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ABSTRACT

Although successful in identifying new cataract-
linked genes, the previous version of the database
iSYyTE (integrated Systems Tool for Eye gene dis-
covery) was based on expression information on
just three mouse lens stages and was function-
ally limited to visualization by only UCSC-Genome
Browser tracks. To increase its efficacy, here we
provide an enhanced iSyTE version 2.0 (URL: http:
/lresearch.bioinformatics.udel.edu/iSyTE) based on
well-curated, comprehensive genome-level lens ex-
pression data as a one-stop portal for the effective
visualization and analysis of candidate genes in lens
development and disease. iSyTE 2.0 includes all pub-
licly available lens Affymetrix and lllumina microar-
ray datasets representing a broad range of embry-
onic and postnatal stages from wild-type and spe-
cific gene-perturbation mouse mutants with eye de-
fects. Further, we developed a new user-friendly web
interface for direct access and cogent visualization
of the curated expression data, which supports con-
venient searches and a range of downstream anal-
yses. The utility of these new iSyTE 2.0 features is
illustrated through examples of established genes
associated with lens development and pathobiology,
which serve as tutorials for its application by the end-
user. iSyTE 2.0 will facilitate the prioritization of eye
development and disease-linked candidate genes in
studies involving transcriptomics or next-generation
sequencing data, linkage analysis and GWAS ap-
proaches.

INTRODUCTION

While the identification of genes linked to eye development
and its associated defects remains a challenge, the appli-
cation of genome-level transcript profiling technologies to
molecularly investigate specific eye tissues and cell-types
promises to expedite this process (1,2). Nevertheless, high-
throughput expression profiling brings yet new challenges,
namely the analysis, compilation, access and visualization
of the large amounts of data for prioritizing promising can-
didates for deeper analysis. We have previously addressed
these challenges by developing a strategy termed ‘whole-
embryo body (WB) in silico subtraction’ for prioritization
of ocular disease genes and making this resource pub-
licly accessible through a web-tool called iSyTE (integrated
Systems Tool for Eye gene discovery) (1). Indeed, in silico
subtraction has proven effective to prioritize genes in non-
ocular tissues as well (3).

Development of the ocular lens is well characterized in
various vertebrate model systems and discussed in detail
elsewhere (4-6). Briefly, mouse lens development initiates
when the optic vesicle interacts with the surface ectoderm
and induces it to form the lens placode. The lens pla-
code invaginates to form the lens pit that closes to form
the lens vesicle. In subsequent stages, the posterior cells
of the lens vesicle elongate and differentiate into primary
fiber cells while the anterior cells form the lens epithelium.
Throughout life, cells of the epithelium exit the cell cycle
at the lens equator and differentiate into secondary fiber
cells, which undergo terminal differentiation involving or-
ganelle degradation and expression of refractive proteins
to form a transparent tissue. Over the past five years, the
unbiased nature of the iSyTE prediction tool has led to
new insights into fundamental regulatory mechanisms in
ocular lens development and into the pathobiology of its
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associated disease, cataract. Significantly, iSyTE’s applica-
tion has led to the identification of the post-transcriptional
regulatory factor TDRD7 that is necessary for lens devel-
opment in human, mouse and chicken (7)—a finding that
opened up the investigation of RNA-binding protein medi-
ated post-transcriptional control in lens development and
cataract (8). Moreover, iSyTE has led to the identification
and characterization of several other lens development and
homeostasis genes including those encoding transcription
factors (TFs) (Mafg, Mafk), cell adhesion proteins (Pvri3)
and selenoproteins (Sepl5) that are associated with eye
and/or lens defects (9-11), and has facilitated the analy-
sis of several lens regulatory pathways (e.g. Criml, Proxl,
Sipl (Zeb2), etc.) (12-15). In addition to impacting these
eye development studies, iSyTE has expedited gene dis-
covery in human cataract. For example, based on analysis
of cataract-associated mapped intervals, iSyTE suggested
that SIPA1L3 is linked to congenital cataracts in human
(1). This prediction was subsequently validated by multi-
ple reports that described SIPA1L3 mutations/deficiency to
cause lens defects or cataract in human, mouse, frog and fish
(16-18). Additionally, iSyTE prioritized several novel can-
didate genes for pediatric cataract (CYP51A1, GEMIN4,
RICI, TAFIA, TAPTI, WDRS87) (19,20) and has provided
supportive evidence in linking STX3 to congenital cataract
(21). Furthermore, it has impacted the association of the
causative genes in other human ocular disorders that con-
cern the lens, including linking 4 DAMTS18 to microcornea
and myopia and ASPH to Traboulsi syndrome (22,23).
While valuable, iSyTE’s previous version is limited to just
three mouse lens developmental datasets and has limited ca-
pacity for data visualization, which is mainly restricted to
lens-enrichment tracks in the UCSC (University of Califor-
nia Santa Cruz) Genome Browser (1). Presently, the eye re-
search community has generated ~140 microarray datasets
on wild-type mouse lenses at various stages and on lens
tissue from specific gene-perturbation mouse mutants that
exhibit lens defects or cataract (2). The enormous poten-
tial of this data presently lies untapped in public databases
such as GEO (Gene Expression Omnibus) and ArrayEx-
press (24,25). This is mainly because as currently deposited,
the datasets are in the form of minimally processed (or un-
processed) files that need to be analyzed by the end-user to
extract useful information. Further, there is no available re-
source that facilitates the analysis of new candidate gene(s)
in the comprehensive context of all the existing wild-type
or mutant lens expression data. Thus, to enhance iSyTE, as
well as to make these under-utilized data effectively avail-
able to the research community, in this report we analyzed
all the lens microarray gene expression datasets that have
been generated using standard Affymetrix and Illumina
platforms. We noted that the publicly available data was pre-
dominantly representative of mouse embryonic, early post-
natal or adult stages, but largely lacking in mid-postnatal
to two-month old adult stages. Therefore, we generated
five new wild-type mouse lens microarray datasets to ad-
dress this deficit. Moreover, to facilitate in silico subtrac-
tion analyses for determining lens-enriched genes from Illu-
mina datasets, we generated new microarray data for mouse
whole-embryo body (WB) on the Illumina WG-6 platform.
Additionally, we developed a new iSyTE web interface that

