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New Technologies to Study
Functional Genomics of Age-Related
Macular Degeneration

Tu Nguyen'2, Daniel Urrutia-Cabrera?2, Roxanne Hsiang-Chi Liou’2, Chi D. Luu'?,
Robyn Guymer'2 and Raymond Ching-Bong Wong"2*

' Centre for Eye Research Australia, Royal Victorian Eye and Ear Hospital, East Melbourne, VIC, Australia, 2 Ophthalmology,
Department of Surgery, University of Melbourne, Melbourne, VIC, Australia

Age-related macular degeneration (AMD) is the most common cause of irreversible
vision loss in people over 50 years old in developed countries. Currently, we still lack
a comprehensive understanding of the genetic factors contributing to AMD, which is
critical to identify effective therapeutic targets to improve treatment outcomes for AMD
patients. Here we discuss the latest technologies that can facilitate the identification
and functional study of putative genes in AMD pathology. We review improved genomic
methods to identify novel AMD genes, advances in single cell transcriptomics to profile
gene expression in specific retinal cell types, and summarize recent development of
in vitro models for studying AMD using induced pluripotent stem cells, organoids and
biomaterials, as well as new molecular technologies using CRISPR/Cas that could
facilitate functional studies of AMD-associated genes.

Keywords: age-related macular degeneration, retina, CRISPR/Cas, induced pluripotent stem cell models, single
cell transcriptomics, organoids

INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of central vision loss among people
over 50 years old in developed countries (Klein et al., 1992; Mitchell et al., 1995). Due to the increase
of the aging population, the prevalence of AMD is estimated to affect 196 million globally in 2020,
reaching 288 million by 2040 (Wong et al., 2014). Early and intermediate AMD are characterized
by minimal visual symptoms, pigmentary changes in the macula and formation of drusen beneath
the retina (Hernandez-Zimbron et al., 2018). Advanced AMD is classified into two types: atrophic
and neovascular. In atrophic AMD, gradual vision loss occurs due to retinal pigment epithelium
(RPE) degeneration and photoreceptor death. Neovascular AMD often causes sudden vision loss
due to the formation of abnormal, new blood vessels, usually developing in the choroid and
invading through Bruch’s membrane into the neuroretina. When this occurs there is usually fluid
leakage, hemorrhage, and if left untreated, irreversible scarring will occur which affects the RPE and
photoreceptors at the macula, ultimately leading to severe loss of central vision (Velez-Montoya
etal, 2014). Research on AMD pathogenesis has been largely focused on the contribution of RPE
and Bruch’s membrane, but lately there is also renewed interest in the role of the choroid. There is
increasing evidence suggesting that pathological changes in the choroid may play an early role in
the pathogenesis of AMD (Farazdaghi and Ebrahimi, 2019). For example, loss of choriocapillaris
endothelial cells is one of the earliest detectable events in this disease, which can drive progression
to more advanced stages due to subsequent loss of metabolic support to the outer retina
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(Chirco et al., 2017). Altogether, photoreceptor cells, RPE, Bruch’s
membrane and choroid depend upon each other to maintain
normal vision. Future research should explore all these domains
to gain a better insight into factors at play throughout the
course of the disease.

Although many AMD associated genes have been identified
from genome-wide association study (GWAS), currently there is
a lack of understanding of the biological significance of many
of these genes and their functions in AMD pathophysiology.
This remains a major roadblock to finding specific treatments
for AMD, especially in terms of a preventative therapy or cure.
In neovascular AMD, past treatment strategies with laser and
photodynamic therapy, as well as current therapies using anti-
VEGF treatments are not treating the underlying cause, just
the consequences of the disease (Colquitt et al., 2008; Brown
et al., 2009; Guymer et al., 2014; Khanna et al., 2019). Thus,
even when appropriate treatments are delivered, with time
atrophy and fibrosis will often affect the outcomes and lead
to longer term vision loss (Jaffe et al., 2019). Furthermore,
there is no approved treatment available for atrophic AMD
(Hernandez-Zimbron et al, 2018). This is partly because we
are only beginning to uncover the complex interaction between
genetics, environmental factors and the aging process that
contribute to AMD. A deeper insight into how these different
components play a role in pathogenesis will help us develop
more effective treatments and preventative strategies for AMD.
Critically, two key questions need to be addressed in order to
translate the knowledge on AMD genetics and identify new
therapeutic targets: 1) What are the expression profiles of
AMD genes in the outer retina and choroid? and 2) What are
the functions of these AMD-associated genes? Understanding
in more detail the contribution of genes that underlie AMD
pathophysiology could help us discover novel biomarkers to
detect early AMD in those at risk of progression to vision-
threatening late AMD, as well as identifying new therapeutic
targets for AMD treatment. Here we summarize recent research
on the genetic contributions to AMD, with a focus on improved
genomic methods to identify novel AMD genes, as well as novel
technologies including single-cell RNA sequencing (scRNA-seq),
CRISPR, and in vitro stem cell models that will help us better
understand how AMD-associated genes contribute to disease
mechanisms (Figure 1).

