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SIRT1-based therapy targets

a gene program involved in
mitochondrial turnover in a model
of retinal neurodegeneration

Brahim Chaqour?*?, Jacob B. Rossman?', Miranda Meng?, Kimberly E. Dine*?,
Ahmara G. Ross™?3 & Kenneth S. Shindlerl23

Neurodegenerative diseases of the eye such as optic neuritis (ON) are hallmarked by retinal ganglion
cell (RGC) loss and optic nerve degeneration leading to irreversible blindness. Therapeutic interventions
enhancing expression or activity of SIRT1, an NAD*-dependent deacetylase, support, at least in

part, survival of RGCs in the face of injury. Herein, we used mice with experimental autoimmune
encephalomyelitis (EAE) which recapitulates axonal and neuronal damages characteristic of ON to
identify gene regulatory networks affected by constitutive ubiquitous Sirt1 expression in SIRT1 knock-
in mice and wild-type mice upon targeted adeno-associated virus (AAV)-mediated SIRT1 expression

in RGCs. RNA seq data analysis showed that the most upregulated genes in EAE mouse retinas
include those involved in inflammation, immune response, apoptosis, and mitochondrial turnover.
The latter includes genes regulating mitophagy (e.g., Atg4), mitochondrial transport (e.g., Ipo- 6,

Xpo- 6), and mitochondrial localization (e.g., Chrna4, Scn9a). The constitutive or RGC-targeted SIRT1
overexpression in EAE mice upregulated the expression of non-mitochondrial genes such as Ecell

and downregulated the expression of mitophagy genes (e.g., Atg2b, Arifip1) which were upregulated
by EAE alone. Thus, SIRT1 induces neuroprotection by, at least in part, balancing mitochondrial
biogenesis and mitophagy and/or enhancing mitochondrial self-repair to preserve the bioenergetic
capacity of RGCs.
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Retinal neurodegeneration characterized by optic nerve axonal damage and retinal ganglion cell (RGC)
dysfunction and/or loss, is common to many optic neuropathies including optic neuritis, glaucoma, and genetic,
traumatic optic, and ischemic optic neuropathies?. These diseases occur at various speeds and severity, and
ultimately lead to irreversible loss of vision. There currently is no curative treatment available to prevent or
reverse the eventual visual loss subsequent to retinal neuronal damage in most optic neuropathies. Causative
factors that have been implicated in this process include inflammation, increased oxidative stress, reduction or
suppression of neuronal survival factors, activation of neurodegenerative signaling pathways such as calcium
influx in axons, and increased proteolytic activity prompting cytoskeletal protein degradation, axonal damage
and RGC death®!. However, although major progress has been made in understanding the mechanisms
underlying the neurodegenerative process, much remains to be learned about therapeutic factors and the gene
regulatory networks that can be targeted to potentially reverse or prevent neurodegeneration.

Sirtuins (SIRTs) form a class of histone deacetylase, with potential prophylactic/therapeutic effects in
neurodegenerative and cardiovascular diseases™°. SIRTs utilize NAD*as a cofactor to induce histone and non-
histone protein deacetylation with or without mono-ADP-ribosylation. Although the catalytic mechanism is the
same for all SIRTSs, these enzymes have different substrate preferences and cellular distributions in the cytoplasm,
nucleus and even mitochondria’. These highly conserved enzymes were suggested to regulate the lifespan of

diverse organisms®.
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Previous studies have shown that increased expression of the Sirt1 gene, the best characterized member of
the Sirtuin family, led to beneficial phenotypes that may be relevant to human health and longevity®!?. Mice
engineered to overexpress additional copies of Sirtlor treated with SIRT1 activators such as resveratrol (RSV)
or NAD +precursors, have improved organ function, and increased disease resistance and longevity*!!-13.
Interestingly, a transgenic mouse with high levels of Sirtl exhibited beneficial metabolic effects including
reduced blood lipid levels and improved glucose metabolism while another transgenic mouse with moderate
overexpression of Sirt] was resistant to inflammation, and was protected from liver cancer, diabetes and hepatic
steatosis!*!1°. Yet, these Sirt1 transgenic mouse strains did not have a longer lifespan. Thus, it is possible that Sirt1
overexpression is most effective in restoring homeostasis in the context of a specific dysfunctional organ only. In
addition, since SIRT1 activity regulates numerous pathways, the beneficial effects of SIRT1-based therapy could
be contextual culminating in either improving or disimproving organ function.

Previous studies revealed that overexpression of Sirtlproduced neuroprotective effects in several models of
neurodegeneration in the eye!S. Selective expression of SIRT1 in RGCs reduced RGC loss in models of optic
neuritis, optic nerve crush, and glaucoma and in some models, it improved visual acuity as well'”-%°. Similarly,
pharmacological activation of SIRT1 attenuated loss of RGCs associated with optic neuritis?»*2. Understanding
the molecular mechanisms of these SIRT1-based therapies requires a detailed molecular analysis of SIRT1-
induced genetic reprogramming in the retina.

