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Abstract

Age-related macular degeneration (AMD) is the most common cause of vision loss
in elderly individuals throughout the developed world. Inhibitors of vascular
endothelial growth factor have been successfully used to treat choroidal
neovascularization in late-stage AMD. The pathogenesis of early-stage AMD,
however, remains largely unknown, impairing efforts to develop effective therapies
that prevent progression to late-stage AMD. To address this, we performed

comparative transcriptomics of macular and extramacular retinal pigmented
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epithelium-choroid (RPE-choroid) tissue from early-stage AMD patients. We
found that expression of fatty acid desaturase 1 (FADSI), FADS2, and acetyl-CoA
acetyltransferase 2 (ACAT2) is increased in macular but not extramacular tissue,
possibly through activation of sterol regulatory element binding factor 1
(SREBF1). Consistent with this, we also found that expression of Fadsl is
increased in RPE-choroid in a mouse model of early-stage AMD. In zebrafish,
deletion of fads2, which encodes a protein that functions as both Fads1 and Fads2
in other species, enhanced apoptosis in the retina upon exposure to intense light.
Similarly, pharmacological inhibition of Srebfl enhanced apoptosis and reduced
fads2 expression in zebrafish exposed to intense light. These results suggest that
the SREBFI-FADS1/2 axis may be activated in macular RPE-choroid as a
protective response during early-stage AMD and could thus be a therapeutic target
for early-stage AMD.

Keywords: Ophthalmology, Pharmaceutical science

1. Introduction

AMD is the most common cause of vision loss in elderly individuals throughout
the developed world [1]. AMD can be broadly divided into early and late stages
based on clinical features [2]. Early-stage AMD is characterized by pigmentary
abnormalities in the macula and accumulation of lipid deposits called drusen
between the retinal pigment epithelium (RPE) and Bruch’s membrane [2]. Bruch’s
membrane lies over the vascularized choroid, contacting both the vascular
endothelium and RPE [3]. Late-stage AMD is usually subdivided into dry
(geographic atrophy) and wet (choroidal neovascularization) AMD [2]. Geograph-
ic atrophy is not yet treatable [2], whereas choroidal neovascularization can be
treated, but not cured, with inhibitors of vascular endothelial growth factor (VEGF)
[2]. Therefore, it is important to develop effective therapies that target early-stage
AMD to prevent progression to late-stage disease [4]. However, the pathogenesis

of early-stage AMD remains largely unknown [2].

Transcriptome analysis can be used to identify gene expression signatures related
to the pathogenesis of various diseases, including AMD [5, 6, 7]. Comparison of
transcriptome data can also be used to identify robust gene expression changes in a
disease with multiple etiologies [8, 9]. In this study, we analyzed two
transcriptome datasets for gene expression changes in macular [5, 6] and
extramacular [5] RPE-choroid samples from patients with early-stage AMD, and
we performed comparative transcriptomics to identify gene expression changes
specific to macular RPE-choroid. We found that expression of FADSI, FADS?2,
and ACAT?2 is increased in macular but not extramacular RPE-choroid, possibly
through activation of SREBF1. Moreover, expression of Fadsl was elevated in

RPE-choroid of a mouse model of early-stage AMD. We also demonstrated
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protective roles for Srebfl and Fads2 in a zebrafish model of light-induced

retinopathy, suggesting a possible therapeutic approach for early-stage AMD.

2. Materials and methods
2.1. Ethics statement

This study was carried out in strict accordance with Japanese law [The Humane
Treatment and Management of Animals (2014), Standards Relating to the Care and
Management of Laboratory Animals and Relief of Pain (2013), and the Guidelines
for Proper Conduct of Animal Experiments [10, 11, 12]. All efforts were made to
minimize animal suffering. Mie University Institutional Animal Care and Use
Committee guidelines state that no approval is required for experiments using

zebrafish.

2.2. Compounds

Fatostatin and phenylthiourea were obtained from Sigma (St. Louis, MO, USA).
Stock solutions were prepared by dissolving in dimethyl sulfoxide (Nacalai
Tesque, Kyoto, Japan). 2-Phenoxyethanol was obtained from Wako Chemical
(Osaka, Japan).