allows direct access and clear visualization of these thor-
oughly processed datasets while also facilitating a range of
downstream analyses. We demonstrate the utility of the ex-
panded iSyTE 2.0 database to identify and analyze genes
and pathways associated with lens biology/pathobiology.

MATERIALS AND METHODS
Generation of new microarray datasets for iSyTE 2.0

Mice were housed at University of Delaware animal facility
and animal experiments, approved by the Institutional An-
imal Care and Use Committee (IACUC), were performed
following the guidelines in the Association of Research in
Vision and Ophthalmology (ARVO) statement for the use of
animals in ophthalmic and vision research. Wild-type ICR
mice (Taconic) were used for generating new lens and WB
microarray expression datasets (Supplementary Table S1).
Four mouse lenses were used for each biological replicate
and microarrays were performed on total RNA isolated us-
ing the RNeasy Mini Kit (Qiagen) at postnatal (P) stages
P8, P12, P20, P42 and P52. Total RNA from mouse E10.5,
E11.5and E12.5 WB tissue (minus eyes) in equimolar ratios
was used for generating the WB microarray dataset. Previ-
ously, we showed that WB datasets at different developmen-
tal stages are similarly proficient in the ‘subtraction’ process
for identifying tissue-enriched genes (1). Therefore, to keep
the comparisons uniform, we have used the above WB ref-
erence dataset for the subtraction of the lens datasets. Mi-
croarrays were performed on BeadChip MouseWG-6 v2.0
Expression arrays (Illumina) following described methods
(26).

Microarray data analysis and implementation of iSyTE 2.0
database and web interface