The aim of this study was to examine retinal transcriptomic changes associated with optic neuritis and identify
those that are reversed upon targeted expression of SIRT1 in RGCs. Conceptually, identification of transcriptional
differences between SIRT1-treated and non-treated retinas will help identify genes correlating with resilience and
resistance to neurodegeneration and/or the molecular pathways affected by SIRT1 overexpression. To achieve
this, we used a mouse model of experimental autoimmune encephalomyelitis (EAE)-induced optic neuritis,
a commonly used model of multiple sclerosis, in which myelin oligodendrocyte-specific immune responses
are induced by injecting myelin oligodendrocyte glycoprotein peptide (MOG,;_.,)'**. EAE mice develop an
autoimmune demyelinating reaction characteristic of multiple sclerosis and optic neuritis which include optic
nerve inflammation, axon demyelination, and loss of RGCs and visual acuity?**. Our previous studies have
shown that AAV-mediated expression of SIRT1 in RGCs increased RGC survival and improved visual acuity
compared to untreated mice!®. Others have shown that genetic overexpression of SirtI in mice exerts similar
effects of AAV-mediated expression of SIRT1 in EAE mice?®. Therefore, we used an RNA-seq-based approach to
determine the molecular bases of SIRT1-mediated neuroprotection in EAE mice modeling optic neuritis.

Results

Transcriptomic changes in retina of EAE mice

To examine the molecular effects of EAE and subsequent SIRT1 treatment, we set out to identify the core gene
regulatory networks affected during the early stages of EAE. For this purpose, EAE was induced in four-week-
old female mice through MOG,, ., immunization. The control mouse group was similarly treated as the EAE
mouse group but without MOG,; .. injection. Retinas were harvested 4 weeks later. Total RNA was extracted
and cDNA libraries from 3 control and 3 EAE retinas were generated and processed for RNA sequencing. To
adjust for various factors such as variations of sequencing yield between samples, distribution of read counts in
libraries was examined before and after normalization. The mapping rate of sample total reads to mouse reference
genome ranged from 97.0 to 97.3%. We used Fragments Per Kilobase of transcript per Million mapped (FPKM)
reads to represent relative gene expression abundance. Genes with an adjusted p-value <0.05 were assigned
as differentially expressed. Figure 1A is a heatmap representation of the top 50 genes that were upregulated
or downregulated in EAE versus control group. Figure 1B shows the top 20 gene ontology (GO) terms that
were affected in EAE mouse retinas. These include but are not limited to genes involved in inflammation and
immune response, intrinsic apoptotic signaling pathway in response to endoplasmic reticulum (ER) stress,
apoptotic mitochondrion changes, calcium ion transport, integrin-mediated signaling, negative regulation of
metalloproteinase activity. Gene set enrichment analysis (GSEA) was then used to identify classes of genes that
are over-represented in each group and that may be associated with specific pathways?’. As shown in Fig. 1C-
D, inflammation and apoptosis were among the top pathways with the highest normalized enrichment scores.
We further validated differential expression of 4 mRNAs encoded by genes involved in various pathways. We
found that Claq, which is involved in the initiation and activation of the inflammatory and immune responseszg,
was significantly upregulated in EAE retinas compared to control (Fig. 1E). The gene expression of endothelin-
converting enzyme-like 1 (Ecell), a component of the plasma and ER membranes important in neural
development and response to injury?, was increased in EAE retinas whereas Ppplric, a marker of neuronal
growth’® was significantly reduced in EAE versus control mouse retina (Fig. 1F-G). The expression of Brn3a, a
marker of RGCs®! was not significantly affected by EAE (Fig. 1H).

Since mitochondrial alterations have been reported as the driver of the early damages that precede RGC
degeneration in optic neuropathies®?, we used GSEA to determine the enrichment of control and EAE retina
transcriptomes with transcripts linked to regulation of mitochondrial homeostasis and life cycle. As shown in
Table S1, EAE induced differential expression of numerous genes affecting mitochondrial biogenesis, transport,
distribution and mitophagy when compared to control retinas. Of interest, mitophagy genes (e.g., Atg4b, Arfip2,
Sqstm1, Vdacl) were consistently upregulated in EAE versus control healthy mouse retinas suggesting that EAE
may tilt mitochondrial homeostasis towards clearance process of damaged mitochondria at the expense of
mitochondrial biogenesis.

Transcriptomic changes in WT and SIRT1 KI mouse retinas after EAE
In the CNS, the Sirtl gene has been shown to be predominantly expressed in neurons where the enzyme
localizes mostly within the nucleus®3. SIRT1 deacetylating activity regulates diverse biological processes
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Fig. 1. Transcriptomic profiling of retina in the EAE model of optic neuritis. (A) Heatmap/hierarchical
dendrogram clustering of 3 control (C) and 3 EAE mouse retinas four weeks after MOG immunization. (B)
GO enrichment analysis of differentially expressed genes induced by EAE. The bar plot shows the highest
enrichment of each category based on p adj value. (C-D) GSEA for pathway enrichment using gene expression
data sets of inflammatory (C) and apoptotic (D) genes. (E-G) Differential gene expression of the Clqa, Ecell,
Ppplrlc, and Brn3a genes was validated using qRT-PCR in control and EAE mouse retina. Data represented as

mean +SEM (n=10). *p< 0.05; **p< 0.01.
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related to axonal integrity®, cell differentiation’, apoptosis®’, autophagy>®, development*and metabolism.
Figure 2A shows that the steady state mRNA levels of the endogenous Sirtl gene were not significantly altered
in EAE mouse retina compared to controls. However, GSEA showed downregulation of SIRT1 targeted genes
in EAE mouse retinas as their expression correlated negatively with the EAE disease state (Fig. 2B). Examples
of the SIRT1 targeted genes affected are shown in Table S2. Genes affected are functionally involved in diverse
biological processes including inflammation (e.g., Ccl28, Irf8), visual function (e.g., Tenm2, Cntn2), and cell
growth (e.g., Ncor2).