2.3. Comparative transcriptomics of RPE-choroid from
early-stage AMD patients

To identify genes dysregulated in RPE-choroid during early-stage AMD, we
downloaded two transcriptome datasets, designated GSE29801 [5] and GSE50195
[6], from Gene Expression Omnibus [13]. The microarray data for GSE29801 were
obtained from the macula of AMD patients with Rotterdam grade [14] 2a, 2b, or 3
(n = 16); macula of control subjects (n = 50), extramacula of AMD patients with
Rotterdam grade 2a, 2b or 3 (n = 14), and extramacula of control subjects (n = 46).
The median ages (range of ages) of the groups for macular of control and AMD
patients in GSE29801 are 71 (9-93) years old (yo) and 79 (43-101 yo). The
median ages (range of ages) of groups for extramacular of control and AMD
patients in GSE29801 are 67.5 (9-93 yo) and 78.5 (43-94 yo), respectively. Data
were normalized using the package “limma” [15] in Bioconductor [16]. For
GSES50195, the normalized data (macula from AMD patients with RPE changes or
drusen, n = 9; macula from control subjects, n = 7) were downloaded from Gene
Expression Omnibus. The median ages (range of ages) of groups for macular of
control and AMD patients in GSE50195 are 83 (77-93 yo) and 81 (77-92 yo),
respectively. Probes with reliable signals were selected and subjected to RankProd
[17] analysis to identify differentially expressed genes (DEGs) in each model using
a false discovery rate of 20% as the threshold. The list of DEGs in each dataset is

shown in Tables S1-S3. DEGs common to macular but not extramacular samples
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in GSE29801 and GSE50195 are shown in Table S4. DEGs common to both
macular and extramacular samples in GSE29801 and GSE50195 are shown in
Table S5. Genes with expression changes in the same direction (i.e., upregulated or

downregulated) across the datasets are shown in bold.

2.4. Bioinformatic analysis of the genes dysregulated in
RPE-choroid from early-stage AMD patients

To identify networks related to genes dysregulated in RPE-choroid during early-
stage AMD, we used GeneMANIA in Cytoscape [18]. GeneMANIA uses a
database of organism-specific weighted networks to construct a weighted
composite functional interaction network between a pair of genes, including co-
expression, co-localization, genetic interaction, physical interaction, shared protein
domains, and pathway networks [19]. GeneMANIA also analyzes biological
pathways significantly enriched in the functional interaction network. The
biological pathways enriched in the functional interaction network with adjusted
g value <1.0 x 107'* are shown in Table 1 for the 32 genes dysregulated in macular
but not extramacular samples and Table 2 for the 76 genes dysregulated in both
macular and extramacular samples. The relationship between two genes and the
gene score are shown in Tables S6-S12 for the network related to the 32 genes and
Tables S13-S20 for the network related to the 76 genes.

To identify transcription factors (TFs) potentially regulating the genes dysregulated
in RPE-choroid during early-stage AMD, we used iRegulon [20] in Cytoscape.
iRegulon exploits the fact that genes co-regulated by the same TF contain common
TF-binding sites, and uses gene sets derived from ENCODE ChIP-seq data

Table 1. Biological pathways significantly enriched in the functional interaction
networks related to 32 genes dysregulated in macular but not extramacular
RPE-choroid of early-stage AMD patients.

GO id Description q-value
GO0:0006695 cholesterol biosynthetic process 2.7E-22
GO0:0016126 sterol biosynthetic process 2.7E-22
G0:0008203 cholesterol metabolic process 7.1E-18
GO:0016125 sterol metabolic process 4.3E-17
GO0:0046165 alcohol biosynthetic process 8.5E-16
G0:0006694 steroid biosynthetic process 1.6E-15
GO:1901617 organic hydroxy compound biosynthetic process 1.1E-14
G0:0008202 steroid metabolic process 3.7E-12
G0:0006066 alcohol metabolic process 1.6E-10
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Table 2. Biological pathways significantly enriched in the functional interaction
networks related to 76 genes dysregulated in both macular and extramacular RPE-
choroid of early-stage AMD patients.

