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Abstract

Retinal degenerations, including age-related macular degeneration and the retinitis pigmentosa
family of diseases, are among the leading causes of legal blindness in the United States. We
previously found that Stanniocalcin-1 (STC-1) reduced photoreceptor loss in the S334ter-3 and
Royal College of Surgeons rat models of retinal degeneration. The results were attributed in part to
a reduction in oxidative stress. Herein, we tested the hypothesis that long-term delivery of STC-1

"Corresponding author: Matthew M. LaVail, Ph.D., Department of Ophthalmology, University of California, San Francisco, CA
?4143-0730. Telephone: (415) 999-6511, mmlv@sonic.net (M. LaVail).
Deceased
Current Addresses and Email Addresses: “Same address” is that given on title page.
Gavin W. Roddy, MD, PhD, same address Roddy.Gavin@mayo.edu
Douglas Yasumura
Michael T. Matthes, PhD, same address, michael.matthes@sbcglobal.net
Marcel V. Alavi, PhD, same address, marcel.alavi@gmail.com
Sanford L. Boye, MSc same address, shoye@UFL.EDU
Robert H. Rosa, Jr., MD same address, Robert.Rosa@BSWHealth.org
Michael P. Fautsch, PhD same address, Fautsch.Michael@mayo.edu
William W. Hauswirth, PhD, same address, hauswrth@ufl.edu
Matthew M. LaVail, PhD, same address, mmlv@sonic.net

Contributions of the authors:

Gavin W. Roddy, MD, PhD, All aspects of the research; planning of the studies; analysis of data; writing the manuscript; editing the

manuscript.

Douglas Yasumural All histological and morphometric analyses.

Michael T. Matthes, PhD, All histological and morphometric analyses.
Marcel V. Alavi, PhD, ERG measurements and analyses.

Sanford L. Boye, PhD., Creation of the AAV-STC-1.

Robert H. Rosa, Jr. MD, editing of the manuscript

Michael P. Fautsch, PhD Planning of the studies, editing of the manuscript
William W. Hauswirth, PhD, Creation of the AAV-STC-1.

Matthew M. LaVail, PhD, Planning of the studies; direction and oversight of project; analysis of morphological and ERG data; editing

the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roddy et al. Page 2

would provide therapeutic rescue in more chronic models of retinal degeneration. To achieve
sustained delivery, we produced an adeno-associated virus construct (AAV) to express STC-1
(AAV-STC-1) under the control of a retinal ganglion cell targeting promoter human synapsin 1
(hSYNL1). AAV-STC-1 was injected intravitreally into the P23H-1 and S334ter-4 rhodopsin
transgenic rats at postnatal day 10. Tissues were collected at postnatal day 120 for confirmation of
STC-1 overexpression and histologic and molecular analysis. Electroretinography (ERG) was
performed in a cohort of animals at that time. Overexpression of STC-1 resulted in a significant
preservation of photoreceptors as assessed by outer nuclear thickness in the P23H-1 (/<0.05) and
the S334ter-4 (£<0.005) models compared to controls. Additionally, retinal function was
significantly improved in the P23H-1 model with overexpressed STC-1 as assessed by ERG
analysis (scotopic b-wave A<0.005 and photopic b-wave £<0.05). Microarray analysis identified
common downstream gene expression changes that occurred in both models. Genes of interest
based on their function were selected for validation by quantitative real time PCR and were
significantly increased in the S334ter-4 model.
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Novel neuroprotective therapies are needed for patients with retinal degeneration (RD),
including age-related macular degeneration (AMD) and the retinitis pigmentosa (RP) family
of diseases, which are among the leading causes of legal and irreversible blindness in the
United States. AMD and RP share clinical and pathologic features including end-stage
blindness secondary to photoreceptor and/or retinal pigment epithelium (RPE) cell death.
Apoptosis of photoreceptors has been shown to be a prominent feature of human AMD
(Dunaief et al., 2002; Xu et al., 1996) and RP (Cottet and Schorderet, 2009; Doonan and
Cotter, 2004), and is the underlying feature in many of the animal models of RD (Doonan
and Cotter, 2004; Katai et al., 1999; Katai et al., 2006; Yu et al., 2004), as are oxidative
stress and inflammation (Cuenca et al., 2014). Multiple therapeutic strategies have been
employed to slow photoreceptor degeneration, including stem cell-based treatments, gene
therapy in the form of trophic factor support, gene replacement, and delivery of various
neuroprotective compounds (Scholl et al., 2016). With more than 200 different identified
mutations responsible for RD, one attractive therapeutic strategy is to intervene at one or
multiple downstream pathway(s) that ultimately lead to cellular death.