SIRT1 overexpression actively suppressed EAE clinical symptoms compared with wild-type (WT) EAE mice
and provided significant neuroprotective effects, with fewer apoptotic cells found in SIRT1-overexpressing EAE
mice?®. To examine the molecular changes that occur in retina of SIRT1-overexpressing EAE mice, we used
transgenic mice in which the Sirt1 cDNA was knocked into the $-actin locus. Previous studies have shown that
these SIRT1 KI heterozygous mice express normal levels of -actin mRNA but exhibit higher levels of SIRT1
protein in all tissues'*. Figure 2C depicts genomic analysis results of WT and SIRT1 KI heterozygous mice. The
latter express higher levels of SirtI transcripts than their WT counterparts (Fig. 2D).

We performed whole transcriptome RNA-Seq analysis on retinas and analyzed the transcriptomic changes
between WT and SIRT1 KI mice after EAE. The overall similarity between the WT and SIRT1 KI mouse retina
transcriptomes was assessed by the Euclidean distance between samples (Fig. 3A-B). The retina transcriptomes
of the same group technical replicates (WT or SIRT1 KI) showed short distances among each other indicating
that the retina samples fit the expectation of the experimental design. A total of 176 differentially expressed
genes (DEGs) were identified, of which 41 were upregulated and 134 were downregulated in SIRT1 KI mice with
EAE compared with WT mice with EAE. Figure 3C shows a bi-clustering heatmap of the expression profile of
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Fig. 2. Expression of Sirt] and its target genes in WT and SIRT1 KI mice. (A) Normalized endogenous

Sirt] mRNA levels presented as FPKM values as detected by RNA-Seq in WT mice with and without EAE. (B)
GSEA comparison of SIRT1 target gene enrichment of EAE and control mouse retinas (used with permission
from Kanehisa laboratories)®!. Note the low abundance of SIRT1 target transcripts in EAE compared to control
mouse retinas. (C) Genotype analysis of WT and SIRT1 KI mice. The Sirt KI allele (247-bp amplicon) and
WT allele (547-bp amplicon) were detected by qPCR in SIRT1 KI mice while WT control mice expressed the
WT allele (547-bp amplicon) only. Each lane represents an individual mouse. (D) Normalized Sirt] mRNA
levels presented as FPKM values as detected by RNA-Seq in WT and SIRT1 KI mice. *p < 0.05 (n= 3).
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Fig. 3. Differential gene expression analysis in WT and SIRT1 KI mice with EAE. (A) Overall similarity
among WT (n=3) and SIRT1 KI (n = 3) retinal transcriptomes assessed by the Euclidean distance between
samples. In the diagram, samples are clustered using the distance. The shorter the distance, the more closely
related the samples are within each group. (B) Volcano plot showing DEGs in WT and SIRT1 KI mice with
EAE. Each data point in the scatter plot represents a gene. The log2 fold change of each gene is represented on
the x-axis and the log10 of its adjusted p-value is on the y-axis. Genes with an adjusted p-value less than 0.05
and a log2 fold change greater than 1 are indicated by red dots. These represent up-regulated genes. Genes
with an adjusted p-value less than 0.05 and a log2 fold change less than — 1 are indicated by green dots. These
represent down-regulated genes. (C) Bi-clustering heatmap for visualization of the expression profile of the
top 30 DEGs sorted by their adjusted p-value. (D) Significantly differentially expressed genes clustered by
their GO and the enrichment of GO terms was tested using Fisher exact test. GO terms significantly enriched
with an adjusted P-value less than 0.05 in the differentially expressed gene sets are shown. (E-G) Differential
gene expression of the Ecell, PppIrlc, and EIf3 genes validated using qRT-PCR in WT and SIRT1 KI retinas of
mice with or without EAE. Data represented as mean + SEM (n = 10). Significance was analyzed by ANOVA of
repeated measures followed by Tukey’s honest significant difference test. *p < 0.05; **p < 0.01.

the top 30 differentially expressed genes sorted by their adjusted p-value. GO analysis showed that constitutive
expression of Sirtl in EAE mice reduced the transcript levels of genes involved in signaling pathways such as
immune response, cell differentiation, proteolysis and cytoskeletal organization (Fig. 3D). We further validated
by quantitative PCR differential expression of several genes. As shown in Fig. 3E, Sirt] overexpression further
increased Ecell mRNA levels which were already significantly elevated in EAE mice. Sirt] overexpression
returned Ppplrlc mRNA levels, which were reduced by EAE, to levels found in control mice (Fig. 3F). In
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contrast, Sirt1 overexpression significantly reduced the expression of Elf3 (Fig. 3G), a transcription factor highly
expressed in epithelial cells*.

Pathway analysis revealed that the transcriptome of the SIRT1 KI mice with EAE was less enriched with
apoptotic, inflammatory and protein unfolding response genes than the retinal transcriptome of WT mice with
EAE (Fig. 4A-C). Conversely, SIRT1 targeted genes were highly expressed/enriched in SIRT1 KI mice with EAE
compared to WT mice with EAE (Fig. 4D). The expression of a set of 6 SIRT1 targeted genes was reversed in
SIRT1 KI EAE mice compared to their WT counterparts with EAE (Tables S2 and S3). These include Adamtsl1,
Zfhx4, Dennd3, Ptprm, Ccdc68, andCsmd2. However, the expression of a new set of SIRT1 targeted genes was
upregulated as a result of Sirt] overexpression in EAE mice. These include Bank1, Kcnt2, Femr, Tenm2 and Xkr4.

