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Abstract

Over the past several decades, the biology of the developing lens has been investigated using
molecular genetics-based approaches in various vertebrate model systems. These efforts, involving
target gene knockouts or knockdowns, have led to major advances in our understanding of lens
morphogenesis and the pathological basis of cataracts, as well as of other lens related eye defects.
In particular, we now have a functional understanding of regulators such as Pax6, Six3, Sox2, Octl
(Pou2fl), Meis1, Pnox1, Zeb2 (Sipl), Mab21l1, Foxe3, Tfap2a (Ap2-alpha), Pitx3, Sox11, Prox1,
Sox1, c-Maf, Mafg, Mafk, Hsf4, Fgfrs, Bmp7, and Tdrd7 in this tissue. However, whether these
individual regulators interact or their targets overlap, and the significance of such interactions
during lens morphogenesis, is not well defined. The arrival of high-throughput approaches for
gene expression profiling (microarrays, RNA-sequencing (RNA-seq), etc.), which can be coupled
with chromatin immunoprecipitation (ChIP) or RNA immunoprecipitation (RIP) assays, along
with improved computational resources and publically available datasets (e.g. those containing
comprehensive protein-protein, protein-DNA information), presents new opportunities to advance
our understanding of the lens tissue on a global systems level. Such systems-level knowledge will
lead to the derivation of the underlying lens gene regulatory network (GRN), defined as a circuit
map of the regulator-target interactions functional in lens development, which can be applied to
expedite cataract gene discovery. In this review, we cover the various systems-level approaches
such as microarrays, RNA-seq, and ChlIP that are already being applied to lens studies and discuss
strategies for assembling and interpreting these vast amounts of high-throughput information for
effective dispersion to the scientific community. In particular, we discuss strategies for effective
interpretation of this new information in the context of the rich knowledge obtained through the
application of traditional single-gene focused experiments on the lens. Finally, we discuss our
vision for integrating these diverse high-throughput datasets in a single web-based user-friendly
tool /Sy TE (integrated Systems Tool for Eye gene discovery) — a resource that is already proving
effective in the identification and characterization of genes linked to lens development and
cataract. We anticipate that application of a similar approach to other ocular tissues such as the
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retina and the cornea, and even other organ systems, will significantly impact disease gene
discovery.
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Lens; Cataract; /Sy TE; Gene Regulatory Networks; Bioinformatics; Transcription factors; RNA
binding proteins

Systems biology is the study of how individual components collaborate with each other in
regulatory networks to develop and maintain a cell or tissue (Chuang et al., 2010). These
networks constitute a genetic circuitry to form and control cell/tissue behavior, and are
represented in a graphical manner analogous to an electric circuit with switches that turn
“on” or turn “off”, or turn “on at differential levels” (analogous to a light dimmer) regulators
that control their targets to produce a specific output (Cvekl and Duncan, 2007; Lachke and
Maas, 2010; Peter and Davidson, 2011). Systems biology requires the application of
technologies that allow, on a high-throughput level, the measurement of changes in: genomic
sequence (genomics, e.9. DNA sequencing, array-CGH, efc.), RNA (transcriptomics, e.g.
RNA-seq, microarrays, éefc.), proteins (proteomics, e.g. two-dimensional difference gel
electrophoresis (2DIGE) coupled with mass spectrometry (MS); Yeast or mammalian two
hybrid assays, efc.) and carbohydrates (metabolomics, e.g. nuclear magnetic resonance
(NMRY)). These approaches can be used to measure the “molecular state” of a tissue or
“molecular interactions” within a tissue. For example, RNA-seq or microarrays can be
applied to measure the total number and type of transcripts (messenger RNAs (MRNAs) and
non-coding RNAs (ncRNAs)) expressed in a wild-type tissue at a specific developmental
stage, defined as its “transcriptome”. They can also be applied to compare a mutant tissue
with a normal control. While the former reveals the molecular state of a tissue by cataloging
its transcriptome in normal development, the latter provides first-order insights into the
potential interactions of “regulator” molecules (e.g. mutant gene/protein) with “target”
molecules (e.g. transcripts altered in mutant tissue), albeit these perturbations may not all
result from direct physical interactions between the regulators and its targets.

In addition to the well-established regulatory molecules such as proteins that control gene
expression (e.g. transcription factors (TFs)), recent findings have identified ncRNAS as
factors that control a cell’s proteome (Morris and Mattick, 2014; Pauli et al., 2011). For
example, small ncRNAs (e.g. microRNAs (miRNAs)) facilitate mMRNA decay or silencing
(translational inhibition) (Brosnan and Voinnet, 2009), whereas long ncRNAs (IncCRNAS)
modulate chromatin, among other regulatory functions (Hu et al., 2012; Kugel and
Goodrich, 2012). Further insights into the regulator/target relationship are obtained through
ChIP-seq (Chromatin immunoprecipitation followed by DNA-sequencing) if the regulator is
a DNA-binding protein, or RIP-seq/CLIP-seq (RNA immunoprecipitation or Cross link
immunoprecipitation followed by RNA-sequencing) if the regulator is an RNA-binding
protein (RBP). These approaches can identify direct targets of a regulator /n vivo.

Thus far, the various systems-level approaches including genomics, transcriptomics,
proteomics and metabolomics have all been applied to characterize lens biology and cataract
(Fig. 1), several of which are discussed in detail in later sections, and for which the
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following studies are representative (Chauhan et al., 2002b; Hammond et al., 2001; Hawse et
al., 2003; Lachke et al., 2012b; Lampi et al., 2002; Sousounis et al., 2013; Tsentalovich et
al., 2015; Ueda et al., 2002; Yanshole et al., 2014). These approaches have generated
immense quantities of data. For example, a single gene expression microarray chip (e.g.
Affymetrix GeneChip® Mouse Genome 430 2.0 Array) has thousands of probe-datasets
informing on the expression of 39,000 transcripts that are representative of ~22,000 genes
(130 megabytes data). Further, a single RNA-seq experiment using next-generation
sequencing technology generates >400 million sequence-reads that are each 100 nucleotides
long (~10 gigabytes data) (Scholz et al., 2012). However, analysis of these large datasets for
expediting discovery of new genes linked to lens development and cataracts has been limited
(Lachke et al., 2012b; Sousounis and Tsonis, 2012).