Mouse lens microarray datasets at various stages were ob-
tained from NCBI GEO database or generated new in
this study (Supplementary Table S1) (1,7,9,12,27-33). These
data on normal or specific gene-perturbation mouse lenses
are on four different microarray platforms: Affymetrix 430
2.0; Affymetrix 430A 2.0; Illumina MouseWG-6 v1.0; II-
lumina MouseWG-6 v2.0. Data preprocessing and analy-
ses were performed using the ‘R’ statistical environment
with ‘affy’ and ‘lumi’ packages for the Affymetrix and Illu-
mina microarray platforms, respectively. Principal compo-
nent analysis (PCA) was performed for determining con-
sensus between biological replicates. The outlying microar-
ray samples were removed during data pre-processing as
previously established (34). For Affymetrix, the datasets
were imported, background corrected and normalized by
‘rma’ (Robust Multichip Average) algorithm using the
‘affy’ package. Batch effects were corrected using empir-
ical Bayesian framework implemented as ‘ComBat’ func-
tion in Surrogate Variable Analysis package. Probes with
a significant ‘mas5’ detection P-value (<0.05) in less than
three samples were filtered out. If multiple probe sets rep-
resented a single gene, the probe set with the highest me-
dian expression across all lens samples was used to represent
its expression. Probes were annotated using latest annota-
tions from ‘mouse4302.db’ package. For Illumina, datasets
were imported, background corrected and normalized by
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the built-in ‘rankinvariant’ method using the ‘lumi’ pack-
age. Absent or low expressed probes were removed using
the ‘detectionCall’ function of ‘lumi’ package such that only
probes that were detected in at least two samples were re-
tained for downstream analysis. If multiple probes repre-
sented one gene, the probe with the highest median expres-
sion across samples was used to represent it. Differential
gene expression for mutants or lens-enrichment of genes by
in silico WB-subtraction was estimated using ‘limma’ pack-
age using default parameters as described (1,26). Final out-
put files, specific to microarray platform, were generated us-
ing ‘write.fit’ function implemented in ‘limma’. The iSyTE
2.0 database is implemented using MariaDB (version: 5.5.3)
to support data retrieval and visualization. Processed data
was uploaded to the database using custom scripts and the
web-interface was built on LAMP (Linux, Apache, MySQL
(now MariaDB), PHP) stack. The data is retrieved from
MariaDB database through AJAX and presented to the
user via DataTables jQuery plug-in. Color-coding of table
is achieved using a custom heatmaps javascript, with styling
by CSS (Cascading Style Sheet). The utility of the web in-
terface is explained in detail in the ‘Results’ section.

Functional annotation clustering and gene regulatory net-
work construction

The top 200 lens-enriched genes were selected from each de-
velopmental stage, as determined by lens versus WB com-
parison, this provided a non-redundant set of 528 lens-
enriched genes from all lens stages on the Affymetrix 430 2.0
platform. These were used for further downstream analyses.
Functional annotation clustering was performed using the
DAVID bioinformatics resource (https://david.ncifcrf.gov/)
with default settings. Expression-based clustering of genes
was done using Self-organizing Tree Algorithm (SOTA)
implemented in ‘ClValid’ package for ‘R’ statistical lan-
guage with default parameters. The SOTA cluster genes
(n = 528) exhibiting dynamic expression patterns across
embryonic and postnatal lens development were investi-
gated as follows. First, TF-binding motifs from the mo-
tif database MotifDb (http://bioconductor.org) for the TFs
Pax6, Maf, Mafb, Mafg, Pitx3, Six6 and Sox1 were searched
in the 2500 bp upstream TSS (transcription start site) of the
528 genes in the eleven SOTA clusters. The presence—and
not enrichment—of TF-binding motifs in the upstream re-
gions was analyzed. TF-binding motifs identified by match-
PMW function in the Biostring package were used for
this analysis. Next, we extracted edges for 528 genes from
(1) STRING Db (http://string-db.org/) with default confi-
dence score (>0.4) and (ii) from a co-expression based net-
work that was generated using weighted correlation net-
work analysis (WGCNA) package in R-statistical language
(35); to generate this lens temporal gene regulatory network
(GRN) we used all available lens perturbation data sets
and followed the recommended protocol of data prepara-
tion and one-step network construction, and exported net-
work to Cytoscape readable format using built-in function
of WGCNA. In the expression-based network, the key pa-
rameter, soft thresholding power (B), for weighted network
construction was optimized to maintain both the scale-free
topology and sufficient node connectivity as recommended
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(35). Finally, an in-house python script was used for com-
bining (i) the STRING interactions (edge score >0.4), (ii)
the weighted correlation network edges (adjacency thresh-
old >0.35) and (iii) the TF motif edges; the resulting inte-
grated lens GRN was visualized using Cytoscape.