Since EAE caused major changes in mitochondrial turnover, we examined the transcriptomic changes
associated with genes functionally important in mitochondrial dynamics (Fig. 4E-F). Our data showed that the
expression of genes like Hk2 and Vsp13 d, predicted to be involved in mitochondrion organization and positive
regulation of mitophagy*! were upregulated in SIRT1 KI mice with EAE. We further used qPCR to validate the
differential expression of several genes including Atg4b which induces mitophagy by promoting phagophore
formation*?, Arfip2, an Atg4bproximity partner that promotes mitophagy through the PINK-PARK pathway*,
and Slc25a46, a mitochondrial outer member protein-encoded gene, which when mutated in patients induces
peripheral neuropathy and optic atrophy**. As shown in Fig. 4G-, Sirt1 overexpression in EAE mice significantly
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Fig. 4. Differential expression of genes involved in apoptosis, inflammation, and mitochondrial turnover

in EAE mice with constitutive expression of Sirtl. (A-E) GSEA performed with signatures for apoptosis,
inflammation (TNF-alpha signaling), unfolded protein, SIRT1 target, and mitochondrial turnover-associated
genes (used with permission from Kanehisa laboratories). (F) Heatmap of mitochondria-associated genes
with highest enrichment scores in WT and SIRT1 KI mice with EAE. (G-I) Differential gene expression of

the Atg4b, Arfip2, and Slc25a46genes validated using QRT-PCR in WT and SIRT1 KI retinas of mice with or
without EAE. P values indicate the significance compared to EAE untreated mice (n= 10). Data represented
as mean + SEM. Significance was analyzed by ANOVA of repeated measures followed by Tukey’s honest
significant difference test. *p < 0.05.
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reduced the expression of Atg4b and Arfip2 and tended to normalize the levels of Slc25a46, suggesting that Sirt1
overexpression reduced, at least in part, the mitochondrial changes induced by EAE.

Transcriptomic changes associated with AAV-mediated selective expression of SIRT1 in

RGCs in EAE mice

Since RGCs are the retinal cells foremost susceptible to injury and loss in optic neuritis®’, we employed a
more targeted approach based on AAV-mediated selective expression of human SIRT! in RGCs and examined
the subsequent effects of EAE on the retina transcriptome. Accordingly, female C57Bl6/] mice received at
postnatal week 4 intravitreal injections of AAV-SIRT1 vector containing the RGC-selective g-synuclein (SNCG)
promoter?® to target SIRTI expression to RGCs without affecting other retinal cell types (Fig. 5A). EAE was
then induced in these mice two weeks later through MOG,, .. immunization. We compared the transcriptomic
changes between EAE mouse retinas injected with the vehicle (EAE group) and the AAV2.SNCG.SIRT1 vector
(EAE-AAV-SIRT1 group) four weeks after EAE induction. We first performed a principal component analysis
(PCA) across all samples to assess the overall relationship between the transcriptomes of the replicates in the
EAE and EAE-AAV-SIRT1 groups. PCA of gene expression profiles separated EAE from EAE + AAV-SIRT1
groups along both components suggesting that most variance of gene expression was between AAV-SIRT1-
and vehicle-treated EAE mice (Fig. 5B). A total of 468 DEGs with an adjusted p-value <0.05 were identified
(Fig. 5C-D) of which 255 were upregulated and 213 were downregulated. GO analysis showed that more than
35 biological processes were affected (Fig. 5E). Together with other immune-related pathways, phagocytosis,
inflammatory and metabolic processes were among the terms associated with AAV-mediated SIRT1 expression
in RGCs of EAE mice. Quantitative PCR analysis further validated differential expression of Ecell, PpplrIc,
and EIf3. As shown in Fig. 6A-C, targeted expression of SIRT1 to RGCs of EAE mice increased the expression
of Ecell and PppIrlc and decreased the expression of Elf3 compared to untreated EAE mice. In addition, GSEA
showed that AAV-mediated SIRT1 expression induced gene expression changes associated with mitochondrial
turnover (Fig. 6D). Of these, we validated the expression of Arfip2, Atg4b, and Slc254a in the control, EAE and
EAE + AAV-SIRT1 groups. As shown in Fig. 6E-G, the expression of Atg4b was significantly downregulated in
AAV-SIRT1-treated EAE mice while the expression of both Arfip2 and Slc254a was not affected. Thus, Atg4b
expression is dependent on SIRT1 activity in RGCs.

We further determined and contrasted the profile of SIRT1 targeted genes in the EAE + AAV-SIRT1-
treated group versus the EAE group. As shown in Fig. 6H, RGC-selective expression of SIRT1 was associated
with enrichment of retina transcriptome with SIRT1-targeted genes in mice with EAE. The expression of a
subset of SIRT1-targeted genes was reversed in EAE mouse retinas upon SIRTI expression in RGCs (Table S4).
Interestingly, AAV-SIRT1 injected retinas were comparatively more enriched with SIRT1-targeted genes than
retinas of SIRT1 KI mice (Fig. 61-]). The expression of genes like Adamtsll, Zfhx4, Dennd3, and Csmd2 was
reversed in EAE mice upon either overexpression of Sirt] in SIRT1 KI mice or AAV-mediated expression of
SIRT1 in RGCs (data not shown). This suggests that these genes could be selectively targeted by SIRT1 in RGCs.

