Schematic representation of position of CHST6 variants and its protein domains. The sulfotransferase domain (residue
42-356) was labeled in cyan, and the two PAPS binding sites (residue 49-55 and 202-210) were labeled in carmine.
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Yvy vy Y VY Y vy | B MR AAAAA|

Human MWLPRVSSTAVTALLLAQTFL---LLFLVSRPGPSSPA--GGEARVHVLVLSSWRSGSSF 55
Chimpanzee MWLPRVSSTAVTALLLAQTFL---LLFLVSRPGPSSPA--GGEARVHVLVLSSWRSGSSF 55
Mouse MRLPRFSSTVMLSLLMVQTGI---LVFLVSRQVPSSPA--GLGERVHVLVLSSWRSGSSF 55
Chicken MARIRISSTIITLLVMVQTGF---LLFMYARYNSFTPHSEEKSSQVHILILSSWRSGSSF 57
Frog MVRFRALNVIVAGFFLLQTIF---LLVIYSR-NTVLPDAETKTEKVHLLILSSWRSGSSF 56
Zebrafish MLRWRVSKAAVLSVLFAQAVTVGLLYGWYSRPNI--QNVTQPEGKVHVLLLSSWRSGSSF 58
* * .. 08 cet ¥ *  * skkgkgkkkkkhkkkkk
YYYY YV VYV VYYYY VY Y \AA/ \AJ vy Y
Human VGQLFNQHPDVFYLMEPAWHVWTTLSQGSAATLHMAVRDLVRSVFLCDMDVFDAYLPWRR 115
Chimpanzee VGQLFNQHPDVFYLMEPAWHVWTTLSQGSAATLHMAVRDLVRSVFLCDMDVFDAYLPWRR 115
Mouse VGQLFSQHPDVFYLMEPAWHVWDTLSQGSAPALHMAVRDLIRSVFLCDMDVFDAYLPWRR 115
Chicken VGQLFSQHPSVFYLMEPAWHVWVTMYQNSAKVLHMAVRDLVRSVFLCDMSVFDAYMPWKR 117
Frog IGQIFSQHPDVFYLMEPAWHVWMSMFQNNAKTLHMAVRDLIRSVFLCDMSVFDAYIPKRM 116
Zebrafish LGQVFSQHPDVFYLMEPAWHVWMTINQSGARSLRMAVRDTIRSIFQCDMSVMDSYIRQPQ 118
skk gk kkk Kkhkkkkkkkkhkhkhk g3 k_ Kk hgkkkkk ghkkgk Kkkk kgkgkg
Y YYVY VY VY YV V VY A Y
Human NLSDLFQWAVSRALCSPPACSAFPRGAISSEAVCKPLCARQSFTLAREACRSYSHVVLKE 175
Chimpanzee NLSDLFQWAVSRALCSPPACSAFPRGAISSEAVCKPLCARQPFSLAREACRSYSHVVLKE 175
Mouse NISDLFQWAVSRALCSPPVCEAFARGNISSEEVCKPLCATRPFGLAQEACSSYSHVVLKE 175
Chicken NLSDLFQWAVSRALCSAPACDSFQRTDVTSEMACKTLCGRYPFSKVEEACKTYSHVVIKE 177
Frog NVSELFQWSVSRALCSYPACSHFNREDITNETVCKVVCGRNSFSKIEESCNTYSHIVLKE 176
Zebrafish NISNLFMWSHSRALCSPPACLQTPRDQISIEQDCKKHCGKSNLKLAESACQSYSHVVLKE 178
Kokakk kg kkkkkk Kk ok * gy ok kk K, : Lotk gkkkgkgkk
vy y Y Yy yvvyy LA Y vy Y Y
Human VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Chimpanzee VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Mouse VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Chicken VRFFDLKVLYPLLTDPSLNLKIIHLVRDPRAVVKSREQSVKALARDNGIVLSTNGTKVE- 236
Frog VRFFDLKVLYPLLTDPSLNLKIIHLVRDPRAVAKSREQAMKALTRDNGIVLNTNGTKVD- 235
Zebrafish VRFFELESLYSLLQDPTLNVRIIHLVRDPRAVFRSRDRSYKALVKDSNIVLEMANIP-EK 237
hkkkghks Kk kk khkshkkgokghkhkkkkhhkk skkgss *kkk, sk _kkk . :
\BRAAA) Y Y Y vy Y
Human DPGLRVVREVCRSHVRIAEAATLKPPPFLRGRYRLVRFEDLAREPLAETRALYAFTGLSL 295
Chimpanzee DPGLRVVREVCRSHVRIAEAATLKPPPFLRGRYRLVRFEDLAREPLAEIRALYAFTGLSL 295
Mouse DPRLRVVNEVCRSHVRIAEAALHKPPPFLODRYRLVRYEDLARDPLTVIRELYAFTGLGL 295
Chicken DSKYKVMQEICRSHVQIYETATLKPPSFLKDRYLMIRFEDLVRDPLSEISEMYKFADLSL 296
Frog DVRYDVLREVCRSHVQMYETAMDKAPSFLKGRYMLVRYEDVVRDPLREINQMYEFSNLKL 295
Zebrafish DKPYRVLQEICRSHVRIYETAMLKAPSFLKGRYKMIRYEDLVHNTQAEIEAMYEFIGLEM 297
* kg kygkkkkkgs kgk Kk Kk kkg Kkk ggkgkkg, s * gk kK g
A/ \AJ yvyw Y
Human TPQLEAWIHNITHGSGPGARREAFKTSSRNALNVSQAWRHALPFAKIRRVQELCAGALQL 355
Chimpanzee TPQLEAWIHNITHGSGPGARREAFKTSSRNALNVSQAWRHALPFAKIRRVQELCAGALQL 355
Mouse TPQLOTWIHNITHGSGPGARREAFKTTSRDALSVSQAWRHTLPFAKIRRVQELCGGALQL 355
Chicken TPTLKSWVYNITHGQGPGKKKEAFKITSRDAVNVSQAWRNVLSFQKIKKIQEVCKGAINM 356
Frog TAKLKSWIYNITHGVGPGSKKEAFKTTSRNAANVSQAWRKDLSFQKIQKIQNICKGAMNL 355
Zebrafish TETLQEWIYRITHGKGKGTKKEAFDITSRNAEDVSMAWRTTLPFEKVQRIQDVCKGAMSL 357
* kg kgg. kkkk Kk Kk gyekkk, gkkgk _kk kkk Kk Kk kggggkggk kkg,g
Y Y
Human LGYRPVYSEDEQRNLALDLVLPRGLNGFTWASSTASHPRN- 395
Chimpanzee LGYRPVYSEDEQRNLALDLVLPRGLNGFTWASSTASHPRN- 395
Mouse LGYRSVHSELEQRDLSLDLLLPRGMDSFKWASSTEKQPES - 395
Chicken LGYQLVDSEKEQRDLSLDLVLPRRONQFSWSSFNPKN———— 393
Frog LGYQFIDSEKEQKDMSMDFVLPRRHYQF SWLPNNDKK—-—-— 392
Zebrafish LGYSTVDSEKEQKMMDLDLMKPRERYKFKWLPPKSTTAAKL 398
*kk g Kk Kkkg 3 skgg ** *, *