In addition to systems-level approaches, lens research has involved the functional
characterization of individual regulatory molecules. However, the application of this rich
molecular knowledge to broaden our understanding of the relationship between newly-
identified regulators with established regulators on a global network-level, in a spatio-
temporal context, has not been attempted. For example, presently there are no tools to
address how the newly identified cataract-linked TF Mafg (Agrawal et al., 2015) and the
RBP Tdrd7 (Lachke et al., 2011) fit within the context of existing lens regulatory
knowledge. We propose that integration of lens gene-expression knowledge with functional
data from molecular perturbation analyses can lead to an analytical resource-tool. Such a
resource-tool will allow a comprehensive analysis of any regulatory data in the broader
context of lens biology and will predict new regulators and targets (€.g. genes and their
product RNA or proteins defined as “nodes™) and their relationships (termed as “edges”
between nodes) in the lens.

We articulate a strategy for building this resource-tool, by reviewing: (1) the current
functional understanding of key lens regulators, (2) genome-level expression profiling of the
lens developmental transcriptome in normal and pathological states, and (3) ChIP and RIP
approaches that provide insights on lens GRNs. We then highlight approaches to integrate
this rich information for effective interpretation of new lens data from perturbation
experiments. In particular, we discuss how the existing wealth of functional data from
molecular genetics-based approaches can be converted into a systems-level representation,
which will allow derivation of a “core” lens developmental GRN (gene regulatory network).
We anticipate that a detailed spatio-temporal core lens GRN will serve as a base for
overlaying other high-throughput data, leading to the predictions of new nodes and edges,
which will impact both the basic understanding of lens development as well as cataract gene
discovery and pathways for therapeutic targets. We also anticipate that a similar derivation of
core GRNs for other eye components will expedite ocular gene discovery and provide
insights into the molecular cross-talk between these developing tissues.

1. Molecular biology of lens development: a brief overview

During development, precise control of gene expression is achieved through distinct levels
of regulation. These include modulation of chromatin structure and epigenetic memory,
transcriptional regulation, and post-transcriptional control of RNA stability and translation.
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Thus far, molecular analysis of gene expression control in vertebrate lens development has
identified several chromatin regulators and transcription factors (TFs) with early function
during lens induction (Cvekl and Ashery-Padan, 2014; Lachke and Maas, 2010; Ogino et al.,
2012).

Early in lens development, the lysine acetyltransferases CBP and p300 that function to
modify core histones proteins are necessary in establishing cell identify (Wolf et al., 2013b).
These epigenetic modifications facilitate expression of key TFs Six3, Pax6 and Sox2 that
function to initiate lens placode formation (Cvekl and Ashery-Padan, 2014; Wolf et al.,
2013b). The transcriptional co-activator Pygo2 also functions to positively control Pax6
expression in a Wnt-independent pathway during lens induction (Song et al., 2007). Further,
signaling from the optic vesicle, reflecting the activities of Raldh2, Hesl1, Lhx2, Mab2112,
Rx, Fgf, Bmp4, and Bmp7, positively regulate Pax6 expression during lens induction (Cvekl
and Ashery-Padan, 2014; Lachke and Maas, 2010). Further, the precise control of ERK
signaling by the GTPase-activating protein Nf1 is also important for lens induction (Carbe
and Zhang, 2011). Pax®6 is also regulated by TALE-family TFs Meis1 and Pknox1 (Prepl)
(Rowan et al., 2010; Zhang et al., 2002) and by Six3, the Sox2-Oct1 complex, or by its own
activity, in positive feedback loops (Donner et al., 2007a; Liu et al., 2006). In turn, Pax6
regulates the TFs Sox11 and AP-2a that are involved in lens placode invagination and lens
vesicle separation, respectively (Pontoriero et al., 2008; Wurm et al., 2008), while another
TF Pitx3 is required for maintenance of the anterior epithelium of the lens (AEL) (Ho et al.,
2009). Pax6 also positively regulates the TF Mab21I1 that in turn up-regulates the AEL-
restricted TF Foxe3, which is also up-regulated by a zinc-finger TF Zeb2 (Sip1) (Manthey et
al., 2014a; Yoshimoto et al., 2005) and the TF Msx2 (Zhao et al., 2012). In later stages, the
TFs Foxe3 and Prox1, in AEL and transition zone/fiber cells, respectively, function to
control of epithelial cell-cycle exit and fiber cell differentiation (Audette et al., 2016; Blixt et
al., 2000; Brownell et al., 2000; Landgren et al., 2008; Medina-Martinez et al., 2005; Wigle
etal., 1999; Yamada et al., 2003).

Several TFs that function in fiber cell differentiation and homeostasis are identified. Prox1,
Sox1, and the large Maf protein, Maf (c-Maf) positively regulate crystallin-encoding genes
in fiber cells (Audette et al., 2016; Donner et al., 2007b; Kawauchi et al., 1999; Kim et al.,
1999; Nishiguchi et al., 1998; Ring et al., 2000; Wigle et al., 1999). Interestingly, Mafg and
Mafk are linked to early-onset age-related cataract and control non-crystallin cataract genes
(Agrawal et al., 2015). Not surprisingly, several TF mutations (e.g. FOXE3, HSF4, MAF,
PAX6, PITX3) are directly linked to cataract in humans (Bu et al., 2002; Glaser et al., 1994;
Jamieson et al., 2002; Semina et al., 2001, 1998).