GO id Description q-value
GO0:0016056 rhodopsin mediated signaling pathway 2.8E-28
G0:0007603 phototransduction, visible light 6.5E-27
G0:0022400 regulation of rhodopsin mediated signaling pathway 1.3E-26
G0:0009584 detection of visible light 2.0E-26
G0:0007602 phototransduction 3.3E-26
GO0:0009583 detection of light stimulus 8.9E-26
GO:0009581 detection of external stimulus 2.1E-24
GO:0009582 detection of abiotic stimulus 3.9E-24
GO0:0071482 cellular response to light stimulus 2.6E-22
GO:0051606 detection of stimulus 3.6E-21
GO0:0097381 photoreceptor disc membrane 8.5E-21
GO:0071478 cellular response to radiation 2.6E-19
GO:0009416 response to light stimulus 3.5E-19
GO:0008277 regulation of G-protein coupled receptor protein signaling pathway 5.8E-18
GO:0071214 cellular response to abiotic stimulus 3.2E-17
G0:0009314 response to radiation 1.3E-16
GO0:0060170 ciliary membrane 7.8E-16
GO0:0001750 photoreceptor outer segment 1.1E-15
G0:0098590 plasma membrane region 2.8E-13
GO0:0031513 nonmotile primary cilium 6.6E-12
GO0:0031253 cell projection membrane 8.8E-12
GO0:0072372 primary cilium 1.5E-10
GO0:0097458 neuron part 5.0E-10

(Gerstein et al., 2012). The predicted TFs with normalized enrichment scores
(NES) >4 are shown in Table S21 for the 32 genes and Table S22 for the 76 genes.

2.5. Transcriptomics of RPE-choroid and neuroretina from
early-stage AMD model mice

To identify genes dysregulated in RPE-choroid and neuroretina during early-stage
AMD, we downloaded a transcriptome dataset, designated GSE38671 [21] from
Gene Expression Omnibus [13]. The microarray data for GSE38671 were obtained
from RPE-choroid or neuroretina from young (7-8 weeks of age) wild type mice
(n = 4) or complement factor H (Cfh) null mice (n = 4). Data were normalized

using the package “oligo” [22] in Bioconductor [16]. Probes with reliable signals
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were selected and subjected to RankProd [17] analysis to identify DEGs using a
false discovery rate of 30% as the threshold. The gene symbols of the DEGs were
converted to those of the human orthologous genes using Life Science Knowledge
Bank (World Fusion, Tokyo, Japan). The lists of DEGs in RPE-choroid and

neuroretina are shown in Tables S23 and S24, respectively.

2.6. Zebrafish strains

Zebrafish were bred and maintained according to previously described methods
[23, 24]. Briefly, zebrafish were raised at 28.5 °C + 0.5 °C with a 14 h/10 h light/
dark cycle. Embryos were obtained and cultured in 0.3 X Danieau’s solution (19.3
mM NacCl, 0.23 mM KCI, 0.13 mM MgSO,, 0.2 mM Ca(NO3),, 1.7 mM HEPES,
pH 7.2) until 7 days post-fertilization (dpf). For modeling light-induced
retinopathy, zebrafish were cultured in 0.3 X Danieau’s solution containing 200

pM phenylthiourea.

The effect of fatostatin on light-induced retinopathy was assessed using an AB
zebrafish line obtained from Zebrafish International Resource Center (Eugene, OR,
USA). To assess the involvement of Fads2 in light-induced retinopathy, we
generated fads2 knockout (KO) zebrafish according to the method described
previously [25]. Briefly, transcription activator-like effector nucleases (TALENs)
targeting exon 6 of the zebrafish fads2 gene were constructed using the Golden
Gate TALEN and TAL Effector Kit 2.0 (Addgene #1000000024) [26] and
Yamamoto Lab TALEN Accessory Pack (Addgene #1000000030) [27]. Single
DNA-binding repeats were assembled into intermediate array vectors, which were
subsequently inserted into the final destination vectors, pCS2TAL3-DD and
pCS2TAL3-RR (Addgene #37275 and #37276) [28]. The TALEN mRNAs were
synthesized using an mMessage mMachine SP6 Kit (Life Technologies, Carlsbad,
CA, USA), and 300 ng/pL of each mRNA was then injected into 2—-8-cell-stage
embryos of the AB zebrafish line. After injection, the embryos were cultured in 0.3
X Danieau’s solution until 5 dpf and reared in the fish farming system with an
artificial diet (Meito Suien, Nagoya, Japan) and Artemia (Kitamura, Kyoto, Japan)
at 28.5 °C under a 14 h/10 h light/dark cycle. At 4 months post-fertilization,
genomic DNA was extracted from the fins of FO zebrafish according to previous
reports [8, 9]. To detect TALEN-induced mutations, a short fragment of the fads2
gene encompassing the target site was amplified from genomic DNA using primers
fads2_gF1 and fads2_gRI1. The sequences of these primers are shown in
Table S25. Three-step PCR was carried out using 40 cycles of 94 °C for 30 s,
60 °C for 30 s, and 68 °C for 30 s. The PCR products were electrophoresed on 10%
polyacrylamide gels as described previously [8, 9]. The FO fish in which the
TALEN-induced mutation was present were crossed with the AB strain to obtain
F1 progeny. The F1 generation was reared and screened for the presence of the