Discussion

Neurodegeneration, a key component of optic neuritis, is refractive to anti-inflammation therapies which,
though they reduce the immune response, do not prevent RGC death and progressive vision loss suggesting
that neurodegeneration is not entirely dependent on ongoing inflammation*”. RGCs have an abundant number
of mitochondria to keep up with their high metabolic demands. Mitochondrial abnormalities have been
implicated in the pathogenesis of many neurodegenerative diseases which led to the hypothesis that rescue
and/or preservation of mitochondrial function could increase neuronal survival and preserve axonal function
and integrity*®*°. Mitochondria undergo fusion to temper damages through genetic complementation or fission
to meet increased energy demands. Their number at any given time is reflective of balanced degradation and
formation through mitophagy and biogenesis processes®’. Interestingly, SIRT1 was shown to regulate some
aspects of energy metabolism through the mitochondria, by, at least in part increasing mtDNA copy number®!.
Paradoxically, other studies have implicated SIRT1 in accelerating autophagic degradation of mitochondria and
promoting the destruction of damaged or aged mitochondria®. By analyzing the molecular pathways associated
with SIRT1-based therapy in the EAE model of retinal neurodegeneration, our study identified a potential role
of SIRT1 in balancing mitochondrial turnover.

First, our results demonstrated that the retinal transcriptome of EAE mice was highly enriched with
gene transcripts involved largely in neuroinflammation, apoptotic mitochondrial changes and ER calcium
concentration and stress pathways, consistent with previous studies of DEGs in optic neuritis®>. GO analyses
showed that Timpl and Atp2al (aka Sercal) represented hub genes orchestrating different cellular processes
linked to EAE including calcium binding and transport, negative regulation of catalytic activity, response to
ER stress, and negative regulation of metalloproteinase activity. Our GSEA further showed that several genes
functionally associated with mitochondrial damages were upregulated in EAE mouse retinas. The list of
these genes included, but was not limited to, Slc4a5, which induces abnormal mitochondrial distribution®
Slc25a5which is linked to mitochondria metabolism, ADP/ATP ratio and oxidative stress®; Sybu, which
regulates mitochondrial transport®; Dynlll, which promotes the release of mitochondrial reactive oxygen
species®’; and Sgstml, an autophagy-cargo receptor which promotes mitophagy®®>. Thus, results suggest
oxidative mitochondrial damages are an important contributor to RGC degeneration and functional visual
deficits associated with EAE.

In addition, other genes previously shown to be associated with optic nerve damage were strongly upregulated
in EAE mouse retinas. In particular, Ecell was one of the top 10 most upregulated genes in EAE compared to
control retinas. Previous studies have shown that Ecell (aka damage-induced neuronal endopeptidase [Dine]) is
a nerve regeneration-associated molecule, whose expression was found to be upregulated in response to nerve
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Fig. 5. Transcriptomic changes in EAE mouse retinas with targeted expression of SIRT1 to RGCs. (A)
Schematic representation of the AAV2-SNCG-SIRT1 used to target SIRTI expression to RGCs. The AAV2
capsid was designed to contain codon optimized SIRT1 ¢cDNA under the control of hSNCG promoter
combined with different regulatory sequences (eCMV: CMV enhancer; iSV40: SV40 intron; WPRE:
woodchuck hepatitis post-transcriptional regulatory element; ITR: inverted terminal repeats; hGH Poly A:
growth hormone polyadenylation signal). (B) PCA showing the similarity between samples of EAE and EAE
AAV-SIRT1 groups based on the distance between samples. (C) Volcano plot showing DEGs in EAE mice
with and without prior intravitreal injection with AAV-SIRT1. Each data point in the scatter plot represents a
gene. Genes with an adjusted p-value less than 0.05 and a log2 fold change greater than 1 are indicated by red
dots. These represent up-regulated genes. Genes with an adjusted p-value less than 0.05 and a log2 fold change
less than — 1 are indicated by green dots. These represent down-regulated genes. (D) Bi-clustering heatmap
for visualization of the expression profile of the top 30 differentially expressed genes sorted by their adjusted
p-value in EAE and EAE with AAV-SIRT1 treatment. (E) Significantly differentially expressed genes clustered
by their GO and the enrichment of GO terms was tested using Fisher exact test. GO terms significantly
enriched with an adjusted P-value less than 0.05 in the differentially expressed gene sets are shown.