Stanniocalcin-1 (STC-1) is a unique multifunctional protein that is cellular protective in a
variety of tissues including intestine (Wu et al., 2014), heart (Mohammadipoor et al., 2016;
Shi et al., 2014; Westberg et al., 2007a), lung (Huang et al., 2015b; Tang et al., 2014),
kidney (Huang et al., 2012; Huang et al., 2014; Huang et al., 2015a; Liu et al., 2016; Pan et
al., 2015), cerebral neurons (Durukan Tolvanen et al., 2013; Westberg et al., 2007b; Zhang et
al., 2000), retinal photoreceptors (Roddy et al., 2012), and retinal ganglion cells (Kim et al.,
2013). Cellular protective functions of STC-1 have been attributed to its ability to reduce
apoptosis (Huang et al., 2014; Kim et al., 2013; Tang et al., 2014), oxidative stress (Huang et
al., 2012; Huang et al., 2015b; Kim et al., 2013; Liu et al., 2016; Nguyen et al., 2009; Roddy
et al., 2012; Shi et al., 2014; Tang et al., 2014; Wu et al., 2014), and inflammation (Kanellis
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et al., 2004; Mohammadipoor et al., 2016; Tang et al., 2014; Wang et al., 2009), which are
all pathways involved in RD (Ding et al., 2009). We recently demonstrated that intravitreal
injection(s) of recombinant human STC-1 delayed photoreceptor degeneration in the rapidly
degenerating S334ter-3 rhodopsin transgenic rat and in the Royal College of Surgeons rat
(Roddy et al., 2012). The reduction in photoreceptor loss was attributed in part to the
reduction of oxidation damage products following the induction of mitochondrial
uncoupling protein-2 (UCP-2), which uncouples oxidative phosphorylation leading to a
decrease in the production of endogenous free radicals (Wang et al., 2009). Photoreceptor
viability as assessed by quantitative real time-PCR (qPCR) of photoreceptor specific genes
indicates that it reaches its nadir at approximately 2 weeks in the S334ter-3 and 7 weeks in
the RCS rat, indicating the relatively acute nature of the degeneration of both models (Roddy
etal., 2012).

In the present study, to explore the longer-term capability of photoreceptor rescue by STC-1,
we used P23H-1 and S334ter-4 rhodopsin transgenic rats with more slowly evolving RDs
compared to the S334ter-3 and RCS rats used in our previous study (Roddy et al., 2012).
The P23H-1 transgenic rats contain a single amino acid substitution at codon 23 (P23H)
which causes protein misfolding and subsequent ubiquitin-proteosome mediated degradation
(Orhan et al., 2015), while the S334ter-4 transgenic rats express rhodopsin bearing a
termination codon at residue 334 that causes abnormal protein sorting in photoreceptors and
subsequent endoplasmic reticulum stress (Green et al., 2000; Lee et al., 2003; Shinde et al.,
2012). All procedures with the animals followed the guidelines of the National Institutes of
Health for the care and use of laboratory animals.

To achieve sustained delivery of STC-1 in these transgenic rat models of RD, we generated
an adeno-associated virus (AAV) construct that enabled long-term expression of STC-1
(AAV-STC-1). AAV-STC-1 was designed to maintain the signal peptide, incorporate a
FLAG tag at the C-terminus, and express human STC-1 under the control of a retinal
ganglion cell targeting promoter, human synapsin 1 (hSYNZ1). The vector was packaged in
capsid-modified AAV2 vector containing 3 surface-exposed tyrosine to phenylalanine
mutations (AAV2-tripleYF) (Fig. 1A). P23H-1 and S334ter-4 heterozygote rhodopsin
transgenic rats were treated with a single intravitreal injection of 2 uL of AAV-STC-1 using
a 329 beveled needle at postnatal day 10 (P10) and sacrificed at P120 for tissue analysis. The
contralateral eye served as an uninjected (Ul) control, which shows no rescue from either the
injection injury or the AAV alone (LaVail and colleagues, unpublished observations).
Tissues were prepared for histologic analysis, and the outer nuclear layer (ONL) thickness
was quantified by taking a total of 54 measurements from the superior and inferior
hemispheres of each eye as previously described (Lewin et al., 1998; Roddy et al., 2012). In
a cohort of animals, electroretinography was performed as previously described (Lewin et
al., 1998; Roddy et al., 2012) at P120. Whole rat retinas were harvested and RNA was
isolated and processed as previously described for microarray and qPCR (Roddy et al.,
2012). TagMan probes used were Rn00591060_m1 (Gpnmb), Rn00561387_m1 (Hmox),
Rn00583001_g1 (Hspbl), Rn01508544 g1 (Nuprl), Rn00709999 m1 (Serpinfl),
Rn01754856_m1 (UCP-2), and Rn01492482_m1 (Usp18) (Thermofisher, Waltham, MA).
Relative expression values were determined after normalization to 18s RNA and
subsequently to the uninjected fellow eye. Protein was isolated from whole rat retina as
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previously described (Roddy et al., 2012), and western blots were performed and quantified
as previously described (Roy Chowdhury et al., 2017). Primary antibodies used were M2
anti-FLAG (Sigma Aldrich, St Louis, MO) and anti-GAPDH (ab181602, Abcam,
Cambridge MA), and secondary antibody used was horseradish peroxidase conjugated anti-
mouse (GE Healthcare, Piscataway, NJ). Relative expression values were determined by
densitometry with normalization to GAPDH and subsequently the uninjected fellow eye. A
paired, 2-tailed Student’s t-test was used for statistical analysis.