GENOME-WIDE ANALYSIS TO STUDY
GENETIC CONTRIBUTIONS TO AMD

Advances in genome-wide analyses have helped tremendously
in our understanding of the genetics of AMD. Several genome-
wide analysis techniques have been developed to identify genetic
associations with diseases, such as GWAS, which detects single
nuclear polymorphisms (SNPs) associated with diseases (Chang
et al,, 2018). Using GWAS, studies have now identified 69 SNPs
related to AMD (Fritsche et al., 2013, 2016; Han et al., 2020),
including loci that confer major susceptibility such as CFH
and ARMS2/HTRA1 (Hageman et al., 2005; Klein et al., 2005;
Rivera et al., 2005).

CFH is an important inhibitor of the alternative complement
pathway (Rivera et al., 2005). Within the CFH gene, the Y402H
variant appears to have the strongest association to AMD
susceptibility (Edwards et al., 2005; Hageman et al., 2005; Haines
et al, 2005; Klein et al., 2005; Souied et al., 2005; Zareparsi
etal,, 2005; Magnusson et al., 2006). This polymorphism has been
demonstrated to decrease CFH binding to C reactive protein,
heparin, Streptococcus M protein, malondialdehyde epitopes,
oxidized phospholipids, as well as heparan sulfate and dermatan
sulfate glycosaminoglycans within Bruch’s membrane (Skerka
etal., 2007; Yu et al., 2007; Ormsby et al., 2008; Clark et al., 2010;
Weismann et al., 2011; Shaw et al., 2012; Molins et al., 2016). This
reduced binding can cause inappropriate complement regulation,
which results in chronic inflammation, abnormal physiological
homeostasis and cell damage. The link between CFH and AMD
suggests an inflammatory role in the pathogenesis of AMD,
with increased complement cascade activity promoting AMD
development in genetically predisposed individuals (Hageman
et al., 2005; Despriet et al., 2006).

In addition to CFH, the ARMS2/HTRAI loci are identified
as a major contributor to the risk of developing AMD. The
mechanisms as to how ARMS?2 plays a role in the progression of
AMD are not well understood. A previous study suggested that
ARMS? interacts with extracellular matrix proteins, including
fibulins and EMILIN-2, which help assemble and stabilize
extracellular matrix structures of the Bruch’s membrane (Kortvely
et al., 2010). ARMS2 has also been shown to participate in
the phagocytosis function of RPE, which may be a mechanism
that contributes to the development of AMD (Xu et al,
2012). Another study has reported that ARMS2 functions as a
surface complement regulator — recombinant ARMS2 binds to
human apoptotic and necrotic cells and initiates complement
activation to clear cellular debris (Micklisch et al., 2017). On
the other hand, HTRAI encodes for a secreted protease that is
involved in cell signaling, organization of extracellular matrix,
and skeletal development (Hadfield et al., 2008; Mauney et al.,
2010; Vierkotten et al., 2011; Graham et al., 2013; Supanji et al.,
2013). Additionally, HTRAI was reported to play a role in the
development of a variety of cancers (Baldi et al., 2002; Chien et al.,
2004; Mullany et al., 2011), Alzheimer’s disease and osteoarthritis
(Grau et al., 2005, 2006; Launay et al., 2008).

While the role of CFH in the complement pathway has been
well studied, there is still lack of consensus as to which gene or
genetic variant in the ARMS2/HTRA loci is functionally relevant
to AMD pathology (Kanda et al.,, 2007; Kortvely et al., 2010;
Xu et al., 2012; Micklisch et al., 2017; Tosi et al., 2017). Since
ARMS2/HTRAI region exhibits high linkage disequilibrium, it
remains controversial as to which of the two genes is causally
linked to AMD pathogenesis by statistical means (Fritsche et al.,
2008; Kanda et al., 2010; Yang et al., 2010; Friedrich et al., 2011).
Several papers supported that HTRAI variants confer AMD
risk (Tosi et al, 2017; Lin et al., 2018; Orozco et al., 2020),
while other studies suggested ARMS2 variants confer AMD risk
(Kanda et al., 2007; Grassmann et al., 2017). Despite the strong
linkage equilibrium, ARMS2/HTRAI region still displays some
level of recombination, producing rare recombinant haplotypes
(Grassmann et al, 2017). These recombinant haplotypes can
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FIGURE 1 | Technologies to study functional genomics of AMD. Genome-wide analysis methods (GWAS, eQTL, TWAS, and eCAVIAR) can be used to identify
candidate genes linked to AMD. Expression of these genes in the retina can be mapped using transcriptomic technologies. Functional study of AMD-associated
genes can be facilitated using in vitro AMD models and molecular tools. scRNA-seq, single cell RNA sequencing; snRNA-seq, single nuclei RNA sequencing.
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be used to dissect a disease-associated genomic region in a
similar fashion to gene mapping in monogenic diseases. One
study has analyzed rare recombinant haplotypes in 16,144 AMD
cases and 17,832 controls from the International AMD Genomics
Consortium (Fritsche et al., 2016). Using logistic regression
analysis, the findings suggested that variants in or close to
ARMS2 but not HTRA1 are responsible for disease susceptibility
(Grassmann et al., 2017).