In addition to TFs, several signaling factors (e.g. Fgf, Bmp, efc.) function in lens
development and fiber differentiation (Belecky-Adams et al., 2002; Faber et al., 2001;
Furuta and Hogan, 1998; Garcia et al., 2011, 2011, 2005; Huang et al., 2015, 2003; Kuracha
etal., 2011; Li et al., 2014; Madakashira et al., 2012; Rajagopal et al., 2008; Simirskii et al.,
2007; Sugiyama et al., 2013; Upadhya et al., 2013; Wawersik et al., 1999; Zhang et al.,
2016; Zhao et al., 2008). These topics are covered elsewhere (Cvekl and Ashery-Padan,
2014).
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Investigation of ncRNAs in lens biology has been initiated (Frederikse et al., 2006; Li and
Piatigorsky, 2009; Shaham et al., 2013; Wolf et al., 2013a; Xu, 2009). miRNAs are a subset
of ncRNAs involved in post-transcriptional regulation by direct binding of target mMRNAS to
initiate their decay or inhibit translation (Brosnan and Voinnet, 2009; Morris et al., 2010).
Lens- and cornea-specific DicerI null mice exhibit severe lens and corneal defects,
indicating the requirement of miRNAs in their development (Li and Piatigorsky, 2009; Wolf
etal., 2013a).

miRNA function in FGF2-induced fiber cell differentiation has been investigated in a rat
lens epithelial explant culture model. This has identified 131 miRNAs, some of which
(miR-143, miR-155, miR-301a) down-regulate c-Maf in reporter assays (Wolf et al., 2013a).
Another miRNA, miR-204, has been investigated in Medaka fish and mouse lens
development. miR-204 knockdown in Medaka causes Meis2 mis-regulation and lens defects
(Conte et al., 2010). In mouse lens vesicle, Pax6 positively regulates miR-204 that in turn
controls expression of several targets including negative regulation of Sox11 (Shaham et al.,
2013). miRNAs expression is also described in rat cataractous lenses (Kubo et al., 2013).
Besides miRNAS, the newborn mouse lens expresses >250 IncRNAs, a third of which are
differentially regulated in AEL and fibers (Hoang et al., 2014). Differential expression of
IncRNASs has also been investigated in human age-related cataract lenses (Shen et al., 2016),
and recently ncRNAs have been profiled in mouse lens development (Khan et al., 2016).
Future investigations should further define ncRNA function in lens development and
homeostasis.

Finally, two conserved RBPs Tdrd7 and Caprin2 are linked to the lens-associated defects
congenital cataracts and Peters anomaly, respectively. While Tdrd7 mediates post-
transcriptional regulation in fiber cells (Lachke et al., 2011), Caprin2 functions to control the
lens-cornea separation and the central fiber cell “nucleus” zone area (Dash et al., 2015).
RBPs in lens development are discussed in a separate review article (Dash et al. 2016). For
space limitations, we will refrain from discussing proteomics and metabolomics approaches,
which have provided important information, especially regarding the post-translational
modifications and physiological changes associated with cataract (Lampi et al., 2002;
Tsentalovich et al., 2015; Ueda et al., 2002; Yanshole et al., 2014). Together, these studies
have identified the various signaling factors, TFs, RBPs, and miRNAs that are important in
lens development and homeostasis.

2. Genome-level expression profiling of lens development

Over the past 15 years, genome-wide expression profiling of the lens has been performed in
several vertebrate species, initially by serial analysis of gene expression (SAGE) and
microarrays, and recently by RNA-seq. These efforts have generated large expression
datasets for normal and defective lens development (Agrawal et al., 2015; Anand et al.,
2015; Audette et al., 2016; Chauhan et al., 2002a, 2002b; Chauss et al., 2014; De Maria and
Bassnett, 2015; Greiling et al., 2009; Hawse et al., 2005, 2004, 2003; Hoang et al., 2014;
Ivanov et al., 2005; Khan et al., 2016, 2015; Kumar et al., 2015; Lachke et al., 2012b, 2011,
Manthey et al., 2014a; Sousounis et al., 2015, 2013; Sousounis and Tsonis, 2012; Wistow et
al., 2002; Wolf et al., 2013b; Wride et al., 2003; Xiao et al., 2006). Although highly
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informative, early microarray studies used platforms representing only a subset of genes
(m7=9,700) in the mouse genome (Chauhan et al., 2002a, 2002b). Subsequent development of
commercial microarray platforms by Affymetrix and Illumina offered a comprehensive
representation of the mouse genome (/7=~22,000) (Lachke et al., 2012b, 2011). However,
even these platforms, which are inherently limited by probe-sequences for known
transcripts, are not representative of all the possible transcripts encoded by the genome.

Because it is not limited to detecting only known transcripts, RNA-seq allows identification
of new transcripts, while providing a deep coverage of both protein-coding and non-coding
transcripts, as well as alternate splice forms. Further, RNA-seq can be applied to profile
smaller tissue samples from early lens developmental stages or pools of isolated AEL or
fiber cells. Indeed, recent studies describe RNA-seq profiling of isolated epithelium and
fiber cells from newborn mouse lenses (Hoang et al., 2014; Sun et al., 2015a, 2015b).
Moreover, these high-throughput approaches combined with laser capture micro-dissection
can profile at the cell region-specific level (/.e. outer cortical fiber cells, inner cortical fiber
cells, etc.) (De Maria and Bassnett, 2015; Ivanov et al., 2005; Wolf et al., 2013b; Xie et al.,
2013). In addition to normal lens development, high-throughput expression profiling has
been applied for characterizing lens defects from mouse knockouts for genes encoding
chromatin regulators (CBP, p300), TFs (Tfap2a (Ap2-alpha), Hsf4, Mafg, Mafk, Pax6,
Prox1, Zeb2 (Sipl)), RBPs (Tdrd7), miRNA processors (Dicerl), and glycoproteins (Sparc),
some of which are discussed below.