In the P23H-1 rat, STC-1 gene expression was induced 38 + 16-fold compared to the Ul
control eye (n=6, *A<0.05, Fig. 1B) while in the S334ter-4 rat, STC-1 gene expression was
induced 292 + 107-fold compared to the Ul control eye (n=5, Fig. 1B, ***/<0.005). At the
protein level, FLAG was induced 3.8 + 1.7-fold in the P23H-1 rat (n=5, P=0.1, Fig. 1B),
while in the S334ter-4 rat FLAG was induced 3.4 = 1.2-fold (n=5, P=0.4, Fig. 1B). A
representative blot shows FLAG expression in AAV-STC-1 injected and Ul control eyes in
both the P23H-1 and S334ter-4 rat (Fig. 1C).

P23H-1 rhodopsin transgenic rats injected at P10 with AAV-STC-1 showed significant
photoreceptor preservation as assessed by ONL thickness compared to the Ul control eye
(n=7, *£<0.05, Fig. 1D). Retinal spidergram analysis showed increased ONL thickness in
superior and inferior retina (Fig. 1E). Histologic analysis revealed a thicker ONL and
healthier photoreceptor inner and outer segments in eyes treated with AAV-STC-1 compared
to those of the contralateral control eyes (Fig. 1F). Electroretinographic analysis in P23H-1
animals (n=5) injected with STC-1 showed significantly increased scotopic b-wave
(***P<0.005, Fig. 1G), and photopic b-wave (*/<0.05, Fig. 1H). The scotopic a-wave was
also increased, but did not reach statistical significance.

S334ter-4 rhodopsin transgenic rats injected at P10 with AAV-STC-1 showed significant
photoreceptor preservation as assessed by ONL thickness compared to the Ul control eye
(n=8, ***pP<0.005, Fig. 11). Retinal spidergram analysis revealed increased ONL thickness
in superior and inferior retina (Fig. 1J). Histologic analysis revealed a thicker ONL and
healthier photoreceptor inner and outer segments in eyes treated with AAV-STC-1 compared
to those of the contralateral control eyes (Fig. 1K). No significant change in ERG response
amplitudes was observed in S334ter-4 animals treated with AAV-STC-1 at P120 (data not
shown).

To assess molecular changes with AAV-STC-1 treatment, we isolated total RNA from AAV-
STC-1 injected and control P23H-1 (n=6 paired RNA samples, n=1 paired samples selected
for microarray) and S334ter-4 (n=5 paired RNA samples, n=1 paired samples selected for
microarray) rat retinas (P120) and used Affymetrix microarrays and bioinformatics analysis
to identify differentially regulated genes. Following overexpression of STC-1 in the P23H-1
rat model, 133 genes were upregulated =2-fold and 207 were downregulated >2-fold.
Following overexpression of STC-1 in the S334ter-4 model, 385 genes were upregulated >2-
fold and 518 were downregulated >2-fold. 62 common genes were upregulated >2-fold and
9 common genes were downregulated >2-fold in both P23H-1 and S334ter-4 models (Fig.
2A). From these commonly upregulated genes, selected genes of interest with known anti-
apoptotic, anti-oxidant, or neuroprotective functions were selected for confirmatory analysis
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with gPCR (Fig. 2B). Additionally, though not identified by microarray analysis, UCP-2 was
also selected for confirmatory analysis as we previously identified this gene as upregulated
in the retina after STC-1 treatment (Roddy et al., 2012). In the S334ter-4 model, multiple
genes including Gpnmb, Hmox, Hspbl (Hsp27), Nupr, Serpinfl (PEDF), UCP-2, and
USP18 were confirmed to be significantly upregulated following overexpression of STC-1
(Fig. 2C). Interestingly these same genes of interest were not significantly upregulated in the
P23H-1 rat by qPCR (data not shown).