Other than identifying major AMD susceptibility genes,
GWAS has also been used to study the commonalities and
differences between two advanced AMD subtypes, atrophic and
neovascular (Fritsche et al., 2016). While these two subtypes
were found to share the majority of genetic risk, one variant was
identified to be specific to one subtype - a variant near MMP9
was exclusively associated with neovascular but not with atrophic
AMD. This finding suggested that individuals that have high risk
of developing neovascular AMD also have high risk of atrophic
AMD. Future therapeutic strategies should therefore aim to target
variants that confer risk for both neovascular and atrophic AMD.

IMPROVED METHODS TO IDENTIFY
AMD-ASSOCIATED GENES BY
INTEGRATION OF GENE EXPRESSION
DATA

Genome-wide association study is a valuable tool to identify
disease associated loci, however, there are several limitations to

this method. Firstly, although GWAS findings reveal SNPs that
are associated with the disease, these SNPs do not necessarily
establish causal variants and genes. Linkage disequilibrium can
conceal causal variants responsible for the association, such as
in the case of ARMS2/HTRA1I, making it difficult to pinpoint
variants that have an effect on the trait from GWAS data alone
(Wainberg et al., 2019). Secondly, as SNPs are often in non-
coding regions and may be up to 2 Mbps away from the
affected genes, it is challenging to pinpoint the genes they impact
on the disease (Brodie et al., 2016; Gusev et al., 2016; Zhu
et al., 2016; Cannon and Mohlke, 2018). Moreover, this method
yields a large number of hits, which could make functional
characterization challenging (Tam et al., 2019). Importantly,
additional studies are required to confirm if these causal genes
are driving disease association.

To address this, GWAS studies can be complemented with
expression quantitative trait loci (eQTL) studies to prioritize
causal variants and genes at GWAS loci. Using gene expression
dataset, eQTL identifies genetic variants that influence gene
expression levels. These eQTLs can act in cis (locally) or in
trans (at a distance) to a gene and affect gene expression at
the level of transcription or translation (Majewski and Pastinen,
2011). To date, studies on AMD genetics have mostly focused
on investigating cis-eQTLs (Ratnapriya et al.,, 2019; Han et al,,
2020; Orozco et al., 2020) so it would be interesting to perform
trans-eQTL studies in the future.

Recently, several methods were described to improve
the integration of GWAS and eQTL studies. For instance,
transcriptome-wide association study (TWAS) could be used
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to identify genes that mediate effects of genetic variants on
phenotype, thereby prioritizing candidate causal genes and
tissues underlying GWAS loci. This method involves the use
of an expression panel such as eQTL to train a predictive
model of expression from genotype. This model is then used
to predict gene expression for individuals in the GWAS cohort
and identify association with the trait (Wainberg et al., 2019).
AMD-associated genes discovered by TWAS would provide
better understanding into the influence of gene regulation
on phenotypic consequences in this disease. TWAS has been
used to investigate the relevance of AMD pathology in
tissues other than the retina. Even though AMD pathology is
observed in the posterior pole of the eye, several studies have
suggested a systematic expression profile of AMD associated
genes throughout the body (Morohoshi et al., 2009; Camelo,
2014; Cougnard-Grégoire et al., 2014; Paun et al., 2015; Kiel
et al., 2017). A TWAS study discovered 106 genes significantly
associated with AMD variants in at least one of 27 tissues
investigated, which suggests the expression of AMD-associated
genes is not only limited to retinal tissue but also observed in
other tissues throughout the whole body (Strunz et al., 2020).
Based on these results, future studies on therapeutic strategies for
AMD should consider the systemic expression profile of AMD-
associated genes and processes underlying AMD pathology.

Similarly, eCAVIAR is another method that uses GWAS
and eQTL studies to determine colocalization of causal variants
(Hormozdiari et al., 2016). eCAVIAR measures the probability
that the same variant is causal in both a GWAS and eQTL study.
The underlying concept is that if the same variant underlying
GWAS locus also influences gene expression, then the relevant
gene and tissue could contribute to disease mechanism.