Figure 3. Multiple sequence alignment result of CHST6 protein. Protein sequences for CHST6 retrieved from NCBI for human,
chimpanzee, mouse, chicken, frog and zebrafish showed amino acid conservation among different vertebrate species (for mouse, the
sequence of CHST5 was used here). The sulfotransferase domain (residue 42-356) was labeled in cyan, and the two PAPS binding sites
(residue 49-55 and 202-210) were labeled in carmine. Arrowheads indicated amino acid changes caused by reported human mutations.
Strongly conserved positions were labeled with red or orange arrowheads, while weakly conserved ones were labeled with blue or green
arrowheads (annotated by Clustal Omega).
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A total of 128 missense variants in CHST6 were
identified in MCD patients, and 25 of them were
classified as pathogenic by UniProt, and thereby were
counted as strong evidence (PS1) of pathogenicity.
Additional 31 variants occurred at the same amino acid
residue with those established pathogenic variants were
considered to show moderate evidence (PMS5) of
pathogenicity. Meanwhile, all the variants were absent
from controls or at extremely low frequency in general
populations, which was recognized as a moderate piece
of evidence for pathogenicity (PM2). Majority of the in
silico programs tested agreed on the protein-damaging
prediction of these missense variants, and missense
variations in CHST6 were already recognized as a
common cause of the disease, then these evidences can
be counted as supporting (PP2 and PP3). Besides, the
SMART  prediction tool (http://smart.emblheidel
berg.de/) was applied to retrieve CHST6 protein
domains and their location. It was shown that the key
sulfotransferase domain ranged from residue 42 to 356,
thus moderate evidence (PM2) for a variant to be
pathogenic was considered if it occurred within this
domain. Finally, after combining all the information in
the pathogenicity evaluation, 21 missense variants were
classified to be pathogenic, 100 missense variants to be
likely pathogenic and 7 as being of uncertain sig-
nificance. Of note, the most frequently described variant
p-L200R has been classified as likely pathogenic, given
the evidences of PM1, PM2, PP2, PP3 and PP5. The
detailed results of ACMG classification for protein-
truncating variants and missense variants were shown in
Supplementary Tables 2 and 3, respectively.