RESULTS

Analysis of mouse developmental and mutant lens microar-
rays for iSyTE 2.0

To construct iSyTE 2.0, we analyzed (and processed by
WB-subtraction) all the available mouse lens microar-
ray data generated on standard Affymetrix and Illumina
platforms (Supplementary Table S1). Previously, we gen-
erated WB microarray data for the GeneChip™ Mouse
Genome Affymetrix 430 2.0 platform to facilitate the in
silico subtraction-based computation of lens-enrichment
scores (1). However, there was no WB microarray dataset
available that allows similar processing of lens datasets
on the Illumina microchip. Therefore, we first generated a
new WB microarray dataset on the Illumina MouseWG-
6 v2.0 platform in this study. Armed with WB microar-
ray data for both Affymetrix and Illumina platforms, we
processed lens microarray data from wild-type mouse or
those used as ‘controls’ in studies describing mutant-control
comparisons for investigating gene expression dynamics in
lens development from embryonic through postnatal stages.
We noted that publicly available lens microarray datasets
are primarily on embryonic/early postnatal stages and just
three adult stages. To extend the representation of lens mi-
croarray data between postnatal through 2-month old adult
stages, we generated five new wild-type mouse lens microar-
ray datasets at stages P8, P12, P20, P42 and P52 (Supple-
mentary Table S1, see ‘Materials and Methods’ section).
PCA plots demonstrate that the lens samples form stage-
related clusters i.e. embryonic or postnatal, and are distinct
compared to the WB (Supplementary Figure S1A). This is
also confirmed by correlation plots of the lens datasets that
demonstrate their level of relatedness as a factor of devel-
opmental stage, displaying a varying consensus as would be
expected from related developmental stages i.e. suggesting
high-quality of our data (Supplementary Figure S1B).
Next, these datasets were processed by in silico subtrac-
tion using the WB datasets on the Affymetrix or [llumina
platforms to determine lens-enriched genes. To test the effi-
cacy of WB in silico subtraction in identifying genes that are
functionally associated to lens biology, gene ontology (GO)
associations were examined for the top 500 lens-enriched
genes (lens versus WB comparison) for different stages. In
the gene-set subjected to WB in silico subtraction GO terms
directly related to lens biology such as ‘Lens-development
in camera-type eye’ and ‘Lens fiber cell differentiation’ are
enriched (Supplementary Figure S2A and B). In contrast,
without WB in silico subtraction, the enriched GO terms
were related to housekeeping function (Supplementary Fig-
ure S2A and B). Further, expression of genes linked to hu-
man cases of isolated (non-syndromic) cataract is signifi-
cantly high in the lens compared to WB (Supplementary
Figure S2C and D). This demonstrates the effectiveness of
the WB in silico subtraction analysis to enrich lens-relevant
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genes from different microarray datasets regardless of plat-
form or whether they are from embryonic, early postnatal
or adult stages.

Next, we processed and performed differential gene ex-
pression analysis for all publicly available Illumina and
Affymetrix lens microarray data on mouse mutants that
exhibit lens defects or cataract (Supplementary Table S1).
Specifically, data on the following mouse mutants with var-
ious gene perturbation conditions (germline or conditional
knockout, dominant negative or ectopic overexpression)
were considered: CBP:p300 double knockout at stages E9.5,
E10.5; dominant negative mutant for Brgl at stage E15.5;
transgenic mutant with Cryaa promoter-driven Foxe3 over-
expression in fiber cells at stage P2; Pax6 knockout at stages
E9.5, E10.25, E10.5; E2f1:E2f2:E2f3 triple knockout at
stages E17.5, PO; Notch2 knockout at stage E19.5; Hsf4
knockout at stage PO; Sparc knockout at stage P28 (isolated
lens epithelium); Tdrd7 null at stages P4, P30; K/f4 knock-
out at stages E16.5, P56; Mafg~/~:Mafk™~ compound mu-
tant at P60. The results of these analyses correlate well with
previous findings on gene expression alterations in the var-
ious mutant conditions and are discussed in detail in later
sections.

New iSyTE 2.0 web interface for lens gene expression visual-
ization

To make this comprehensive resource accessible to the re-
search community, we developed a user-friendly web inter-
face (http://research.bioinformatics.udel.edu/iSyTE) that
(1) provides effective visualization of the fully processed mi-
croarray data, and (ii) allows the end-user to perform var-
ious customized downstream analyses. We provide specific
examples below to describe the utility of the iSyTE 2.0 web
interface.

When the database is interrogated for the cataract-linked
gene Tdrd7 using the ‘Mouse mm10’, ‘Normalized Expres-
sion’ in ‘All’ (stages) options, the output heat-map displays
its elevated expression in the lens (Figure 1A-C, see leg-
end for details), which correlates with initiation of fiber cell
differentiation, as has been experimentally established (7).
Further, iSyTE 2.0 offers several downstream analyses op-
tions such as the ‘Filter’ option to select genes based on nor-
malized expression threshold or lens-enrichment cut-off for
user selected lens stages (Figure 1D); the ‘Rank’ option to
allow the ranking of genes in a gene list, on selected lens
stages, based on expression or lens-enrichment (Figure 1D
and E). In a comparison involving multiple stages the ‘rank’
option tool ranks genes based on the specific stage that
shows the highest expression for a candidate gene (among
multiple genes). Further, the ‘GO’ option (Figure 1D) al-
lows GO-based mining of user-provided gene-set by con-
necting with the bioinformatics resource DAVID (Database
for Annotation, Visualization and Integrated Discovery)
(36).