injury in both the peripheral and central nervous systems®. The Ecell gene is transcriptionally regulated by
activating transcription factor 3 (ATF3), known as an axonal injury marker and key transcription factor for
nerve regeneration®®2. The reason why Ecell expression was upregulated in EAE mouse retinas and in other
models of neuronal injury despite the fact that neurons like RGCs have a limited ability for axonal regeneration
remains a conundrum. One potential explanation is that Ecell expression was only transiently elevated and does
not last long enough to allow axonal regeneration. The observation by Nakagomi et al. that peripheral nerve
neurons, which exhibit prolonged Ecell expression after nerve injury, were able to survive and regenerate after
injury is in support of this hypothesis®>. As an orphan protease, Ecell cleaves unidentified substrates, presumably
peptides, on regenerating axons or their cell body to elicit intercellular signaling between injured neurons and
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Fig. 6. Differential gene expression analysis of EAE mouse retinas with targeted expression of SIRT1 to RGCs.
(A-C) Differential gene expression of the Ecell, PppIrlc, and EIf3 genes validated using qRT-PCR in WT and
AAV-SIRTI treated retinas of mice with or without EAE. (D) GSEA comparison of mitochondria-associated
gene enrichment of EAE mice treated or untreated with AAV-SIRT1. Note the low abundance of SIRT1-
targeted transcripts in EAE AAV-SIRT1 group compared to EAE group. (E-G) Differential gene expression of
theAtg4b, Arfip2, and Slc25a46 genes validated using QRT-PCR in WT and AAV-SIRT1 treated mouse retinas
with and without EAE. (H-J) GSEA comparison of SIRT1 target gene enrichment of EAE mice treated or
untreated with AAV-SIRT1 or overexpressing SIRT1. Note the low abundance of SIRT1-targeted transcripts
in EAE AAV-SIRT1 compared to EAE SIRT1 KI mouse group. Data represented as mean + SEM (n = 7-10).
Significance was analyzed by ANOVA of repeated measures followed by Tukey’s honest significant difference
test. *p < 0.05; **p< 0.01; **p< 0.001.
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surrounding glial cells or neighboring neurons®. Further studies are needed to assess potential therapeutic
effects of sustained expression of Ecell in optic neuritis and other optic neuropathy models.

Another major goal of our study design was to determine how SIRT1 overexpression preempts, at least
in part, some of the deleterious effects of EAE on the neural retina. Our gene enrichment data showed that,
even though Sirtl gene expression was not significantly affected in retinas of EAE mice, the expression of
numerous SIRT1-targeted genes was reduced in EAE versus control mouse retinas. GO analysis showed that
differentially expressed SIRT1 targeted genes included those functionally associated with mitochondrial
function and behavior. The list of these genes included autophagy-related protein 2 homolog A (Atg2a) which
is involved in mitophagy and phagophore expansion®’; importin 8 (Ipo8) and exportin 6 (Xpo6), both involved
in mitochondrial transport®; broad substrate specificity ATP-binding cassette transporter (Abcg2a) involved
in monocarboxylic acid transport and establishment of protein localization to mitochondrion®; Chrna4 and
Scn9a which are involved in mitochondrial membrane depolarization®; sperm-associated antigen 6 (Spage)
involved in regulation of mitochondrial membrane polarity®’; and adhesion G protein-coupled receptor
B3 (Adgrb3) involved in synapse pruning’®. These genetic alterations lead to dysregulation of mitochondrial
function further exacerbating both neuroinflammation and neurodegeneration. RGCs have their soma in the
ganglion cell layer of the retina and long axons that extend through the optic nerve to form distal terminals and
connections in the brain. Because of this unique cytoarchitecture and highly compartmentalized energy demand
in the soma and axons, mitochondrial dysfunction ineluctably depletes the bioenergetic capacity of RGCs and
compromises their survival.

To better understand the underlying mechanisms of SIRT1 overexpression and its impact on mitochondrial
function in the retina as whole, we analyzed and contrasted the transcriptomic changes associated with EAE
in WT and SIRT1 KI mice which constitutively overexpress Sirt1. As expected, the transcriptome of the SIRT1
KI mouse retina after EAE was highly enriched with SIRT1-targeted genes compared to WT EAE mouse
retinas. Functional analysis showed that only two DEGs were associated with mitochondrial function. These
include neuronal acetylcholine receptor subunit alpha- 4 (Chrna4) and Sodium channel protein type 9 subunit
alpha (Scn9a); both were upregulated in SIRT1 KI mouse retinas with EAE compared to WT with EAE. The
overexpression of Scn9a, which encodes a voltage-gated sodium channel, has been reported to be associated
with small fiber neuropathy and affects mitochondrial membrane depolarization®®. Conversely, the expression
of pro-mitophagy factors like Atg4b and Arfip2 was significantly reduced in retinas of SIRT1 KI mice with EAE
compared to WT with EAE. As well, the expression of Slc25a46, which regulates mitochondrial dynamic and
morphology! was significantly reduced as a result of overexpression of Sirt1 in EAE mice. Thus, constitutive
expression of Sirt] tended to reverse the mitochondrial dynamics linked to EAE and mitigated the mitophagy
process. However, the ubiquitous expression of the Sirt1 gene in the SIRT1 KI mice could manifest its effects in
the retina in several other ways. For instance, SIRT1 has been shown to exert an anti-inflammatory role in many
disease models!. In particular, SIRT1 can directly and indirectly regulate NF-kB, a well-known regulator of the
transcription of proinflammatory genes including Tnfa, 1l6 and 111672, As a deacetylase, SIRT1 suppresses NF-kB
signaling through interaction with and deacetylation of RELA/p65 subunit of NF-kB to suppress inflammatory
responses’>. Additionally, constitutive expression of Sirt1 may exert its effects through signaling pathways that are
essential to retinal homeostasis. Parker et al. have studied the neuroprotective effects of SIRT1 in C. elegansand
showed that constitutive overexpression of SIRT1 in these nematodes reduced the vulnerability of neurons to
cell death through the longevity-promoting factor the Forkhead box protein O (FOXO) pathway’*. FOXO is
indeed a substrate for SIRT1, and together they form a complex with b-catenin in the nucleus to modulate the
expression of genes like Ucp2, which promotes mitochondrial biogenesis and elevated ATP levels in the cells.
This is consistent with Andrews et al. study that showed that Ucp2 overexpression has a neuroprotective effect
in mouse models of Parkinson’s disease’. The expression of other genes like Ecell, which promotes neuronal
survival, was significantly increased in EAE mouse retinas of SIRT1 KI mice compared to EAE WT mice.
Conversely, the expression of Elf3, was significantly decreased in the EAE - SIRT1 KI mouse retina compared
to either WT EAE or SIRT1 KI mouse retinas. This effect could be detrimental to the health of the neural retina.
Indeed, loss of function of Elf3 affected brain morphology and resulted in microphthalmia in zebrafish’®. It was
suggested that Elf3 expression was critical for optic nerve fasciculation/arborization and spinal motor neuron
projections. Thus, decreased expression of Elf3 in WT and SIRT1 KI mouse retinas of EAE mice could underlies
some persistent alterations that SIRT1 overexpression could not overcome. Additional studies focusing on Elf3’s
role during neurodegeneration are needed to understand its function and relevance to the pathogenesis of
neurodegenerative diseases.