The initial reports of STC-1, first called teleocalcin, described its function in mineral
metabolism in bony fish (Gerritsen and Wagner, 2005) in the 1980s (Wagner et al., 1986).
Shortly after its identification in mammals (Wagner et al., 1995), it was described as a
neuroprotective agent in cerebral neurons after ischemic challenge (Zhang et al., 2000).
STC-1 has recently been found to have multiple functions in the eye. Its neuroprotective
properties were first reported in photoreceptors (Roddy et al., 2012) and later in retinal
ganglion cells (Kim et al., 2013). More recently it was found that STC-1 is expressed by
trabecular meshwork and Schlemm canal cells and is a key molecule necessary for the
ocular hypotensive activity of the prostaglandin analog, latanoprost (Roddy et al., 2017).
Additionally, when used as a stand-alone therapy, topical administration of STC-1 reduced
intraocular pressure in vivo (Roddy et al., 2017).

In the present study, we found that STC-1 overexpression via AAV transduction reduced
photoreceptor degeneration when assessed by ONL measurements at P120 in both the
S334ter-4 and P23H-1 models. Scotopic and photopic ERG response amplitudes were
significantly increased in AAV-STC-1 treated eyes compared to control eyes in the P23H-1
model at P120; however, no significant change was seen in the S334ter-4 model in treated
compared to control eyes. Reasons for disparity in the histologic and functional rescue in the
S334ter-4 are unclear but may be due to the timing of the assay compared to the course of
degeneration of each model. ERG responses in the P23H-1 rats hit their nadir at
approximately 6 months of age (Orhan et al., 2015), while it is about 8 weeks in the
S334ter-4 rats (Glybina et al., 2010), and perhaps we missed the treatment window of ability
to detect a functional (ERG) change in the S334ter-4 as the disease progressed, particularly
since the ERG wave amplitudes are already greatly reduced by P84 (Glybina et al., 2010).

There was additional disparity in the amount of STC-1 gene expression as well as global
gene expression changes. In the P23H-1 eyes, there was a 38 + 16-fold induction in STC-1
gene expression with AAV-STC-1 treatment, while in the S334ter-4 eyes, there was a 292

+ 107-fold induction at P120, while the level of STC-1 protein expression was similar in
both models as assessed by FLAG. Two important points must be considered. The first is the
variation in STC-1 gene expression within each model. There were some animals in each
model that showed almost no upregulated expression of STC-1 indicating perhaps an
injection that did not deliver adequate amount of AAV-STC-1 to the eye. This corresponds
with a limited number of animals in our study that did not exhibit histologic rescue as
previously mentioned (see Fig. 1 legend). The second is that the S334ter-4 eyes showed
higher level of gene expression of STC-1 than the P23H-1 eyes. Since the STC-1 is driven
by a retinal ganglion cell promoter, one possibility is related to loss of that cell-type over
time. In the P23H model, the retinal ganglion cells and nerve fiber layer thins approximately
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30% from 1 month of age to 3—6 months of age (Orhan et al., 2015), which could result in
decreased expression of STC-1. The inner retina of S334ter-4 rats is less well characterized.
Additionally, since the levels of protein expression were similar, there may be differences in
translation since the S334ter-4 is characterized by ER stress (Green et al., 2000; Lee et al.,
2003; Shinde et al., 2012). Additionally, western blot analysis from whole retina may
underestimate the STC-1 protein product due to it being a secreted peptide hormone
(Gerritsen and Wagner, 2005). Microarray analysis revealed differentially regulated genes
that were common to both models after treatment with AAV-STC-1. Interestingly,
confirmatory gPCR revealed significant changes in these genes only in the S334ter-4 model.
The reason for the disparity in gene expression between the two models may be related to
the lower AAV-STC-1 expression in the P23H-1 at the time-point of the assay (P120),
differences in the rate of degeneration in each model, or separate mechanisms of therapeutic
action by STC-1 in each model.