Several genes can be simultaneously interrogated through
the new iSyTE 2.0 web interface. For example, examination
of 10 crystallin genes shows their high expression and en-
richment in the lens (Supplementary Figure S3A and B) and
their developmentally relevant expression patterns. Namely,
Cryaa and Cryab are highly lens-enriched from carly stages

of lens development (Supplementary Figure S3B) as de-
scribed (37-39), while Crybbl and Crygd exhibit progres-
sively high expression and enrichment in later lens develop-
mental stages as previously validated (40,41). Further, the
iISyTE 2.0 also reflects the experimentally established pat-
terns of regulatory genes in lens development. For example,
lens-enriched expression of Foxe3 and Mab21!1 is progres-
sively reduced in the developing whole lens tissue, whereas
Prox1 expression becomes lens-enriched and correlates with
fiber differentiation (Figure 2A). iSyTE 2.0 even captures a
well-established expression switch in the TFs Sox2 and Sox1
(Figure 2A) (42-44) and shows the lens fiber differentiation-
associated upregulation of the genes Bfspl, Bfsp2, EphaZ,
Gja3, Gja8, Hsf4 and Hspbl (Figure 2B), indicating the sen-
sitivity of the database. It should be noted that absolute ex-
pression values of the same genes may be different between
Affymetrix and Illumina platforms which reflects their in-
herent differences in probe sets (45). Users should avoid
direct comparisons, especially in regard to absolute gene
expression values, between the two platforms. Even within
platforms, such comparisons should be limited to data gen-
erated on a specific type of microarray chip. Together, these
findings serve to demonstrate that the integrated microarray
analysis and the web-interface-enabled data visualization of
the iSyTE 2.0 database allows investigation of gene expres-
sion patterns in normal lens development.

Ultility of iSyTE 2.0 for exploring cataract-associated differ-
ential gene expression

The new iSyTE 2.0 web-interface allows the user to in-
vestigate differential gene expression patterns in lenses
from gene-perturbation mouse mutants with lens defects
or cataract. For example, iSyTE 2.0-assisted investigation
of the dominant-negative Brg/ mutant lenses shows that
Bfspl, Fgfrl, Hopxl, Mab21ll, ProxI, Smarcdl, Smarcel
are upregulated and Dnase2b, Jagl, Pitpnm2 are down-
regulated (Figure 2C), as previously described (27). Simi-
larly, analysis of mutant lenses with Cryaa-promoter driven
Foxe3 overexpression in fiber cells demonstrates that Bfsp1,
Casp7, Dnase2b, Gadd45b, Statl, Uox are downregulated
and Ctgf, Jun, Map2kl, Tnfrsf22, Tnfrsf23 are upregulated
(Figure 2C), in agreement with previous findings (28). Fur-
ther, iSyTE 2.0 enables concurrent investigation of multiple
mutant datasets. For example analysis of Notch2 deletion,
Hsf4 deletion, E2f1:E2f2:E2f3 triple deletion and Foxe3
overexpression mouse mutants reveals previously unappre-
ciated differences in mis-expressed genes (Figure 2D). This
example shows that although fiber cell defects may appear
phenotypically similar in different mutants, iSyTE 2.0 anal-
ysis can reveal distinct molecular signatures that may in-
fluence the manifestation of these defects. Further, an op-
tion called ‘Fold change with P-value’ under ‘Select statistic
shown’ allows visualization of fold-change data with statis-
tical significance for Mutant versus Control comparisons.
Thus, iSyTE 2.0 offers an integrated environment for sys-
tematic investigation of multiple candidate genes, simulta-
neously, in several different gene perturbation mouse mu-
tants with lens defects or cataract.
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Figure 1. A new web-interface for iSyTE 2.0 database. (A) The fully analyzed Affymetrix Mouse 430 2.0 and Illumina MouseWG-6 v2.0 gene expression
data from embryonic, postnatal lens development stages can be accessed under the tab ‘Lens Gene Expression’ on the iSyTE 2.0 web interface. For
investigating the expression of candidate gene(s), under ‘Standard’, we developed a search portal called ‘Find expression data for’ where the user submits
the gene query. (B) The query can be analyzed using specific parameters on the right as follows: (i) select the species (Mouse mm10 or Human hgl9
assembly), (ii) select the type of comparison between the choices of (a) normalized expression, (b) lens enrichment and (c) mutant versus control, (iii) select
the statistic appropriate for the comparison (e.g. for ‘lens enrichment’ the statistic choices offered are ‘fold change’, ‘t-stat’ or ‘P-value’) and (iv) selects the
appropriate dataset (e.g. selecting ‘Developmental’ will show all normal lens expression data while selecting ‘Mutants’ will show all mutant lens expression
data in fold-change; selection of specific mutants such as Brgl is also an option), before submitting for analysis. (C) The output for the query gene(s) is
provided as an expression heat-map for different mouse developmental stages. (D) iSyTE 2.0 offers various downstream analysis such as ‘Filter’, ‘Rank’
and ‘GO’ analysis via DAVID on selected genes. (E) In the following example, the ‘Rank’ feature is described. In an investigation of 14 candidate genes
from an ~6 Mb genomic region (chr16:77980000-83979999), iSyTE 2.0 lens expression or enrichment (fold change) correctly ranks the gene MAF as the
top candidate, which is the causative gene linked to human congenital cataract. Additionally, tabs for other analysis/resources such as ‘Co-expression’,
‘Lens-enrichment in UCSC Brower’ and ‘Top Lens-enriched Genes’ are accessible under ‘Lens Gene Expression’.
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Uox =D Sox2 1.01 1.05 164 183