mutation by PCR, as described above. The PCR amplicons were cloned into a
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pGEM-T Easy vector (Promega, Madison, WI, USA) and the sequences were
analyzed using the M13 forward primer. F1 female and F1 male hetero-knockout
zebrafish harboring the same mutations in the fads2 gene were crossed to obtain F2
progeny. The F2 generation was reared and screened for the mutation as described
above. F2 female and F2 male homo-knockout zebrafish harboring the same
mutations in the fads2 gene were crossed to obtain F3 progeny, which were used to

assess light-induced retinopathy.

2.7. A larval zebrafish model of light-induced retinopathy

Zebrafish were placed in petri dishes at 3 dpf. The dishes were wrapped in
aluminum foil and shielded from light for 48 h. On day 5 dpf, the animals were
transferred to 6-well plates (15 larvae/6 ml medium/well) and incubated under
normal conditions (28 °C, 14 h [7 am-9 pm] dim light/10 h dark) or placed in a
custom-made chamber (Hayashi Factory, Kyoto, Japan) to induce retinopathy as

described previously [29].

2.8. TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was
performed using an ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Millipore, Billerica, MA, USA) according to the manufacturer’s protocol. To
assess the effect of Srebf inhibition, albino zebrafish were exposed for 48 h to
intense light (13,000 lux) or normal light conditions (14 h/10 h light/dark cycle) in
medium with or without 100 nM fatostatin. To assess the effect of Fads2
deficiency, wild-type or fads2-KO zebrafish were treated the same way but in the
absence of fatostatin. The zebrafish were then fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS; Nacalai Tesque) at 4 °C overnight. Animals were
washed with PBS containing 0.1% Tween 20 (PBST), incubated in water
containing 3% H,0, and 1% KOH at room temperature for 30 min, washed again
with PBST, and incubated in 100% methanol at —30 °C overnight. Zebrafish were
rehydrated, treated with proteinase K (40 pg/ml) at room temperature for 30 min,
washed with PBST, incubated in equilibration buffer at 37 °C for 1 h, and then
incubated in working solution containing TdT enzyme and digoxigenin-labeled
dNTP at 37 °C for 1 h. The animals were then washed and treated with fluorescein-
labeled anti-digoxigenin IgG at 4 °C overnight. Finally, zebrafish were washed
once more with PBST and imaged with a SMZ25 stereomicroscope (Nikon, Tokyo,
Japan) equipped with a GFP-BP filter. Quantitative analysis of the fluorescent
images was performed using Volocity software (PerkinElmer, Waltham, MA,
USA). The threshold fluorescence intensity for defining apoptotic areas of the
retina was set at five standard deviations above the mean fluorescence intensity of

the whole field of view.
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2.9. qPCR analysis

Total RNA was extracted from zebrafish exposed to intense light or normal light
conditions in the presence or absence of fatostatin using an RNAqueous Micro Kit
(Takara, Kyoto, Japan) according to the manufacturer’s protocol. RNA concentra-
tions were determined using a NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA, USA), and cDNAs were generated using a ReverTra Ace qPCR RT
Kit (Toyobo). qPCR was performed using an ABI Prism 7300 (Life Technologies
Carlsbad, CA, USA) with THUNDERBIRD SYBR qPCR Mix (Toyobo). The
thermal cycling conditions were: 95 °C for 1 min followed by 40 cycles of 95 °C
for 15 s, 60 °C for 15 s, and 72 °C for 45 s. We measured the expression of fads2
and eukaryotic translation elongation factor 1 alpha 1 like 1 (eeflalll) mRNA. The
fads2 mRNA levels were normalized to eeflalll mRNA levels to correct for
variability in the initial template concentration and the conversion efficiency of the

reverse transcription reaction. The primer sequences are shown in Table S25.