Initial efforts applied custom cDNA microarrays to compare Pax6+/+and Pax6+/—mouse
lenses, identifying >500 differentially expressed genes (DEGS), including Pitx3, Cryab and
Crybal/3among the down-regulated genes (Chauhan et al., 2002b). Affymetrix microarray-
based analysis of P1 stage Pax6+/—mouse lenses has identified >550 DEGs, including
Tgfb2, suggesting that a subset of Pax6-controlled targets are common between the lens and
forebrain (Wolf et al., 2009). Microarrays on 7TfapZa (ApZ2-alpha) conditional-knockout
(cKO) mouse lenses revealed >400 DEGs including down-regulation of AEL-expressed
genes (Pontoriero et al., 2008). Conversely, in mice overexpressing Foxe3in fiber cells,
microarray profiling identified down-regulation of fiber differentiation genes (Landgren et
al., 2008).

Microarrays on Mafg—/-Mafk+/- compound mouse lenses identified mis-regulation of
several non-crystallin-encoding cataract-associated genes from the oxidative stress and sterol
synthesis pathways (Agrawal et al., 2015). This is interesting because lanosterol synthase
gene mutations cause inherited cataracts in humans and sterol-based compounds can reverse
lens protein-aggregation in animal models (Makley et al., 2015; Zhao et al., 2015). Thus,
Mafg—/-:Mafk+/- mice represent a new model for age-related cataract, and may offer
insights into regulation of sterol pathway genes in the lens.

Further, Dicerl-cKO mouse lens microarray profiles reveal down-regulation of several
crystallins and other lens factors, while key lens TFs (Pax6, Prox1, Pitx3, c-Mal) are
unaltered (Li and Piatigorsky, 2009). Microarray analysis of mouse mutant lenses of a post-
transcriptional regulator gene 7drd7 identified several DEGs including the heat shock
protein Hspbl (Hsp27) (Lachke et al., 2011), while microarrays on mouse lenses with a
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deletion in the matricellular glycoprotein gene Sparc showed altered expression of genes
encoding matrix and adhesion proteins, cytoskeletal proteins and signaling molecules
(Greiling et al., 2009).

Microarray-based comparative analysis of human aged-cataract and normal lenses has
identified >900 down-regulated genes, among which are cataract-linked genes such as
TDRD7 (Hawse et al., 2003). Clustering analysis of down-regulated candidates in cataract
lenses reveal enrichment of genes for protein synthesis, oxidative stress, heat shock/
chaperone activity and lens structural components. In addition to RNA-seq on hewborn
mouse lens isolated epithelium and fiber cells (Hoang et al., 2014; Sun et al., 2015a, 2015b),
microarrays have been performed on these cells types from P13 mouse lenses (Nakahara et
al., 2007). Finally, miRNA and ncRNA profiling has been performed on normal lens (Karali
etal., 2010; Khan et al., 2016, 2015; Kubo et al., 2013; Wu et al., 2012) or lens cell lines
(Tian et al., 2010). Thus, even a brief overview highlights the wealth of genome-level
expression data that is available on lenses from different stages in normal and defective
developmental states.

3. Protein-nucleic acid interaction-profiling for lens GRNs

The Cvekl laboratory has spear-headed the efforts on ChIP analysis on the lens. ChlP
combined with downstream analyses such as ChIP-Chip (“Chip”, microarrays), ChlP-seq
(seq, high-throughput DNA-sequencing) or ChIP-PCR identifies the genomic regions
occupied /n vivo by a DNA-binding protein, thus informing on its direct targets.

A systematic approach of genome-wide measurement of ChlP-based protein-DNA
interactions compared with RNA expression profiling in appropriate mutant lenses has
revealed critical information on the Pax6-controlled transcriptional regulatory network in the
lens. For example, comparative analysis of Pax6-target genomic regions identified in the lens
by ChIP-Chip assays with microarray data on Pax6+/- lenses prioritized 76 Pax6-direct
targets that are validated by reporter assays (Wolf et al., 2009; Xie et al., 2013). The
application of ChIP-seq and formaldehyde-assisted identification of regulatory elements
followed by DNA-seq (FAIRE-seq) to analyze newborn mouse lens chromatin have
extended these findings (Sun et al., 2015a, 2015b). This approach identified three Pax6 c/s-
binding motifs that reflect binding through its paired domain, homeodomain, or a combined
use of both domains in the lens /n vivo (Sun et al., 2015Db).

While several approaches identify open chromatin structure, application of FAIRE-seq
identifies nucleosome-free regions that potentially support TF-binding, and therefore can
identify regulatory c/s-regions (Giresi et al., 2007). Thus, FAIRE-seg-mapped regions,
combined with post-translational histone modification and RNA Polymerase Il occupancy
data, provide insights into the extent of transcription of specific loci and the TFs involved in
their regulation /n vivo. Indeed, FAIRE-seq demonstrated that while Cryaais the most
highly-expressed gene in AEL, Hsf4 is among the highly expressed TFs in lens fibers (Sun
etal., 2015a).
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These experiments have been challenging because of the large volume of lens tissue
required. The recent molecular characterization of mouse lens epithelial cell lines (Terrell et
al., 2015) and the establishment of protocols for iPSc-based derivation of lens cells (Anchan
etal., 2014; Yang et al., 2010) may facilitate their use in ChIP assays, addressing this
problem. Modified assays such as “recovery via protection” (RP)-ChlP-seq and favored
amplification RP-ChIP-seq, have recently been developed to capture low-abundance
chromatin from a single lens, or from a few hundred cells (~500) (Zheng et al., 2015).
Because these assays work on single lens tissues, their potential application to embryonic
lens tissue now offers new opportunities to investigate epigenetic regulation in early lens
development.

Analogous to identifying lens cis-regulatory targets of DNA-binding proteins, the recent
identification of RBPs Tdrd7 and Caprin2 in lens development (Dash et al., 2015; Lachke et
al., 2011) has initiated the application of assays that identify protein-RNA targets. RIP and
CLIP assays combined with microarrays or RNA-seq allow genome-wide analysis of RBP-
RNA interactions (Jain et al., 2011; Koénig et al., 2011; Li et al., 2015; Milek et al., 2012;
Modic et al., 2013; Re et al., 2014). RIP analysis on the lens epithelial cell line 21IEM15
identified Hspbl (Hsp27) among Tdrd7-RNA targets (Lachke et al., 2011). As new lens
RBPs are identified, performing these assays on genome-level on lens tissue will be
necessary. Together, these approaches will identify the direct transcriptional and post-
transcriptional regulator-target interactions in lens development.