Leveraging methods such as eQTL, TWAS, and eCAVIAR
can help reveal new biological mechanisms of AMD GWAS risk
loci. Using eQTL in human retinal samples, an elegant study
by Ratnapriya et al. (2019) identified potential target genes in
six novel AMD GWAS loci, and three additional genes using
TWAS. In addition to eQTL and TWAS, this study also used
eCAVIAR to prioritize the most plausible target genes. Lead
GWAS SNPs were connected to specific target genes at known
AMD-associated loci, including B3GLCT, BLOCIS1, SH2B3,
PLA2GI2A, PILRB, TMEM199, and POLDIP2. A subsequent
study used co-localization of GWAS and eQTL and found
15 candidate causal genes for AMD, which included genes
highly expressed in RPE, such as TRPMI and TSPANI10, and
previously identified genes such as BLOCISI and TMEMI199
(Orozco et al., 2020). These two studies demonstrated that the
combination of different techniques allow better identification of
genes associated with AMD.

POTENTIAL BIOLOGICAL ROLE OF
NOVEL AMD-ASSOCIATED GENES

Notably many of the recently identified AMD-associated genes
are not well studied in the retina. Understanding their biological
roles within the retina would provide critical insights in
AMD pathogenesis. Interestingly, several novel AMD-associated

genes have a potential role in protein degradation, including
autophagy and ubiquitin-mediated degradation. For instance,
POLDIP2 has been identified as a significant gene for AMD
susceptibility in several publications (Ratnapriya et al., 2019;
Han et al,, 2020; Strunz et al., 2020). It has been implicated
in other diseases, such as Alzheimers disease, in which it
was found to be a novel regulator of Tau aggregation (Kim
et al., 2015). Overexpression of POLDIP2 caused impairments
in autophagy, which led to increased Tau aggregate formations.
Conversely, downregulation of POLDIP2 reduced reactive
oxygen species (ROS)-induced Tau aggregation. Since there
is evidence that suggests defective autophagy and oxidative
stress contribute to AMD pathophysiology (Jarrett and Boulton,
2012; Mitter et al., 2012; Golestaneh et al., 2017), it would be
interesting to investigate the association of POLDIP2 to oxidative
damage and autophagy and determine how it contributes to
AMD pathogenesis.

Similarly, BLOC1S1 was identified as a potential causal gene
from the RDH5-CD63 AMD risk locus in two eQTL studies
(Ratnapriya et al., 2019; Orozco et al., 2020). BLOC1S1 is part of
the octameric protein complex BLOC-1, which is associated with
the biogenesis of organelles related to the endosome-lysosome
system (Falcon-Pérez et al., 2002; Langemeyer and Ungermann,
2015). The BLOC-1 complex is associated with several biological
processes, such as the sorting of synaptic vesicle proteins
and postsynaptic receptors, cytoskeleton modulation, membrane
fusion and macroautophagy, which malfunction could result in
the development of a wide array of disorders (Hartwig et al.,
2018). Notably, BLOC1S1 was also identified as a potential causal
gene using human RPE samples, where phagocytic (endocytic)
and autophagy pathways play a major role in retinal homeostasis
(Orozco et al, 2020). It is possible that disruption of these
regulatory processes could result in accumulated stress for retinal
cells within the macula, ultimately causing macular degeneration.
Nevertheless, functional studies in retinal cells are required to
validate the association of BLOCISI in AMD pathogenesis.

TMEM199 encodes an accessory component of the V-ATPase
proton pump which is required for endo-lysosomal acidification.
Human TMEMI199 mutations have been identified to disrupt
Golgi homeostasis and cause glycosylation defects (Jansen et al.,
2016). However, the role of TMEM199 in the V-ATPase function
remains unknown. In a recent study, Miles et al. reported that
disruption of TMEM199 resulted in intracellular iron depletion,
thereafter impairing the activity of Iron(II) prolyl hydroxylase
enzymes, which hydroxylate the HIFla subunit and facilitate
its proteasomal degradation. Prevention of HIFla degradation
leads to HIF activation, revealing an important role of TMEM199
linking between the V-ATPase, iron metabolism and HIFs
(Miles et al., 2017). As V-ATPase has been shown to engage
in autophagic processes (Mijaljica et al., 2011), TMEM199 may
participate in response to chronic oxidative stress, hypoxia, and
disturbed autophagy, which are crucial to the pathology of
neovascular processes in AMD.

NPLOC4 is another novel AMD gene that has been
implicated in ubiquitin-mediated protein degradation. NPLOC4
forms a ternary complex with UFD1 and VCP, which binds
ubiquitinated proteins and exports misfolded proteins from
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endoplasmic reticulum to the cytoplasm. As the NPLOC4-
UFD1-VCP complex is involved in the proteasomal ubiquitin-
dependent pathway, mutations of the complex have been
reported to associate with multisystem proteinopathy that
causes inclusion body myopathy, Pagets disease of bone, and
frontotemporal dementia (Blythe et al., 2019). In the retina,
the ubiquitin-proteasome system and autophagy are essential
for the degradation and recycling of cellular waste such as
all-trans retinal in RPE cells (Blasiak et al., 2019). As such,
disruption of NPLOC4 may cause impaired protein degradation
and contribute to the pathologic development of AMD. In
summary, we have discussed several novel AMD-associated genes
that could contribute to AMD pathogenesis through deregulation
of protein degradation pathways. Biological roles of these genes
in AMD as well as other novel genes can be explored using the
technologies discussed in this review.