2.10. Statistical analysis

Statistical analysis was performed using Prism 6 (GraphPad, La Jolla, CA, USA).
Group means were compared by analysis of variance. Alpha was set at 0.05.
Tukey’s multiple comparisons test was used for post hoc analysis when significant
effects were found by analysis of variance. Data are shown as the mean + standard
error (SEM).

3. Results

3.1. Identification of genes dysregulated in RPE-choroid of
early-stage AMD patients

To identify genes dysregulated in RPE-choroid during early-stage AMD, we
downloaded two transcriptome datasets, GSE29801 [5] and GSE50195 [6], from a
public database [13]. GSE29801 included transcriptome data from macular and
extramacular RPE-choroid tissue isolated from AMD patients with Rotterdam
grade [14] 2a, 2b, or 3 and from individuals with no features of AMD (controls).
GSES50195 included transcriptome data from macular RPE-choroid tissue isolated
from AMD patients with RPE changes or drusen or from control subjects. Using a
false discovery rate of 20% as the threshold, we identified 1,133 and 1,083 genes in
GSE29801 GSES50195, respectively, that were dysregulated in macular RPE-
choroid of AMD patients compared with controls (Tables S1 and S2). We also
identified 1,214 genes dysregulated in extramacular RPE-choroid of AMD patients
(Table S3). In the AMD patient datasets, we identified 55 genes dysregulated in
macular but not extramacular RPE-choroid and 128 genes dysregulated in both
macular and extramacular RPE-choroid (Fig. 1). Among these 55 and 128 genes,

we found that 32 and 76 genes, respectively, had expression changes in the same
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RPE cells at macula RPE cells at macula
(GSE29801) (GSE50195)

A

RPE cells at extra macula
(GSE29801)

Fig. 1. Venn diagrams of the number of genes dysregulated in RPE-choroid of early-stage AMD
patients. Transcriptome data of RPE-choroid samples from patients with early-stage AMD (GSE29801
and GSE50195) were downloaded from a public database. Genes differentially expressed in RPE-
choroid from AMD patients versus healthy controls were identified using a false discovery rate of 20%
as the threshold. The number of differentially expressed genes in each group and the overlap between

groups are shown.

direction in both datasets (Tables S4 and S5, shown in bold). These results suggest
that the 32 genes dysregulated in the macular RPE-choroid may be related to the
pathogenesis of AMD.

3.2. Cholesterol biosynthesis pathways is dysregulated in mac-
ular RPE-choroid of early-stage AMD patients

We next analyzed the functional interaction networks related to the genes
dysregulated in the RPE-choroid tissues of AMD patients using GeneMANIA [19].
Fig. 2A and Table S6-S12 show the functional interaction networks related to the
32 genes dysregulated in macular but not extramacular RPE-choroid of AMD
patients. Fig. 2B and Table S13-S20 show the functional interaction networks
related to the 76 genes dysregulated in both macular and extramacular RPE-
choroid of AMD patients. Pathways related to cholesterol biosynthesis were
significantly enriched in the functional interaction network for genes dysregulated
in macular but not extramacular RPE-choroid (Table 1), suggesting that
dysregulation of cholesterol biosynthesis in macular RPE-choroid may be involved
in the pathogenesis of AMD. Pathways related to rhodopsin-mediated signaling
were significantly enriched in the functional interaction network for genes
dysregulated in both macular and extramacular RPE-choroid (Table 2), consistent
with previous reports demonstrating that rod photoreceptor function is impaired in
early-stage AMD [4, 30].
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Fig. 2. Functional interaction networks related to genes dysregulated in RPE-choroid of early-stage
AMD patients. (A) The 32 genes dysregulated in macular but not extramacular RPE-choroid (shown as
black circles) were subjected to GeneMANIA searches to identify functional interaction networks. (B)
The 76 genes dysregulated in both macular and extramacular RPE-choroid (shown as black circles)
were subjected to GeneMANIA searches to identify functional interaction networks. The size of the

gray circles denotes the score in the functional network (Tables S3 and S4).