4. Future of lens research: toward lens systems biology

Mammalian lens morphogenesis involves complex molecular and embryonic events,
including coordinate interactions with the developing retina and cornea (Cvekl and Ashery-
Padan, 2014; Donner et al., 2006). Defects in these processes cause structural birth defects —
including congenital cataract and Peters anomaly, among others — that can be inherited as a
primary defect or as part of syndromes. Identification of cataract-linked genes has been
challenging. For example, the majority of ~30 genes associated with isolated (non-
syndromic) human congenital cataracts were identified over a 20-year period (Shiels et al.,
2010; Shiels and Hejtmancik, 2013). Besides studies on animal models such as chicken,
Xenopus and zebrafish, eye gene discovery has advanced by characterization of mouse
ocular mutants in forward-genetics screens or targeted deletions and mapping of human
inherited cataracts. However, these approaches face a common challenge - that of
prioritization of candidate genes, namely in the mapped genomic regions, which persists
even in this age of exome-sequencing, because it is not straightforward to recognize the
causative mutation among the many variants identified in the proband. Furthermore,
identification of several important genes in eye development has benefitted from their initial
characterization in Drosophila, which is not always feasible (Charlton-Perkins et al., 2011,
Gehring, 2014; Wawersik and Maas, 2000). Thus, new approaches to expedite eye gene
discovery are necessary. Toward this objective, we had hypothesized in the past that
comprehensive gene expression analysis of eye development will yield key information for
identifying ocular disease-associated genes (Lachke and Maas, 2010). In the following
sections, we review the progress so far toward this goal and propose future directions to
achieve a comprehensive systems-level understanding of the lens.
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4.1 iSyTE: integrated Systems Tool for Eye gene discovery

A few years ago, we and others recognized that genome-wide expression profiling holds the
potential to impact gene discovery in lens development and disease, and therefore generated
microarray data on mouse and human lenses in both normal and cataract conditions
(Chauhan et al., 2002a, 2002b; Hawse et al., 2005, 2004, 2003; Ivanov et al., 2005; Lachke
etal., 2012b, 2011; Lachke and Maas, 2010; Xiao et al., 2006). Besides these efforts, high-
throughput expression profiling was performed on lenses in other animal models (Chauss et
al., 2014; Sousounis et al., 2015, 2013). However, the strength of high-throughput
expression profiling — providing genome-wide data — perhaps poses its greatest challenge,
because these approaches identify thousands of transcripts that are scored as “expressed”.
Thus, it is challenging to identify the select genes that are important for morphogenesis and
homeostasis of a specific tissue, and are associated with developmental defects. Further,
gene expression analyses are comparative and are effective when an appropriate reference is
available (Control vs. Treatment). However, in normal developing tissue, comparisons are
challenging as there is no obvious “control” dataset.

To address these challenges through generation of developmental cell/tissue-enriched
expression profiles, a strategy termed “whole-embryo body (WB) /in silico subtraction” was
applied to develop a resource-tool called /Sy TE (http://bioinformatics.udel.edu/Research/
iISYyTE) (Lachke et al., 2012b). The underlying principle is tissue-enrichment (and not just
tissue-expression) may reflect importance. The enrichment strategy is based on the
identification of transcripts with significantly high molar concentrations in a cell/tissue of
interest, as compared to WB. This strategy is advantageous because it identifies transcripts
that may not necessarily have high absolute expression, but yet have high enrichment in a
tissue. This is because transcripts with low absolute expression in a tissue can still have high
molar concentration in that tissue compared to WB and can therefore be scored as “tissue-
enriched”. Thus, Pax6 mRNA, which is expressed at significantly lower absolute levels than
housekeeping genes, but nevertheless is highly lens-enriched (high molar concentration in
lens compared to WB), and therefore effectively identified as a high-priority candidate,
while housekeeping genes are not (as they are constitutively expressed and not lens-
enriched).

Because /Sy TE in silico subtraction makes no a priori assumptions on candidate genes and is
based solely on their lens-enrichment scores, it can provide unprecedented insights into lens
biology. This is appreciated from the following example. /Sy 7E identified two new lens
RBPs Tdrd7 and Caprin2, thereby driving post-transcriptional regulation studies in lens
development (Dash et al., 2015; Lachke et al., 2011; Lachke and Maas, 2011). These
findings are significant also because although the human genome encodes ~1500 RBPs, few
are directly linked to developmental disorders (Neelamraju et al., 2015).

Within the past four years /Sy TE has facilitated the identification and characterization of
several new genes encoding TFs, RBPs, cell adhesion proteins, and selenoproteins
associated with cataract or lens defects ( 7drd7, Pvrl3, Sep15, MafG, MafK) (Agrawal et al.,
2015; Dash et al., 2015; Kasaikina et al., 2011; Lachke et al., 2012a, 2012b, 2011) and has
contributed to the understanding of many other important regulatory pathways in the lens
(e.g. Sipl (Zeb2), CBP, p300, Prox1, etc.) (Audette et al., 2016; Manthey et al., 2014a; Wolf
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et al., 2013b). Further, it has impacted the characterization of lens cell lines (Terrell et al.,
2015) and establishment of protocols for processing lens microarray and RNA-seq data
(Anand et al., 2015; Manthey et al., 2014b).