Furthermore, targeting the expression of SIRTI to RGCs allowed us to pinpoint the transcriptomic changes
associated with SIRTI overexpression in these cells and the subsequent changes to the entire transcriptome
in the retina. Using the AAV vector and an RGC-selective promoter to deliver SIRT1 to RGCs, we found that
this approach resulted in inducing molecular changes similar to those observed in mice with constitutive
overexpression of Sirtl, including significant downregulation of Atg4b suggesting reduced mitophagy effects
in EAE mice. The effects on other genes (e.g., Arfipl and Slc25a46) linked to ribosomal function were not
significantly altered compared to WT and WT with EAE suggesting that the Arfipl and Slc25a46 pathways
may be independent of SIRT1 activity in RGCs. The expression of other genes like Ecell and EIf3 was similarly
affected after either AAV-mediated SIRT1 or constitutive expression of SirtI in EAE mouse retinas.

In conclusion, our molecular analyses showed that SIRT1 overexpression regulates mitochondrial quality
through modulation of the expression of genes involved in mitochondrial turnover. Excessive production
of ROS impairs the structure and function of RGC mitochondria which become unable to carry out self-
homeostasis/repair, including the inability to complete normal mitochondrial biogenesis. This is consistent
with previous studies showing that SIRT1 activity reduced the levels of damaging ROS””. Known targets of
SIRT1 deacetylase activity include p53, the myocyte-specific enhancer factor 2 (MEF2), FOXO and peroxisome
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proliferator-activated receptor-y coactivator- la (PGC- 1a) all of which promote gene expression programs
that increase mitochondrial function’. In particular, SIRT1 physically interacts with and deacetylates PGC-
la at 13 lysine residues, which triggers an increase in PGC- 1la transcriptional activity and subsequently
reduced ROS production and increased cell survival®!. The SIRT1/PGC- la signaling axis could be playing a
key role in the neuroprotective effects of SIRT1 in not only optic neuritis but also other ocular and non-ocular
neurodegenerative diseases.

Methods

Mice. We used four-week-old female C57Bl/6 ] mice designated as WT and SIRT1 knock in (SIRT1 KI) mice
(Jackson Laboratory stock #013080). Like human susceptibility to multiple sclerosis, female mice are significantly
more susceptible to EAE disease following immunization with myelin peptides. Mice were housed in the animal
facility at the University of Pennsylvania in a 12-hour light/dark cycle. Experiments were carried out according
to the institutional ethical guidelines and following an animal protocol approved by the Institutional IACUC
and in compliance with federal regulations. All authors followed he ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines.

AAV.SNCG. SIRT1 vector and intravitreal injection

AAV vector (AAV2.SNCG.SIRT1)*used in this study consists of an AAV2 capsid, the CMV enhancer/CBA
promoter derived from Invivogen pDRIVE CAG plasmid (San Diego, CA, USA), the codon optimized SNCG
(gamma-synuclein) promoter””, first SV40 intron, the cDNA encoding a codon optimized human SIRT1cDNA,
the woodchuck hepatitis post-transcriptional regulatory element (WPRE) (i.e., GenBank accession no. J04514),
and the bovine growth hormone (bGH) polyadenylation signal. AAV vectors were generated as previously
described*® and stored in 0.001% Pluronic F- 68 at — 80 °C until just before use, and then diluted to the appropriate
concentration. All vectors used have been produced by the Research Vector Core at the Center for Advanced
Retinal and Ocular Therapeutics at the University of Pennsylvania.

Four-week-old mice were anesthetized with isoflurane inhalation, and their pupils were dilated by topical
application of tropicamide 1% for 1 min, followed by application of phenylephrine 2.5%. A 10-uL Hamilton
syringe attached to a 33-gauge blunt-end needle was inserted ~1.5 mm into the vitreous cavity. The needle
was positioned directly above the optic nerve head with its opening oriented toward the temporal retina. Two
microliters of AAV vector preparation (1 x 10'%vector genomes) were intravitreally injected into each eye of six-
week old mice. Vehicle-treated eyes were injected with an equivalent volume of vector dilution buffer (0.001%
Pluronic F68 in PBS). Mice were kept warm while they were awakening from anesthesia. We have previously
shown that the AAV vectors used had high transduction efficiency of RGCs at varying locations from the site of
injection in the eye (45-75%)%.