3.3. Identification of potential TFs for genes dysregulated in
RPE-choroid samples from early-stage AMD patients

We next used iRegulon to identify potential TFs for genes dysregulated in RPE-
choroid samples from AMD patients [20]. TATA box binding protein associated
factor 1 (TAF1) and SREBF1 were identified as potential TFs for genes
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dysregulated in macular but not extramacular RPE-choroid (Fig. 3A and
Table S21). TEA domain family member 4 (TEAD4) and REl-silencing
transcription factor (REST), which has previously been associated with early-
stage AMD [31], were identified as a potential TFs for genes dysregulated in both
macular and extramacular RPE-choroid (Fig. 3B and Table S22). Lastly, FADS1
and FADS?2, which stimulate synthesis of polyunsaturated fatty acids [32] and have
also been associated with AMD [33, 34, 35, 36, 37], were identified as common
targets of TAF1, REST, and SREBFI1 (Fig. 3A). These findings suggest that
dysregulation of FADSI and FASD2 in macular RPE-choroid may play a critical
role in early-stage AMD.

-2 2
log (AMD/control)

Fig. 3. Identification of key transcription factors for genes dysregulated in RPE-choroid of early-stage
AMD patients. (A) The 32 genes dysregulated in macular but not extramacular RPE-choroid of early-
stage AMD patients were subjected to iRegulon. (B) The 76 genes dysregulated in both macular and
extramacular RPE-choroid of early-stage AMD patients were subjected to iRegulon. The transcription
factors and their targets identified by GeneMANIA are shown.
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To examine whether Fadsl and Fads2 might also be dysregulated in a mouse
model of early-stage AMD, we searched a public database [13] and obtained a
transcriptome dataset from RPE-choroid and neuroretina of young complement
factor H KO (Cfh™"") mice [21]. In humans, a single nucleotide polymorphism of
the CFH gene results in a loss-of-function Y402H mutation in the protein and
confers an increased risk for AMD [38]. After analyzing the transcriptome datasets
for genes differentially expressed in young wild-type and Cfh null mice, we
identified 132 DEGs in RPE-choroid (Table S23) and 31 in neuroretina
(Table S24). Fadsl expression was significantly increased in RPE-choroid, but
not in neuroretina, of young Cth null mice (Fig. 4E), which is consistent with the

increase in FADSI expression in macular RPE-choroid of early-stage AMD
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Fig. 4. Expression of FADSI and FADS?2 in early-stage AMD patients and mice.
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patients (Fig. 4A, C). However, Fads2 expression was not significantly different
between young wild-type and Cfth null mice (Fig. 4F), which contrasts with the
increased levels of FADS2 in macular RPE-choroid of early-stage AMD patients
(Fig. 4B, D).

3.5. Fads2 protects against light-induced retinopathy in zebrafish

To analyze the functional role of FADS1/2 in retinal pathophysiology, we used a
zebrafish model of light-induced retinopathy [29]. Because zebrafish lack a fadsl
gene, and the Fads2 protein performs the function of both Fads1 and Fads2 in other
species [39], we generated a fads2-KO zebrafish line using TALEN (Fig. 5). As
shown in Fig. 6, exposure of zebrafish to intense light significantly increased the

A
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Fig. 5. Generation of fads2-KO zebrafish. (A) The position of TALEN recognition sites for the
zebrafish fads2 gene. (B) Nucleic acid alignment of fads2 from wild-type and fads2-KO zebrafish. (C)
Amino acid alignment of Fads2 from wild-type and fads2-KO zebrafish. The target sequences of
TALEN are boxed in red and blue.
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level of apoptosis in the retina compared with normal light conditions. The level of
apoptosis in the retina of fads2-KO zebrafish exposed to intense light was
significantly greater than that of similarly treated control zebrafish. However,
knockout of fads2 did not affect retinal apoptosis in zebrafish maintained under
normal light conditions. These results suggest that increased expression of FADS1
and FADS2 in macular RPE-choroid may have a protective role in early-stage
AMD.
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Fig. 6. Knockout of fads2 increases retinal apoptosis in a larval zebrafish model of light-induced
retinopathy. (A) Protocol for light-induced retinal damage in larval zebrafish. Zebrafish were shielded
from light between 3 and 5 days post-fertilization (dpf) and then exposed to normal conditions (14 h 250
lux/10 h dark) or intense light (13,000 lux) for 48 h at 27 °C. After light exposure, whole-mount
TUNEL staining was performed. (B) Representative images of TUNEL staining in the retina of control
or fads2 knockout zebrafish exposed to intense light (indicated as light +) or normal light conditions
(light —). Scale bars, 100 pm. (C) Quantitative analysis of retinal apoptosis in zebrafish exposed to the
conditions shown in (B). *p < 0.05, **#*p < 0.0001. Data are the mean + SEM of 11-14 eyes/group.
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3.6. Srebfl protects against light-induced retinopathy in zebrafish