In addition to directly predicting cataract-linked genes, /Sy 7TE has provided fundamental
biological insights into challenging clinical eye-related cases wherein the causative mutation
was elusive. Even with deep-sequencing, identifying the causative mutation is tricky,
especially if the mutation is non-exonic. Thus, such analysis benefits from additional
biological insights through /Sy TE. Indeed, several studies have successfully applied iSyTE
in their investigations of eye and lens defects in human patients, namely for: 1) prioritization
of novel candidate genes for pediatric cataract (Aldahmesh et al., 2012); 2) prioritization of
promising candidates for anophthalmia and microphthalmia (Schilter et al., 2013); 3) linking
ADAMTS18in ocular syndrome in microcornea and myopia (Aldahmesh et al., 2013), 4)
linking S7.X3to congenital cataract (Chograni et al., 2014), and 5) identifying ASPH
mutations that are associated with Traboulsi syndrome with ocular lens dislocation (Patel et
al., 2014). Further, in 2012 /Sy TE correctly predicted S/PA1/3as a cataract-linked gene (Fig.
2) (Lachke et al., 2012b), which was recently confirmed by two groups who independently
described S/PA1/3 mutations or deficiency to cause cataracts in human, zebrafish and mouse
(Evers et al., 2015; Greenlees et al., 2015). Thus, the first version of /Sy 7E has strongly
impacted lens and cataract research.

4.2 Integration of new high-throughput lens expression data

Although effective in lens gene discovery, iSyTE’s first version is based on only three mouse
embryonic-stage lens microarray datasets. However, there is a wealth of lens whole-genome
expression data from wild-type and gene-deletion mouse mutants over a range of stages that
can be integrated into /Sy TE to increase its efficacy. Presently, mouse lens microarray data is
available on various wild-type embryonic and postnatal stages (E9.5, E10.5, E11.5, E12.5,
E15.5, E16.5, E17.5, E19.5, PO, P2, P4, P8, P12, P20, P28, P30, P42, P52, P56, P60) on
Affymetrix 430 2.0 and Illumina mouse WG6 chips. Further, mouse lens RNA-seq data is
available on stages E13.5, E15, E15.5, E18, PO, P3, P6 and P9 (Audette et al., 2016; Hoang
et al., 2014; Khan et al., 2016, 2015; Manthey et al., 2014a; Sun et al., 2015a, 2015b).
Moreover, RNA-seq data is available from newborn mouse isolated lens epithelium and fiber
cells (Hoang et al., 2014; Sun et al., 2015a, 2015b). RNA-seq data has also been generated
from distinct cellular regions of the E13 chicken lens, such as the central epithelium,
equatorial epithelium, cortical fiber cells, and central fiber cells (Chauss et al., 2014).
Furthermore, microarray or RNA-seq data on the following mouse mutants with lens defects
are available for distinct stages (in parenthesis): CBF, p300 (E9.5, E10.5), Pax6 (E9.5,
E10.25), Prox1 (E13.5), Zeb2/Sip1 (E15.5), Brgl (E15.5), Notch2 (E19.5), Hsf4 (PO),
E2f123(E17.5, PO), Foxe3 (P2; overexpression mutant), Sparc (P28; lens epithelium), 7drd7
(P4, P30) and Mafyg/k (P60).

All the above data can be processed by /n silico subtraction using WB reference datasets on
appropriate platforms for identifying lens-enriched genes in embryonic, early postnatal and
adult stages. This will generate a comprehensive lens-expression database whose application
to analyze genome-wide expression perturbation data from regulator mutants will prioritize
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targets and provide insights into the stage-specific dynamics of such interactions (Fig. 3). It
will also identify targets shared between a new regulator and known regulators. New
sequence alignment tools to reduce false positives among lens RNA-seq-identified DEGs
will be useful in this analysis (Kumar et al., 2015). Finally, lens-enriched expression data
can be analyzed in the context of ChIP data for Pax6 (Sun et al., 2015b; Xie et al., 2013) or
other lens chromatin data (Sun et al., 2015a; Wolf et al., 2013b) for prioritizing lens-linked
candidates.

4.3 Derivation of “core” lens GRNs

In addition to expression data, our knowledge of lens development still largely derives from
conventional — but effective — application of molecular genetics, published as peer-reviewed
research, the advantage of which is the data are experimentally validated. To extract
biologically-relevant information from microarrays or RNA-seq, it is necessary to assemble
the wealth of experimentally-validated knowledge as a systems-friendly platform. Single
gene perturbation-derived regulatory data-points, currently present in the published literature
with limited connectivity, hold the potential for such a representation (Djordjevic et al.,
2014; O’Connell et al., 2012). The potential connectivity in isolated lens molecular data, if
analyzed, assembled, and processed by an algorithm effectively, can lead to the development
of evidence-based “core” developmental GRNs (Djordjevic et al., 2014; Lachke and Maas,
2010; O’Connell et al., 2012). Similar approaches have generated evidence-based GRNSs in
tooth and heart development (Djordjevic et al., 2014; O’Connell et al., 2012). Thus, such
evidence-based core lens developmental GRNs can be assembled by essentially converting
molecular biology datainto systems-level representation.

In such GRNSs, the nodes (factors such as protein, RNA) and their edges (nature of the
connection/relationship with other nodes, e.g. DNA-binding protein directly binding to
target genomic region) are purely based on experimental evidences from lens, and therefore
provide a strong foundation to further expand the network using other informational
datasets. Thus, application of protein-protein, protein-DNA and protein-RNA interaction
data (e.g. Human protein interactome, BIND, REACTOME, etc.) (Rolland et al., 2014) can
expand the core lens GRN. Such new expanded relationships can be analyzed with /SyTE
lens expression, which will serve to filter the predicted edges that are irrelevant to lens tissue
(e.g. a new protein-protein edge that was predicted based on their interactions in a different
tissue, but the newly predicted target protein is found to be absent in the lens), and retain the
predicted edges that are potentially significant (e.g. a new protein-protein edge in which the
newly predicted target protein exhibits lens expression or enriched-expression). Thus, this
integrative approach can be applied to “grow” the core lens GRNs.