Figure 2. iSyTE 2.0 allows effective visualization of normal and perturbed lens expression data. (A) Expression of lens regulators in different lens stages.
At early lens development stages E10.5 Sox2 is enriched in the lens, but with the commencement of primary fiber cell differentiation at E11.5, it ceases to be
lens-enriched while Sox/ becomes progressively lens-enriched. (B) Fiber differentiation associated genes that get sharply lens-enriched between E12.5 and
E16.5 stages. (C) Differentially expressed genes in the Foxe3 overexpression and the Brg/ dominant-negative mutant lens. (D) Differential gene expression
in Notch2, Hsf4, E2f1: E2f2: E2f3 and the Foxe3 mouse mutant lenses. Note: Hspbl (Hsp27) is markedly downregulated in Hsf4 and Foxe3 mutants but
upregulated in Notch2 and E2f1: E2f2: E2f3 mutants, among other differences in misregulated genes. It is also noteworthy that Foxe3 is 25-fold upregulated
in the Foxe3 overexpression mutant while Hsf4 shows a 44-fold downregulation in the Hsf4 deletion mutant, indicating that iSyTE 2.0 meta-analysis has
worked well.
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Application of iSyTE 2.0 for prioritization of cataract-linked
genes

To effectively apply lens gene expression profiles for
prioritization of candidate genes related to lens biol-
ogy and cataract, several new features are now intro-
duced in iSyTE 2.0. First, lens-enrichment for individ-
ual genes can now be viewed in the context of the
mouse genome GRCm38/mml10 assembly or the human
genome GRCh37/hgl9 assembly using the UCSC Genome
Browser. On the iSyTE 2.0 website, ‘Lens-enrichment on
UCSC Browser’ tab is now provided for direct access to the
UCSC Genome Browser displaying twenty-two iSyTE cus-
tom tracks that show lens-enrichment heat-maps at differ-
ent developmental stages (Figure 3A and B). Additionally,
as described, a new ‘Rank’ feature is provided under the
‘Standard’ tab to order a gene-list (e.g. from patient high-
throughput sequencing data or from a mapped linkage-
interval) by first selecting the lens stage and then ordering
it on lens enrichment t-statistic or fold change (Figure 1E).

The inclusion of multiple lens developmental stages and
the gene-perturbation lens data in the new iSyTE 2.0 in-
creases its utility in prioritization of cataract-linked genes.
This is illustrated by the investigation of three cataract-
linked genes CHMP4B, FYCOI, GCNT2 that were not ef-
fectively identified by the previous iSyTE version (1). We
had predicted that this was due to the limited embryonic
stages (n = 3) on the previous iSyTE, and that these genes
are likely enriched at later stages of lens development (1). In
agreement, the updated iSyTE 2.0 shows that these genes
are indeed lens-enriched at later stages (Supplementary
Figure S4A). Further, these genes exhibit altered expres-
sion in lenses of various gene-perturbation mouse mutants
with cataract (Supplementary Figure S4B). Finally, the
iISyTE 2.0 ‘Rank’ feature shows an improvement of ranks
for all three candidates among the genes present in their
mapped intervals (Supplementary Figure S4C-E). Collec-
tively, these findings highlight the efficacy of the updated
iSyTE 2.0 features for prioritization of cataract-linked can-
didate genes.