Bioinformatics analysis identified REST, TAF1, and SREBF1 as potential TFs for
FADS1/2 (Fig. 3). It has been reported that SREBF1 may be activated in response
to reduced levels of docosahexaenoic acid (DHA), thereby increasing the
expression of FADS1/2 and synthesis of DHA [40]. To examine whether SREBF1
may be involved in regulating FADS expression and retinal pathophysiology, we
tested the effect of a specific inhibitor of Srebf, fatostatin [41, 42], in the larval
zebrafish model of light-induced retinopathy [29] (Fig. 7A). Zebrafish treated with
fatostatin showed significantly increased retinal apoptosis (Fig. 7B, C) and
decreased fads2 expression (Fig. 7D) after exposure to intense, but not normal,
light conditions. These results suggest that exposure of zebrafish to intense light
may activate retinal Srebfl, possibly secondary to reduced DHA levels, and thus
increase fads2 expression and DHA synthesis in an attempt to protect the retina

from light-induced damage.

4. Discussion

4.1. Involvement of FADS1/2 in AMD

In this study, we demonstrated that FADSI and FADS?2 expression are significantly
increased in macular, but not extramacular, RPE-choroid of early-stage AMD
patients. We also showed that FADSI expression is significantly increased in RPE-
choroid, but not neuroretina, of young Cth null mice, an early-stage AMD model
[21]. FADSI and FADS2 encode delta-5 and delta-6 desaturases, respectively,
which are membrane-bound enzymes that catalyze the formation of long-chain
polyunsaturated fatty acids such as DHA and eicosapentaenoic acid (EPA) [43].
Both FADS1 and FADS2 are expressed in RPE-choroid [44, 45] and have been
associated with AMD [33, 34, 35, 36, 37]. Inhibition of FADSI1/2 prevents
synthesis of DHA from EPA and blocks EPA-mediated protection of the retina
against oxidative stress [32]. Cigarette smoke, one of the most important risk
factors for AMD [46], decreases FADS1 and FADS2 activity [47].

After several passages in culture, human RPE cells downregulate expression of
FADS1 and FADS2 [48], lose their RPE phenotype, and adopt a mesenchymal
phenotype [48]. FADSI and FADS2 expression is also decreased in chorioretinal
endothelial cells after formation of a complement membrane attack complex [49], a
major risk factor for AMD [50]. These studies suggest that FADSI and FADS2 may
have important physiological functions in RPE-choroid of AMD. In fact, FADSI has
been identified as a component of the molecular signature of human RPE [45]. In this
study, we demonstrated that knockout of zebrafish fads2, which performs the
functions of both Fads1 and Fads2 in other species [39], significantly increased retinal
apoptosis induced by intense light exposure. Although light-induced retinopathy is

generally used as a model of neuroretinal degeneration [51], these results are
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Fig. 7. Inhibition of Srebfs increases retinal apoptosis in a larval zebrafish model of light-induced
retinopathy. (A) Protocol for light-induced retinal damage in larval zebrafish. Zebrafish were shielded
from light between 3 and 5 days post-fertilization (dpf) and then exposed to normal conditions (14 h 250
1ux/10 h dark) or intense light (13,000 lux) in the presence or absence of 100 nM fatostatin for 48 h at 27
°C. After light exposure, whole-mount TUNEL staining was performed. (B) Representative images of
TUNEL staining in the retina of zebrafish exposed to intense light (indicated as light +) or normal light
conditions (light —) in the presence or absence of fatostatin. Scale bars, 100 pm. (C) Quantitative
analysis of retinal apoptosis in zebrafish exposed to the conditions shown in (B). ***p < 0.001, ****p
< 0.0001. n.s., not significant. Data are the mean + SEM of 10-15 eyes/group. (D) qPCR analysis of
fads2 mRNA levels in zebrafish exposed to intense light (indicated as light +) or normal light
conditions (light —) in the presence or absence of fatostatin. Expression levels are relative to those in
normal light conditions in the absence of fatostatin. Data are the mean + SEM of 3-6 zebrafish/group.
*p < 0.05.