MOG immunization for EAE induction

As in prior studies??, eight-week-old mice were immunized subcutaneously at two sites on the back, each with
150 pg myelin oligodendrocyte glycoprotein (MOG,;_.., GenScript, Piscataway, NJ, USA) emulsified in complete
Freund’s adjuvant (CFA; Difco Laboratories) containing 2.5 mg/ml heat-killed Myobacterium tuberculosis. Mice
were further injected intraperitoneally with 200 ng pertussis toxin (PTX) (List Biological, Campbell, CA, USA)
in 0.1 mL of PBS at 0 h and 48 h postimmunization with MOG35-55. Control mouse groups were injected with
the same volume of Freund’s adjuvant emulsion and with PTX at day 0 and day 2 as the EAE mouse group but
without MOG,, ... Mice were weighed daily to ensure weight loss did not exceed 20% of starting weight. EAE
clinical manifestations of progressive ascending paralysis were assessed daily using a standard scoring system?2.
Both WT and SIRT1 KI mice showed typical features of EAE that worsened over time (4 weeks) including loss
of tail tone, waddling gait, partial or total paralysis of one or two limbs, etc.

RNA isolation, library preparation and sequencing, and data analysis

Four weeks after MOG immunization, SIRT1 KI and AAV-SIRT1-injected WT mice and their respective
controls were euthanized with isoflurane followed by cervical dislocation, and retinas were rapidly isolated and
snap frozen in liquid nitrogen. Total RNA was extracted from homogenized mixtures of retinas using RNeasy
purification kit according to the manufacturer’s instructions (Qiagen). Sample RNA concentrations and purity
were measured using the Thermo Scientific NanoDrop 8000 UV-Vis Spectrophotometer.

RNA sequencing was performed with three biological replicates per group of mice by Genewiz/Azenta
(New Jersey, USA) where the cDNA libraries were prepared and sequenced using Illumina Hiseq, 2x 150 bp
paired-end chemistry. Briefly, quality control of RNA integrity was confirmed followed by rRNA depletion.
Prior to cDNA library preparation, samples were treated for initial polyA selection, mRNA fragmentation and
random priming with first and second strand cDNA synthesis. Thereafter, adaptor ligation, polymerase chain
reaction (PCR) enrichment, and Illumina NovaSeq technology-based sequencing with 2 x 150-base pair (bp)
read length were performed. The library preparation was specific to each strand. Library quality was assessed
on the Agilent Bioanalyzer 2100 system. To remove adaptor sequence and poor-quality nucleotide reads, the
trimmomatic v.0.36 software was used. A minimum of 25 M reads were generated from each RNA sample, which
resulted in a sequencing depth sufficient for transcriptome analysis. The trimmed reads were mapped to the Mus
musculus GRCm38 reference genome available on ENSEMBL using the STAR aligner v.2.5.2b. The STAR aligner
is a splice aligner that detects splice junctions and incorporates them to help align the entire read sequences.
Unique gene hit counts were calculated with the feature counts from the Subread package v.1.5.2. The hit counts
are reported based on the gene ID feature in the annotation file. Only unique reads that fall within exon regions
were considered. BAM files were generated as a result of this step.
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Read counts were normalized using DESeq2 software®. Transcripts with normalized counts less than 5
were removed and this resulted in a dataset of less than 20,000 transcripts. To capture small set of “principal
components” that reflect a large proportion of the variance in the original data, PCA was performed using
regularized log-transformed data. The proportion of the variance captured by each of the principal components
was determined. Weighted gene co-expression network analysis was conducted to identify modules (or sets) of
transcripts that are co-expressed. Comparison of gene expression levels between the different sample groups was
also obtained using DESeq?2. P values and log, fold changes were calculated using the Wald test. Genes with an
adjusted P value (P, ;) of <0.05 were considered to be DEG. The Kyoto Encyclopedia of Genes and Genomes aka
KEGG (Kanehisa Lai)oratories, Kyoto, Japan) pathway analysis (Pathview Web) was used for pathway-based data
integration and visualization®.

Quantitative real-time PCR.

Eyes were removed, then retinas were dissected and frozen in liquid nitrogen. RNA was extracted following
the RNeasy Mini Kit (Qiagen, Cat# 74004). Sample RNA concentrations and purity were measured using the
Thermo Scientific NanoDrop 8000 UV-Vis Spectrophotometer. To validate the expression patterns revealed
by RNAseq, the expression of a selected set of genes was measured using quantitative RT- PCR. For reverse
transcription, RNA (800 ng) was converted to cDNA using Advantage’ RT-for-PCR Kit (Takara, Cat# 639506)
protocol. Expression of selected DEGs was determined using qRT-PCR. Master mix of primers specific to DEGs
were obtained from Integrated DNA Technologies. Gapdh-specific primers were used to account for variations
in baseline RNA levels between samples. RT-qPCR was performed using TagMan Fast Advanced Master Mix
(Applied Biosystems, Vilnius, Lithuania, Cat# 4444554). Gene expression was calculated using the 2-AACT
method.

Statistical analysis

Data were presented as the mean + SEM. Groups were compared using an unpaired two-tailed student’s t-test.
For multiple group analyses, statistical significance was determined using either the Mann-Whitney U test, one-
way ANOVA, or ANOVA of repeated measures followed by Tukey’s honest significant difference test as indicated
in each figure legend. The GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used.

Data availability
RNA seq data deposited in NCBI Gene Expression Omnibus under the series record GSE275359.
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