Utility of iSyTE 2.0 in identification of lens-signature genes
and regulators

iSyTE 2.0 presents an opportunity to recognize gene expres-
sion data representative of embryonic and/or postnatal lens
stages. To investigate this further, we used platform-specific
datasets to infer embryonic and postnatal lens molecular
signatures. This analysis identified 49 genes broadly segre-
gated into four groups displaying distinct temporal expres-
sion (Supplementary Figure S5). While this lens signature
gene-set includes some expected genes (e.g. crystallins), it
also highlights new candidates for future studies, namely A/
doc, Dhx32, Fabp5, GpreSb, Grifin, Gstml, Hmgn3, Mboatl,
Mocs2, Npl, Ogn, Pgam2, Tmem40 and Zbtb8b.

iSyTE 2.0 for gaining insights into temporal dynamics of lens
gene expression

iSyTE 2.0 can be applied to identify high-priority candi-
dates based on co-expression dynamics across embryonic
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and postnatal lens stages. The web interface offers a ‘Co-
expression’ query feature that allows user to identify the top
candidate genes with an expression pattern similar to a gene
of interest, for example Cryga (Supplementary Figure S6).
Co-expression analysis using iISyTE 2.0 is effective because
the database contains comprehensive lens expression data
across multiple stages. The utility of iSyTE 2.0 in this re-
gard is demonstrated by the following detailed analyses that
reveals biologically relevant information.

Expression-based clustering analysis (SOTA, see ‘Mate-
rials and Methods’ section) on the top 200 lens-enriched
genes in all the Affymetrix lens datasets identifies eleven
gene expression clusters (Figure 4A and Supplementary Ta-
ble S2). The genes considered for this analysis can be viewed
and downloaded using the tab “Top Lens-enriched Genes’
under ‘Lens Gene Expression’. These clusters exhibit dis-
tinct patterns for genes co-regulated in the lens, with peak
expression at stages that correlate to ‘Early lens develop-
ment’ (Cluster 3, 56 genes), ‘Lens vesicle’ (Cluster 4, 20
genes), ‘Primary fiber differentiation’ (Cluster 5, 22 genes;
cluster 10, 8 genes and cluster 11, 12 genes), ‘Secondary
fiber differentiation’ (Cluster 6, 103 genes; cluster 7, 87
genes and cluster 8, 10 genes), ‘Late embryonic’ (Cluster 9,
10 genes), ‘Early postnatal’ (Cluster 2, 62 genes) and ‘Late
postnatal/Adult’ (Cluster 1, 138 genes) (Figure 4A). This
analysis identifies known as well as potential new TFs in the
lens. For example, genes with peak expression at the early
lens development stage include the established genes Paxo,
Mab2111 and Six3 (Figure 4B), while the cluster corre-
sponding to the lens vesicle stage contains Foxe3 and Pitx3.
The primary and secondary fiber differentiation stage clus-
ters contain Mafb, Maf and Sox1, while Mafg and Prox1
are identified in the gene clusters that exhibit peak expres-
sion at the late-embryonic and early postnatal stages. More-
over, this analysis identifies Caszl, Gata3, Hmoxl, Jazf1,
Six6, Zbtb8b, Zfp354b and Zfp385a as new TF candidates
in the lens (Figure 4B). Further investigation reveals the in-
terconnectivity between the candidate genes in these eleven
clusters (Figure 4C; Supplementary Figures S7 and 8). To-
gether, these findings show how iSyTE 2.0 can assist in the
identification of regulatory factors to provide new insights
into lens biology.