This approach is illustrated by the expansion of a lens sub-network for Six3. Experimental
evidence indicates that Six3 deficiency causes reduced expression of Pax6 and Sox2 in the
surface ectoderm between E9.0-9.5, and in the reduced expression of Foxe3, Sfrp2 and
Prox1 in the lens at E10.5 (Fig. 4A). This basic Six3 lens sub-network can be “grown” by
incorporating protein-protein interaction data (Fig. 4B), which predicts new candidates
linked to the targets that are affected in the Six3 mutant lens. Overlaying /Sy 7E lens-
expression further strengthens these predictions by retaining candidates expressed in the lens
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(Fig. 4C). Because lens-enrichment is indicative of function in the lens, overlaying /SyTE
lens-enrichment serves to further refine candidates as “high-priority” in the lens (Fig. 4D).
Because Six3 is AEL-enriched in later stages, isolated lens epithelium data can be applied
(Fig. 4C, D). This prioritizes several nodes (e.g. Pou2fl (Octl), Mafg, Eyal) that offer new
insights into the pathobiology of the Six3-mutant lens defect (Fig. 4). This approach
demonstrates that integration of core lens GRNs and /Sy TE lens expression can predict new
nodes for future experimental validation. Other datasets such as DNA-binding motif data
from UniPROBE (Hume et al., 2015) can be applied for further predictions. The Six3 case-
study suggests that a comprehensive core lens GRN will present greater opportunities for
new predictions in the context of established knowledge in lens biology.

4.4 Deciphering cross-talks between lens GRNs and other eye tissue networks

Coordinate interactions between distinct ocular tissues influence their morphogenesis. For
example, Bmp4, Raldh2, Hes1, Lhx2, Mab2112 and Rx activities in the optic vesicle are
necessary for lens development (Cvekl and Ashery-Padan, 2014; Lachke and Maas, 2010),
while the lens is necessary for proper retinal placement (Ashery-Padan et al., 2000). At an
earlier stage in chicken, the pre-lens ectoderm is required for optic cup morphogenesis (Hyer
et al., 2003). Chicken studies also suggest that lens ectoderm-derived Bmp activity specifies
retinal cells (Pandit et al., 2015). Further, Dr. David Beebe’s findings indicate that the lens is
necessary for organizing the anterior segment through control of corneal endothelium
(Beebe and Coats, 2000). These data were reinforced by an /n situ screen that additionally
showed lens-based induction of iris and ciliary body-expressed factors (Thut et al., 2001).
Application of lens GRN approaches can derive other eye tissue-GRNSs, contributing to the
“oculome” (Lachke and Maas, 2010), whose spatiotemporal analysis will unravel the
molecular interplay that coordinates ocular morphogenesis. Dr. David Beebe’s group has
already contributed toward this goal by generating isolated optic cup and lens placode
microarrays on wild-type and various gene-targeted mice (Dr. Beebe, personal
communication).

4.5 An integrative approach to investigate lens molecular defects

RNA-seq and microarrays are increasingly applied to identify DEGs underlying lens defects.
However, it is important to identify functional relationships between the identified DEGs
and prioritize those candidates that are relevant to the observed phenotype. This can be
addressed by the following analytical workflow: data normalization and quality-control to
identify DEGs, followed by functional pathway annotation, and filtering with tissue-specific
molecular profiling data (e.g. /SyTE). Such an integrative workflow can connect DEGs into
interacting nodes, the edges between which can represent features such as protein-protein
interaction, co-expression, and presence of cis-regulatory motifs, as explained below (Fig.
3). Application of commercial pathway analysis software or public tools such as DAVID
(Database for Annotation, Visualization and Integrated Discovery) (Huang et al., 2009) can
identify functionally clustered candidates among DEGs. Thereafter, functional gene
ontology enrichment can be enhanced by expanding the relationships of DEGs by overlaying
publically available protein-protein (Rolland et al., 2014) and protein-DNA (Hume et al.,
2015), protein-RNA interaction data (Hashemikhabir et al., 2015), along with /Sy TE lens
expression and evidence-based data. This approach recently applied to microarray-identified
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DEGs in Mafg—/-:MafKk+/—mouse lenses led to the derivation of a small Maf regulatory
sub-network that primarily regulates non-crystallin genes linked to cataract (Agrawal et al.,
2015; Anand et al., 2015). Thus, integrative analysis of mutant lens-derived genome-wide
expression data can provide significant insights into the molecular pathology of cataracts.

5. Lens systems biology as a paradigm for eye disease gene discovery

Systems biology of the lens has initiated derivation of its developmental GRNs (Cvekl and
Ashery-Padan, 2014; Lachke and Maas, 2010) and the web-based resource-tool /SyTE
(Lachke et al., 2012b). Presently, /Sy TE focuses on only one eye component, the lens, and
thus is limited to a single eye disease, cataract. The /Sy TE approach can be extended to other
ocular tissues by: (1) integrating a//available gene expression datasets on retinal, corneal
and other eye tissue, (2) assembling a database for comprehensive evidence-based GRNs for
these tissues, and (3) developing an eye-specific user-friendly web interface. Presently, there
is a wealth of microarray and RNA-Seq data on several eye tissues. Similar to lens /Sy TE,
WB-subtraction can be performed for existing retina and cornea expression datasets. In
addition to their application to advance ocular development, these eye tissue-specific
knowledge-maps will be effective for the interpretation of patient whole genome/exome
sequencing data for ocular disorders such as retinitis pigmentosa and cone-rod dystrophy,
among others.

Other systems approaches have also impacted ocular gene discovery. In particular, ChlP-seq
on the photoreceptor TF CRX has led to a novel strategy to rank photoreceptor-disease gene
candidates based on CRX c/s-binding sites abundance. This approach termed c/s-regulatory
mapping, combined with patient exome-seq data, identified a new retinitis pigmentosa-
linked gene (Ozgdl et al., 2011). ChIP-seq data on Pax6 and other lens TFs, and its
application for c/s-regulatory mapping (similar to CRX), combined with /Sy TE enrichment-
scores, will further expedite gene-discovery in the lens.