DISCUSSION

To date, many efforts have been made on the molecular
diagnosis of MCD, and the implementation of next-
generation sequencing (NGS) in clinical diagnosis

Amino acid position

greatly helps expand the genetic spectrums of MCD
worldwide. In the current study, we performed a
comprehensive evaluation on all the reported CHST6
variants found in MCD patients, including the
distribution of these variants across populations, the
conservation scores among residues, the correlation
between mutant frequency and residue conservation,
and the potential genotype phenotype correlation.
Accordingly, we further classified all the reported
CHST6 variants based on the ACMG guideline. To our
knowledge, this is the first study comprehensively
analyzing the genetic findings on MCD pathogenesis,
and the current study may help shed light on earlier
accurate diagnosis of MCD and future development of
potential targets for genetic therapy.

In this study, we observed a high prevalence of MCD
in Asians, in particular India, which can be attributed
to the known high rate of consanguinity there [3]. We
also found some causal variants with potential ethnic
specificity, such as variant p.L200R and p.R211G,
which have been discovered in Europeans/Americans
or Asians, respectively. Importantly, we found a
significant correlation between the mutant frequency
and the conservation score of the corresponding
residue. The top-5 most conserved residues were
Ser53, Ser210, Asp203, Arg50, and Arg93, and four
of them were located in the important PAPS binding
site. For the most described variant p.L200R, its
residue conservation score was -1.217, ranked 16.
Currently, there are no animal models available that
mimic human MCD, since the large number of genetic
mutations in CHST6 gene identified in MCD patients
made it difficult to find a single target for genetic
manipulation. However, those most conserved resi-
dues or the highly mutated residues in the general
population might be potential candidates for further
functional studies.

===Conservation score

===Number of patients (%)

Figure 4. The normalized conservation scores (blue curve) for each residue in CHST6 protein and the percentage of reported
MCD patients who carried mutations in the corresponding position (red curve).
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Functionally, owing to the abnormal sulfation caused by
CHST6 variants, the keratin molecules cannot be
metabolized and then were deposited in the cornea [47].
In addition, the collagen fibrils turned to be smaller,
with a decrease in the interfibrillar spacing [48]. They
together contributed to the loss of corneal transparency
in MCD. It has also been demonstrated that CHST6
revealed a protective role on cell survival. For example,
repression of CHST6 increased radiation-induced
apoptosis of human Burkitt’s lymphoma cells [49], and
more relevantly, CHST6 deficiencies were found to
trigger ER stress with considerable GRP78/CHOP
upregulation and cell apoptosis in MCD keratocytes
[23]. All of these evidences collectively highlighted the
pivotal role of CHST6 in many cellular processes, such
as ECM constitution, ER stress, apoptosis and so on.
Individuals with CHST6 wvariants might experience
similar corneal dystrophy symptoms, but the underlying
mechanisms for their diseases might be different at the
molecular level. For example, conserved variants
located within the 5’PB domain like Arg205 or Asp203
may substantially reduce the ability to combine with
PAPS [50], while other conserved variants with
significant changes on residue polar or physiochemical
property may impact the enzymatic activity. Whether
and how these crucial variants act on different cellular
processes need to be clarified. Therefore, further
functional investigations on some potential key variants
prioritized by this study may help promote the
understanding of MCD pathogenesis to a much more in-
depth level.

Several limitations of this study should also be noted
here. Firstly, among the 408 MCD cases that harbored
pathogenic CHST6 variants, 298 of them carried
homozygous or compound heterozygous variants,
fulfilling the recessive inherited model of MCD.
However, there was still 40 cases carried only one
single heterozygous mutation. It was quite possible that
a second mutation was missed by previous sequencing
methods. Thus, some state of art techniques like
targeted region deep sequencing of the complete gene or
whole genome sequencing can be used. In addition, for
some variants t