CONCLUSION AND FUTURE WORK

This report describes the meta-analysis of all available lens
microarray datasets on two commonly used platforms and
their integration into an updated iSyTE 2.0 database with
a new user-friendly web interface. Further it also describes
how iSyTE 2.0 can be applied to analyze new candidate
genes or gene datasets to gain insights into lens devel-
opment and homeostasis. iSyTE 2.0 is constructed to en-
able visualization and allow comparative analyses of gene
expression data across various mouse developmental lens
stages, while also showing how specific gene perturba-
tions cause alterations in these expression profiles. The new
iSyTE 2.0 interface provides information on lens-expression
(absolute values), lens-enrichment metric (fold-change or t-
statistic), seamless integration with GO resource (DAVID),
functionality to identify co-expressed genes, integrated vi-
sualization through lens-enrichment tracks on the UCSC
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Figure 3. iSyTE 2.0 offers custom tracks to visualize lens-enrichment in UCSC Genome Browser. (A) Application of iSyTE 2.0 tracks for visualizing mouse
gene expression data on the mouse genome GRCm38/mm10 assembly or the human genome (GRCh37/hgl9) assembly in the UCSC Genome browser.
This feature enables the user to visualize lens gene expression information in the broad context of various other informative resources (such as evolutionary
conservation, ENCODE data, etc.) available at the UCSC Genome browser. On the main iSyTE 2.0 website, the tab ‘Lens-enrichment on UCSC Browser’
provides access to the UCSC Genome Browser via ‘“Whole genome track’ or ‘Site-specific track’ (for direct access to specific region of interest), which
display 22 iSyTE custom tracks. (B) iSyTE lens-enrichment tracks provide heat-maps (intense red corresponds to high lens-enrichment) corresponding to
various mouse lens developmental stages for candidate genes, which can be viewed in the mouse genome GRCm38/mm10 assembly or the human genome
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Figure 4. iSyTE 2.0 provides insights into lens expression dynamics. (A) Expression based clustering (SOTA clustering) of the top 200 lens-enriched genes
from mouse stages E10.5, E11.5, E12.5, E16.5, E19.5, PO, P2 and P56 identified eleven clusters, which are classified based on their dynamic expression
patterns and peak expression stage. Clusters are plotted such that X-axis represents normalized expression in SOTA, while Y-axis shows lens development
stages. The red line in each plot depicts mean expression pattern of genes in a specific cluster across different stages. (B) Combined expression dynamics
of TF-genes across all eleven lens development stage clusters (‘Early lens development’ (dark red), ‘Lens vesicle’ (red), ‘Pri. fiber differentiation’ (orange),
‘Sec. fiber differentiation’ (light green), ‘Late embryonic’ (dark green), ‘Early postnatal’ (blue) and ‘Late postnatal/Adult’ (black). TFs that exhibit peak
expression in each cluster are indicated. (C) A combined network of eleven cluster genes (n = 528) derived from WGCNA correlation network (purple
edges), transcription factor binding motif analysis (blue edges) and String DB (gray edges) across the different developmental stages. Node border color
represent specific clusters.
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Browser and differential gene expression profiles for all
publicly available gene-perturbation mouse mutants with
cataract. Importantly, although the microarray data are
generated from different mouse backgrounds and labora-
tory conditions, the overall lens gene expression profiles
from the iSyTE 2.0 meta-analysis correlate well with es-
tablished lens gene expression patterns that are previously
validated by in situ hybridization and immunofluorescence
analysis.

We expect that the new iSyTE 2.0 resource will have a
far-reaching impact on identification of lens development
and disease associated genes. In particular, because iSyTE
2.0 allows the end-user to simultaneously analyze any new
candidate gene data in the context of these comprehen-
sive lens expression data, it would greatly impact prior-
itization of candidates from patient next-gen sequencing
analysis, mapped intervals, and GWAS studies. Indeed, fu-
ture use of iSyTE 2.0 with other resources such as DECI-
PHER (Database of Chromosomal Imbalance and Pheno-
type in Humans using Ensemble Resources; http://decipher.
sanger.ac.uk/) (46)—that provide information on human
copy number variants linked to various phenotypes includ-
ing cataract, as well as the cataract-gene database Cat-Map
(47) can expedite the identification of new cataract-linked
genes. Future iSyTE updates will include RNA-sequencing
and protein data and expression information on other oc-
ular tissues. Finally, iSyTE 2.0 is expected to find broader
utility among developmental biologists and clinical geneti-
cists outside of the eye field by assisting in the identification
of genes that are linked to multiple tissue disorders in syn-
dromic cases that involve the eye.

CITING iSyTE 2.0

The following citation format is suggested when refer-
ring to data obtained from iSyTE 2.0: these data were re-
trieved from iSyTE 2.0 (integrated Systems Tool for Eye
gene discovery, URL: http://research.bioinformatics.udel.
edu/iSyTE). To reference the database, please cite this ar-
ticle.
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