In summary, we demonstrate the successful delivery of STC-1 using an AAV vector in two
different rat models of RD that resulted in a delay in photoreceptor degeneration without
evidence of negative side effects. Thus, STC-1 may be a useful neuroprotective agent for
long-term use via AAV delivery or with repeated intravitreal injections in patients with
inherited and age-related RDs.
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AAV-STC-1 construct and anatomic and functional rescue with AAV-STC-1. (A) AAV-
STC-1 construct. Construct was designed to 1) incorporate a FLAG tag at the C-terminus, 2)
maintain the signal peptide and 3) express hSTC-1 under the control of a retinal ganglion
cell targeting promoter, human synapsin 1 (hSYN1). Vector was packaged in capsid
modified AAV2 vector containing 3 surface-exposed tyrosine to phenylalanine mutations
(AAV2-tripleYF). (B) After injection of AAV-STC-1 at P10, STC-1 gene expression was
induced 38-fold in the P23H-1 rat (n=6, mean + SEM, */<0.05) and 292-fold in the
S334ter-4 rat (n=5, mean = SEM, ***£<0.005) at P120 while FLAG protein expression was
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induced 3.8-fold in the P23H-1 rat (n=5, P=0.1, Fig. 1B), and 3.4-fold in the S334ter-4 rat
(n=5, P=0.4, Fig. 1B). (C) A representative western blot showing FLAG expression in AAV-
STC-1 and Ul retinas from P23H-1 and S334ter-4 rats. (D) At P120, AAV-STC-1
significantly improved ONL thickness of treated eyes of P23H-1 rats (n=7, mean £ SEM,
*P<0.05). Note that this level of statistical significance was reached despite the fact that 3 of
the 7 rats showed little rescue, presumably due to unsuccessful injections that occasionally
occur with such experiments (LaVail et al., 1998) and variation of STC-1 overexpression
between animals. (E) Spidergram reveals increased ONL thickness in superior and inferior
retina of treated P23H-1 rats (n=3 showing greatest rescue; mean + SEM; */<0.05). (F)
Histologic analysis revealed a thicker ONL and healthier photoreceptor inner (I1S) and outer
segments (OS) in eyes treated with AAV-STC-1 compared to those of the contralateral
uninjected (UI) control eyes. The Ul eyes are shown in the left column, and the injected eyes
are shown on the right; the top row is taken from the superior equatorial (SE) retina, and the
bottom row is taken from the inferior equatorial (IE) retina. Magnification bar = 25 um. (G)
At P120, scotopic (n=5, mean + SEM, **/<0.005) and (H) photopic (n=5, mean + SEM,
*P<0.05) b-wave ERG response amplitudes were significantly increased in AAV-STC-1
treated P23H-1 animals. (1) At P120, AAV-STC-1 significantly improved ONL thickness of
S334ter-4 rats (=8, mean + SEM, ***£<(0.005). Note that this level of statistical
significance was reached despite the fact that 2 of the 8 rats showed little or no rescue,
presumably due to unsuccessful injections. (J) Spidergram reveals increased ONL thickness
in superior and inferior retina in treated eyes of S334ter-4 rats (n=5 showing the greatest
rescue; mean = SEM; **P<0.01). (K) Histologic analysis shows a thicker ONL and healthier
photoreceptor inner and outer segments in S334ter-4 eyes treated with AAV-STC-1
compared to those of the contralateral uninjected (Ul) control eye. Light micrographs
represent the most extensive rescue in this cohort. The labels are the same as in (F).
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Gene expression changes following treatment with AAV-STC-1. (A) Microarray analysis
was performed in the P23H-1 (n=1) and the S334ter-4 (n=1) models and revealed a cohort of
genes upregulated in both models. In the P23H-1 model, 133 genes were upregulated >2-
fold. In the S334ter-4 model, 385 genes were upregulated >2-fold. 62 common genes were
upregulated =2-fold in both P23H-1 and S334ter-4 models. In the P23H-1 model, 207 genes
were downregulated =2-fold. In the S334ter-4 model, 518 genes were downregulated >2-
fold. 9 common genes were downregulated >2-fold in both P23H-1 and S334ter-4 models
(B) Genes of interest based on their function that were upregulated >2-fold in both models
by microarray were selected for further analysis by quantitative real-time PCR (qPCR).
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Additionally, UCP-2 was also selected for further study. (C) gPCR revealed selected genes
significantly upregulated (*/<0.05, **F<0.01, or ***P<0.005) in the S334ter-4 model (n=5).
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