NEW TRANSCRIPTOMIC
TECHNOLOGIES TO MAP EXPRESSION
OF AMD-ASSOCIATED GENES IN THE
RETINA

Recent advances in transcriptomic technologies have greatly
facilitated our understanding of gene expression profiles of the
human retina, providing a key step to better identify AMD-
associated genes from GWAS and facilitate functional studies
of these AMD-association genes. Previous studies have used
bulk RNAseq to profile the human retina (Farkas et al., 2013;
Whitmore et al., 2014; Pinelli et al., 2016; Hoshino et al., 2017).
However, results of bulk RNA-seq represent an average signal
of gene expression profile in all retinal cell types, as such gene
expression in less abundant cell types would be obscured. Recent
development of scRNA-seq technology overcomes this issue by
resolving cell heterogeneity and profiling gene expression at
a single cell level, providing a unique opportunity to reveal
gene expression in specific retinal cell types. Using scRNA-
seq, single cells from a complex tissue could be separated
using microfluidic systems and tagged with a unique barcode
to generate cDNA libraries for individual cells (Kulkarni et al.,
2019). scRNA-seq technology can overcome the heterogeneity
issue in complex tissue and provide a powerful method to analyze
the transcriptome landscape of the retina.

Our team and others have recently utilized scRNA-seq to
establish the transcriptome of major retinal cell types in the
human retina (Lukowski et al., 2019; Menon et al., 2019; Voigt
et al., 2019). Critically, these dataset could be used to study
expression profiles of AMD-associated genes in the retina and
characterize the effect of AMD on gene expression changes across
different cell types and tissues. For instance, scRNA-seq has been
used to analyze gene expression of 34 AMD risk loci identified
by GWAS (Menon et al, 2019). Menon et al. (2019) found
that within the retina, the majority of genes surrounding the 34
risk loci were expressed in Miiller glia and astrocytes, including
leading AMD genes (nearest gene to lead GWAS variant) such
as CFI, VEGFA, TIMP3, and COL4A3. They also identified the

cell types within the retina that are most predictive of AMD risk
are cone photoreceptors, glial, and vascular cells. These results
suggest that in addition to photoreceptors and RPE, which are
the major cell types affected by AMD, glia and vascular cells are
also potentially important in AMD pathogenesis.

On the other hand, single-nucleus RNA-seq (snRNA-seq)
provides an alternative method for gene expression profiling
in complex tissues from frozen samples at single cell levels
(Grindberg et al., 2013). Compared to scRNAseq, snRNA-seq
analyze gene expression within the nuclei instead of intact cells.
It should be noted that there could be potential differences
between the RNA type and expression levels between nucleus
and cytosol. As observed in a previous study comparing nuclear
and whole cell transcriptome in mouse neurons at single
cell levels, a subset of genes associated with mitochondrial
respiration was almost exclusively detected in the whole cell
transcriptome (Lake et al., 2017). In addition, since nascent
transcripts are naturally abundant in nuclei, there is a difference
in maturity levels of transcripts detected between the nucleus
and cytosol. Shorter genes were better detected in whole cells
while longer genes showed better detection in the nuclei, and as a
result, an additional normalization step was required to reduce
technical bias. In regards to AMD, recent snRNA-seq studies
have established the transcriptome of the macula and peripheral
regions of the human retina (Liang et al., 2019; Orozco et al,,
2020). In particular, Orozco et al. identified substantial gene
expression differences between the macula and peripheral retina,
including several AMD-associated genes such as CFI, HTRAI,
B3GLCT, TSPAN10, and PILRA (Orozco et al., 2020). In addition,
the authors also showed that the majority of AMD-associated
genes are present in non-neuronal cells: 38% of the genes are
expressed in RPE cells, 29% in Miiller glia, and 27% in astrocytes.
These studies highlighted the potential of using snRNA-seq to
identify the retinal cells that contribute to AMD pathogenesis.

In summary, single cell transcriptomics provided useful
tools in understanding the genetic signals within the retina
and identifying the potential cell types within the retina that
contribute to AMD pathogenesis. Future studies using single cell
transcriptomics to analyze the retinal gene expression profiles in
AMD patients could allow us to map the molecular deregulation
in specific retinal cells that lead to AMD.

NEW IN VITRO MODELS TO FACILITATE
FUNCTIONAL STUDY OF
AMD-ASSOCIATED GENES

Recent development of in vitro cell systems provides better
models to study AMD. This includes the use of primary RPE
and choroidal endothelial cells, immortalized cell lines, and cells
derived from embryonic stem cells (ESCs) or induced pluripotent
stem cells (iPSCs) (Malek et al., 2020). These in vitro models
are useful for evaluating various cellular responses associated
with AMD development, such as morphology, metabolism, cell
proliferation, oxidative stress, and cell viability.