consistent with a protective role for FADS1 and FADS2 in AMD. To our knowledge,
there have been no reports of age-related changes in FADSI and FADS?2 expression in
RPE-choroid, suggesting that these molecules are subject to more complex

mechanisms of regulation. Further studies using drusen models, such as the
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chemokine receptor-2 KO mouse [52], will be necessary to directly examine the
protective function of FADS1/2 in early-stage AMD.

4.2. Involvement of SREBF1 in AMD

We identified SREBF]1 as a potential TF regulating FADSI and FADS2 expression,
consistent with a previous report [40]. We also demonstrated that pharmacological
inhibition of Srebfl in zebrafish significantly increased retinal apoptosis and
decreased Fads2 expression in response to intense light exposure. These results,
combined with the findings that FADSI and FADS2 expression is increased in
macular RPE-choroid of early-stage AMD patients, support a protective function
for SREBF in early-stage AMD by elevating FADS1 and FADS2 production.
SREBF1 is known to be expressed in human RPE-choroid [53]. One possible
mechanism of SREBF1 activation is via endoplasmic reticulum stress caused by
complement activation and oxidative stress [54], both of which have been
considered major pathophysiological mechanisms of AMD [55]. Another
possibility is that SREBF1 is activated in response to reduced levels of DHA.
Interestingly, DHA is present at lower levels in RPE-choroid of AMD patients than
of control subjects [56]. Since DHA negatively regulates SREBF1 by stimulating
its proteolysis [57], this suggests a mechanism by which SREBF1 activity might be
increased in RPE-choroid of AMD patients, thus restoring DHA levels by
promoting FADSI/2 transcription [40]. Intense light exposure reduces DHA
concentrations in the retina [58, 59]; therefore, it is possible that this mechanism
also operates in the zebrafish light-induced retinopathy model to increase Srebfl
activity and elevate fads2 expression. However, further experiments to quantify

DHA levels in the zebrafish model will be necessary to validate this hypothesis.

Although Srebfl appears to have a protective function in the zebrafish model of
light-induced retinopathy, it may also have detrimental effects in AMD. SREBF1 is
a master regulator of the synthesis of both fatty acid and cholesterol [60] and has
been implicated in cholesterol homeostasis in mouse retina [61]. In this study, we
found that ACAT?2 expression is increased, possibly through SREBF1, in macular
RPE-choroid samples from patients with early-stage AMD. Increased ACAT2
expression via activation of SREBF1 has previously been demonstrated in RPE
cells [62]. ACAT?2 stimulates cholesteryl ester secretion in apoB-containing
lipoproteins [63], and a high level of these lipoproteins is a well-established risk
factor for AMD [64]. These findings suggest that activation of the SREBFI-
—ACAT?2 axis in macular RPE-choroid may be involved in the pathogenesis of
early-stage AMD through stimulation of drusen formation. Further studies using
drusen models will help to clarify the functional role of SREBF1 in early-stage
AMD.
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In conclusion, we performed a comparative transcriptomic analysis of RPE-choroid
tissue from early-stage AMD patients and demonstrated that FADSI, FADS2, and
ACAT? are increased in the macula, possibly through activation of SREBF1. We
also demonstrated a protective role for Srebfl and Fads2 in a zebrafish model of
light-induced retinopathy. These results suggest that the SREBF1-FADS1/2 axis in
macular RPE-choroid may play a protective role in early-stage AMD, although the
functional role of the SREBF1-ACAT?2 axis remains unknown. It is noteworthy
that statins, which activate SREBF1 and increase FADS1 and FADS2 expression
while inhibiting cholesterol biosynthesis through HMG-CoA reductase [61, 65],
can counteract the detrimental effect of cigarette smoke on FADS1 and FADS2
[66]. Clinical trials of statins for AMD are currently ongoing [67, 68]. Our findings
suggest that targeting of the SREBF1-FADS1/2 axis as a therapeutic approach for

AMD warrants further investigation.
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