6. Conclusion

In the past, the lens has served as a paradigm for tissue induction, cellular differentiation,
transcriptional gene expression control, and structural protein biochemistry. Systems biology
of lens development can similarly serve as a model for defining comprehensive GRNs in
ocular morphogenesis. In 2010, we proposed that a systems-level understanding of the lens
can impact cataract gene discovery, and if this approach is extended to the eye, can lead to
the “developmental oculome” (Lachke and Maas, 2010). In the past 5 years, applications of
systems-level approaches to investigate lens and eye biology have significantly increased,
and have led to the development of a web resource-tool /Sy TE (Lachke et al., 2012b).
Application of /Sy TE, in turn, has identified several new cataract-linked genes and
contributed to the characterization of lens defects in mouse mutants. Further, /Sy TE-
mediated gene discoveries have established the lens as a model for RBP-mediated post-
transcriptional control in eye development.

The advent of CRISPR/Cas9 present new opportunities for gene deletion in animal models
(Peng et al., 2015; Shalem et al., 2015; Singh et al., 2015), which, combined with iSyTE-
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based information, can accelerate eye disease discovery. The resulting new functional data,
in combination with known evidence-based lens/eye GRNs, will allow an effective analysis
of molecular data on lens/eye morphogenesis at the systems-level. Further, these resources,
in combination with patient-exome-seq, will allow physician-scientists to identify new genes
that impact lens/eye diseases. Thus, these approaches will provide a comprehensive picture
of the genetic circuitry involved in the spatiotemporal control of the lens/eye proteome,
which is central to understanding of lens/eye biology and pathology. This is best appreciated
from the following example. Recent studies reported sterol compounds to reverse lens
protein aggregation and reduce cataracts in animal models (Makley et al., 2015; Zhao et al.,
2015). The focus on sterols was initiated by lanosterol synthase gene mutations that cause
inherited cataracts in human and rat (Mori et al., 2006; Zhao et al., 2015). Thus, it is
important to investigate the molecular basis of these cataracts, regulation of the lens sterol
pathway, and the mechanism of sterol-based intervention (Hejtmancik, 2015; Quinlan,
2015). Toward this goal and supporting these findings, an integrative approach-based
molecular characterization of Mafg—/—:Mafk+/—mice independently identified mis-
regulation of sterol pathway genes in mutant lenses that develop early-onset age-related
cataracts (Agrawal et al., 2015; Anand et al., 2015). Because their lens-crystallin levels are
largely normal, these animals represent a new model for investigating the pathological
mechanism of non-crystallin proteins, namely, sterol pathway mis-regulation, in early-onset
age-related cataracts. Thus, the integrative approaches outlined here, while expanding the
basic biology of the lens, can provide novel insights into regulation of pathways that are
potential targets of new therapeutic strategies for cataract.
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. ISy TE (integrated Systems Tool for Eye gene discovery) is a user friendly

web tool

. Application of /Sy TE has expedited lens developmental and cataract gene
discovery

. Microarray and RNA-seq gene expression data for several lens stages are now
available

. Integration of expression, molecular interaction, ChIP data will allow GRN
assembly

. ISYTE in silico subtraction approach can be extended to retina and cornea
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Figure 1. Systems-level approaches to study lens biology

Information from genomics, epigenomics, transcriptomics, proteomics, metabolomics
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approaches are already being applied to study lens biology. Integration of these various high-
throughput data will require the development of a web-based community resource. Such a
resource will enable the derivation, visualization, and analysis of the spatio-temporal gene

regulatory networks associated with lens development and homeostasis.
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iSyTE: integrated Systems Tool for Eye gene discovery
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Figure 2. iSyTE predicts SIPA1I3 as a cataract gene
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ISy TE predicts S/PA1/3as high-priority candidate gene in the lens among a 5Mb interval on
human chromosome 19. Also see: (Lachke et al. 2012b). The color gradation in the inset
offers an estimate of enriched expression of the genes in mouse lens tissue at embryonic day

(E)10.5, E11.5 and E12.5. 5/PA1/3is among the top 1% of lens-enriched genes. This
prediction was independently proven by two groups that recently reported S/IPA1/3
mutations in human congenital cataract (Evers et al. 2015, Greenlees et al. 2015).
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Figure 3. An integrated approach flow chart to analyze lens transcriptomics data
High-throughput lens expression and functional data analysis involves distinct steps. The

lens transcriptomics data (RNA-seq and microarray) and ChlP data requires data
preprocessing steps (normalization and quality control), identification of differentially
expressed genes (DEGs) and network analysis. Candidate gene prioritization of DEGs
includes functional pathway analysis (functional annotation clustering by DAVID tool and
KEGG pathway analysis) and relevance to the lens (iSyTE-analysis). Development of new
hypotheses requires integration of knowledge within various publically available informative
resources such as protein-protein interactions databases, derivation of co-expression
networks (high-throughput expression data of normal lens development), computational
prediction of TF-binding motifs (UniPROBE data) and published lens-literature
(experimentally validated molecular evidence-based data). This integrative analysis
approach of high-throughput gene expression data from wild-type and mutant lens tissue
from targeted gene deletion experiments will facilitate prioritization of candidate genes and
pathways in the lens.
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Integrated network analysis to identify lens-specific Six3 interacting candidates. (A) Six3
lens perturbation data from published literature (evidence-based). (B) Expansion of Six3
evidence-based network using human protein-protein interaction (PPI) data for SIX3 to
identify its immediate interacting partners (nodes). (C) Overlay of /Sy TE expression data
from E10.5 mouse lens tissue and P28 mouse lens isolated epithelium tissue on SIX3 PPI
nodes, allowing the identification of high-priority lens relevant candidate nodes. (D) Overlay
of iSyTE enriched expression data from E10.5 mouse lens tissue and P28 mouse lens
isolated epithelium tissue on SIX3 PPI nodes, further refining the identification of high-
priority candidates.
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