Primary RPE cells can be obtained from human donor eyes
to study AMD, including human fetal RPE cells and adult RPE
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cells (Malek et al., 2020). However, there are several limitations
associated with using primary cells. Firstly, access to donor
human eyes can be limited and establishing primary culture is
time-consuming and labor-intensive. Secondly, there could be
potential variability between different donors. Finally, primary
cells have limited proliferative capacity and will eventually
senescence in culture. To address this, several human RPE
cell lines have been developed to facilitate in vitro studies,
which include spontaneously transformed cell lines H8OHrPE-
6, ARPE-19, D407 RPE, RPE-340, as well as immortalized
cell lines hTERT RPE-1, h1RPE-7, and h1RPE-116 (Kuznetsova
et al, 2014). In particular, ARPE-19 is the most commonly
used human RPE cell line to date, which has morphological
and functional characteristics of native RPE, including the
abilities to phagocytose the photoreceptor outer segments (POS)
(Finnemann et al., 1997) and secret endogenous growth factors
(Ablonczy et al., 2011). However, ARPE-19 do not exhibit several
properties of the native RPE, such as the absence of pigmentation
and reduced expression levels of some RPE markers (e.g., RPE65
and CRALBP) and low transepithelial resistance (Ablonczy et al.,
2011). Treatment with nicotinamide could improve some RPE
characteristics of ARPE-19, such as expression of RPE65 and
better polarization (Hazim et al., 2019). Despite these limitations,
ARPE-19 cell line represents a valuable in vitro model to study
functions of AMD genes in RPE since it is commercially available
and easy to culture.

Besides primary cells and cell lines, pluripotent stem cells
provide an attractive in vitro model to study AMD. Somatic
cells from patients can be reprogrammed into iPSC (McCaughey
et al, 2016), which can be subsequently differentiated into
the clinically relevant cell types for AMD, such as RPE and
photoreceptors. iPSC provided a feasible strategy to derive
patient-specific models to study ocular diseases, as we described
previously (Khan et al,, 2016; Hung et al.,, 2017; Wong et al,,
2017). In particular, stem cell-derived RPE cells demonstrate
similar characteristics to those of native RPE, such as polygonal
morphology, pigmentation, phagocytosis of POS and ability
to metabolize vitamin A (Malek et al., 2020). iPSC-derived
RPE are also highly similar to human fetal RPE in terms of
gene expression and enriched transcription factor motif profiles
(Lidgerwood et al., 2016; Galloway et al., 2017; Smith et al., 2019).
Also, an elegant study by Hallam et al. (2017) reported an iPSC
model from AMD patients homozygous for low- and high-risk
CFH (Y402H) polymorphism. Interestingly, iPSC-derived RPE
cells derived from patients with high-risk genotypes resembled
many key AMD features such as elevated inflammation and
cellular stress, impaired autophagy, deposition of drusen-like
deposits, and lipid droplets accumulation. Collectively, these
studies support the feasibility of using patient-specific iPSC-
derived RPE as an in vitro model to better study macular
degeneration.

There are limitations to the use of monolayer RPE cultures
to study AMD, as they cannot recapitulate the complex retina
structure with supporting tissues around the RPE, such as
photoreceptors, Bruch’s membrane and choroid. To address this,
several three-dimensional (3D) culture systems are developed,
providing better models to investigate cellular interaction within

the microenvironment of the retina, such as retinal organoids
derived from pluripotent stem cells. Early reports demonstrated
that ESCs or iPSCs can self-organize and form retinal organoids,
which are 3D structures that recapitulate in vivo development
of the retina (Eiraku et al, 2011; Nakano et al, 2012).
Subsequently, several groups have modified the retinal organoid
differentiation process by promoting cell specification using
exogenous transcription factors or modulators/growth factors
of signaling pathways (Zhou et al, 2015; Hasegawa et al.,
2016; Volkner et al., 2016). For example, inhibition of Notch
signaling could promote retinal differentiation and generate
retinal organoids that are enriched with photoreceptors (Volkner
et al., 2016). Photoreceptors with mature features can also
be derived using retinal organoids, including the connecting
cilia, inner and outer segments (Gonzalez-Cordero et al., 2017).
However, a key limitation of the organoid differentiation method
is that it is time-consuming, with up to 6-7 months needed
for the derivation of light sensitive photoreceptors (Zhong
et al., 2014). Further research to understand the differentiation
signaling could improve the kinetic of the retinal organoid
method. Altogether, patient-specific organoid system provides
a unique 3D model which can be used to study the influences
of genetic signaling on cell-cell interaction between retinal
cells.

The use of synthetic and natural polymeric scaffolds provided
an alternative method to model the Bruch’s membrane in
a 3D culture system (Trese et al, 2012). Previous studies
showed that the Bruch’s membrane can be mimicked using
porous scaffold constructed with polycaprolactone (McHugh
et al, 2014; Xiang et al, 2014). This biomaterial creates a
highly porous membrane which has been demonstrated to
promote growth of RPE cells, as well as cell-cell interaction
and migration. In particular, “artificial Bruch’s membrane” can
be incorporated with human RPE cells and primate choroidal
cells to construct a 3D co-culture model to better model the
complexity of the retina (Shokoohmand et al., 2017). Similarly,
cell sheet engineering can be applied to construct artificial
substitutes of the choroid, by harvesting sheets of cultured
cells along with their extracellular matrix, and integrating
them to create tissue-like structures (Mokhtarinia et al., 2018).
For instance, Djigo et al. (2019) have tissue-engineered a
choroidal stromal model by stacking sheets of choroidal
stroma fibroblasts and their extracellular matrix together. In
addition, this choroidal stromal model can be integrated with
RPE cells, choroidal melanocytes, and human umbilical vein
endothelial cells to better recapitulate the environment of the
native choroid. This model could help provide insight into
RPE-choroid interactions and pathophysiological mechanisms
affecting the choroid. Several hypotheses have been proposed
regarding the relationship between RPE and choroid in AMD.
One hypothesis for atrophic AMD is that RPE loss preceded
the death of choriocapillaris (McLeod et al, 2009). RPE
has been shown to produce VEGE which is a vasodilator,
endothelial cell survival factor, and angiogenic factor (Adamis
et al., 1993). When VEGF is no longer in areas of RPE
atrophy, choriocapillaris constricts or degenerates and eventually
atrophies. However, choriocapillaris loss has also been observed
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in the absence of RPE atrophy in early AMD (Seddon
A. W. R. et al, 2016), suggesting other factors are also
involved. In contrast, the loss of choroidal vasculature may
be the initial insult that causes RPE atrophy in neovascular
AMD. Choriocapillaris degeneration results in hypoxia in RPE
due to a reduced blood supply. It has been suggested that
hypoxic RPE produces VEGE which stimulates the formation
of new vessels from choriocapillaris and results in choroidal
neovascularization (Bhutto and Lutty, 2012; Seddon J]. M.
et al, 2016). Future studies using in vitro RPE-choroidal
models could provide novel insights and help us determine
the mechanism of tissue damage and disease progression in
AMD.

Another method to engineer a layered retinal model is
bioprinting, which has been increasingly used to create 3D
tissue constructs. 3D bioprinter systems allow precise positioning
and deposition of bio-components layer-by-layer, providing
an attractive strategy to engineer complex tissues (Tasoglu
and Demirci, 2013). A recent study by Masaeli et al. (2020)
demonstrated the potential of using bioprinting to recreate
retinal components. Using cells isolated from post-mortem
donor eye, RPE cells were first cultured on a thin layer
of gelatin methacrylate to mimic the Bruch’s membrane/RPE
complex. Photoreceptors were then bioprinted onto RPE cell
sheets, creating a layered structure. Notably, the authors
showed that both RPE and photoreceptors retained expression
of structural markers, while the RPE cells retain functional
activities in VEGF secretion and phagocytosis (Masaeli et al,
2020). Future research that incorporates 3D bioprinting using
retinal cells derived from stem cells would be important
to overcome the problem with donor shortage to obtain
cellular source for tissue engineering. Altogether, advances in
pluripotent stem cells, biomaterials and 3D bioprinting provide
new methods to develop better in vitro cell models that
could accelerate functional study of AMD-associated genes and
drug development.

NEW MOLECULAR TOOLS TO
FACILITATE FUNCTIONAL STUDY OF
AMD-ASSOCIATED GENES

Conventional strategies to study gene functions involve either
gain-of-function studies by transgene overexpression, as well as
loss-of-function studies by RNAi knockdown or homologous
recombination-mediated knockout. The emergence of clustered
regularly interspaced short palindromic repeats (CRISPR)
technology provides exciting opportunities to facilitate functional
studies of AMD-associated genes. Earlier use of CRISPR
technology focuses on gene knockout for loss-of-function studies.
In a widely used CRISPR system for gene editing, a guide
RNA (gRNA) is used to direct the Cas9 nuclease derived
from Streptococcus pyogenes (SpCas9) to cut a specific target
DNA sequence and generate a double-strand DNA cleavage,
which results in permanent and heritable gene knockout
(Cho et al, 2013; Cong et al, 2013; Liu and Li, 2019).
On the other hand, CRISPR/Cas can also be used for gene

editing to correct SNPs at loci that confer high risks of
AMD, such as the CFH locus using CRISPR-mediated base
editing (Tran et al., 2019). Subsequent research have derived
Cas9 nucleases from other organisms, such as SaCas9 derived
from Staphylococcus aureus which is smaller in size and
would facilitate packaging into viral vectors for gene delivery
(Ran et al.,, 2015).

Beside gene editing, CRISPR can also be repurposed for gene
activation or repression. In particular, a nuclease inactive or
dead Cas9 (dCas9) can be fused with transcriptional activator(s)
or repressor(s) to regulate gene expression, termed CRISPR
activation (CRISPRa) or interference (CRISPRi), respectively
(Boettcher and McManus, 2015). Numerous CRISPRa systems
have been developed in recent years. The first generation of
CRISPRa system consisted of dCas9 fused to a VP64 activator
(Gilbert et al., 2013), which is capable of activating expression
of silent genes or upregulating expression of active genes
(Gilbert et al., 2013; Mali et al., 2013; Perez-Pinera et al,,
2013). However, the activation levels observed with dCas9-
VP64 in mammalian cells were relatively small using a single
sgRNA. Subsequently, several improved CRISPRa systems have
been developed, including VPR, SunTag, and SAM (Tanenbaum
et al., 2014; Chavez et al., 2015, 2016; Konermann et al., 2015).
The VPR system employs three potent activators VP64-p65-
Rta fused to a dCas9. Similarly, the SAM system uses multiple
transcriptional activators, dCas9-VP64 paired with MS2-p65-
HSFI, to induce a synergistic effect. On the other hand, the
SunTag system involves fusing dCas9 to a tandem array of
peptides that can recruit multiple copies of the VP64 effector.
Also, our group has reported a cloning-free pipeline that
harnesses CRISPRa for gene activation, which can be used as a
rapid workflow for gain-of-function studies (Fang et al., 2019).
On the other hand, CRISPRi utilizes dCas9 that is fused to
a repressor complex such as Krupper-associated box (KRAB),
which allows repression of the target gene (Gilbert et al,
2013). An enhanced version of CRISPR repressor is dCas9-
KRAB-MeCP2, which showed improved repression compared
to dCas9-KRAB for the majority of genes tested (Yeo et al,
2018). Notably, CRISPRi systems are capable of multiplex
gene repression, with high knockdown levels and minimal oft-
target effects (Housden and Perrimon, 2016). These technologies
could be used to decipher functional roles of novel AMD-
associated genes such as those identified in recent GWAS studies
(Fritsche et al., 2016; Ratnapriya et al, 2019). Collectively,
these CRISPRa and CRISPRi systems allow robust activation
of multiple genes simultaneously with high efficiency and
specificity, providing valuable tools for functional studies of
AMD-associated genes.

Notably, CRISPRa and CRISPRi pooled libraries have been
developed for genome-wide screens to study gene functions
(Gilbert et al., 2014; Konermann et al,, 2015). This provides
an exciting strategy to identify novel genes that contribute to
pathological processes leading to AMD, such as degeneration of
RPE cells. In CRISPR pooled screens, the cells are transduced
with a gRNA library to activate or inhibit a pool of target genes,
followed by cell selection based on the phenotype of interest
(e.g., RPE degeneration). Subsequently, the cell samples can be
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processed for next generation sequencing to identify the sgRNAs
and the target genes that cause the phenotype of interest (Joung
etal., 2017; Sanson et al., 2018). Genome-scale CRISPR functional
screens offer a powerful modality to interrogate gene function
that may take years to identify using conventional strategies.
Future genome-wide screens using RPE models could enable
identification of genes that are important in RPE degeneration
and provide insights into AMD pathology.

Beyond gene function studies, CRISPRa and CRISPRi could
also be applied to study regulatory regions of AMD genes.
Since the majority of genetic variation associated with complex
human disease is found within non-coding regions of the genome
(Thurman et al., 2012), understanding how regulatory regions
within the non-coding DNA regulate gene expression could help
us understand pathogenesis of AMD. In this regard, CRISPRa or
CRISPRIi could be used to target non-coding regions of GWAS
loci to identify novel regulatory regions of AMD-associated genes
(Klann et al., 2018).

In addition to DNA-targeting CRISPR systems, RNA-targeting
Cas9 enzymes are also available, such as CasRx which showed
robust knockdown of gene expression (Konermann et al., 2018).
Interestingly, CasRx can also be used to target pre-mRNA
to manipulate alternative splicing (Konermann et al, 2018).
Deregulation of alternative splicing has been implicated in the
aging process (Li et al., 2017) and observed in several age-
associated diseases such as amyotrophic lateral sclerosis and
Alzheimer’s disease (Lin et al., 1998; Spillantini et al., 1998;
Glatz et al., 2006). In regards to AMD, Allikmets et al. (1997)
have shown that a point mutation (G5196A) in the Stargardt
disease gene ABCAA4, eliminates a 5 donor splice site and
increases the risk of AMD. However, a subsequent GWAS study
with larger cohorts could not confirm this association between
ABCA4 and AMD (Fritsche et al., 2016). Overall, the association
of AMD pathophysiology with alternative splicing regulation
remains unclear and CasRx technology could facilitate research
in this understudied area. In summary, recent development of
CRISPR/Cas technology has greatly expanded the toolbox to
carry out functional study of AMD-associated genes, providing
new tools that can modulate gene expression by targeting at the
DNA level, RNA level as well as the splicing variants.
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