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Abstract
The normal gene expression profiles of the tissues in the eye are a valuable resource for
considering genes likely to be involved with disease processes. We profiled gene expression in ten
ocular tissues from human donor eyes using Affymetrix Human Exon 1.0 ST arrays. Ten different
tissues were obtained from six different individuals and RNA was pooled. The tissues included:
retina, optic nerve head (ONH), optic nerve (ON), ciliary body (CB), trabecular meshwork (TM),
sclera, lens, cornea, choroid/retinal pigment epithelium (RPE) and iris. Expression values were
compared with publically available Expressed Sequence Tag (EST) and RNA-sequencing
resources. Known tissue-specific genes were examined and they demonstrated correspondence of
expression with the representative ocular tissues. The estimated gene and exon level abundances
are available online at the Ocular Tissue Database.

1 INTRODUCTION
The expression profile of genes in healthy ocular tissues is useful to better understand which
genes are important for healthy ocular tissue function. These genes also provide insight to
possible disease processes. A number of variations have been mapped to genes that cause a
range of inherited eye diseases including age-related macular degeneration (AMD),
(Hageman et al., 2005; Haines et al., 2005; Jakobsdottir et al., 2005; Klein et al., 2005)
retinitis pigmentosa (RP), (Hartong et al., 2006; Wright et al., 2010) Leber’s Congential
Amarosis (LCA), (den Hollander et al., 2007; den Hollander et al., 2006; den Hollander et
al., 1999; Dryja et al., 2001) and Bardet-Beidel Syndrome (BBS). (Sheffield, 2010) In
contrast, only a small percentage of the genetic variations causing disorders such as
glaucoma and AMD have been mapped to specific variations in a number of genes. There
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are a number of possible explanations for this, which include: unmapped tissue-specific
transcripts containing novel exons (the MAK (Tucker et al., 2011) gene, for example),
multiple private mutations across multiple different genes between individuals, defects in
the regulation and control mechanisms of gene expression, or the difficulty in identifying the
contribution of variations in multiple genes for multifactorial diseases. There also exist
examples where multiple genes have been implicated to cause a disease; BBS has 15 distinct
genes with disease causing variants, but the genes implicated for BBS have largely
demonstrated a Mendelian pattern of inheritance. A list of retinal disease genes is
maintained by RetNet (https://sph.uth.edu/retnet/). Given both simple and complex patterns
of inheritance, identifying typical expression estimates from the genes and pathways in
healthy ocular tissues may be valuable for identifying the genes involved with ocular
diseases.

As a tool for profiling expression, microarrays have the limitation of probe affinity bias, (Li
and Wong, 2001) but are useful for comparing global transcript expression across multiple
samples. Microarrays are traditionally used to profile expression as a confirmatory resource
and to prioritize candidate disease genes for disease gene mapping studies. We compare our
ocular tissue gene expression data with public data collections, including the EST
sequencing-based data at the NEIBank (Wistow et al., 2008) site (http://neibank.nei.nih.gov/
index.shtml) and RNA-sequencing available from the Sequence Read Archive (http://
www.ncbi.nlm.nih.gov/sra/).

Other studies exist for surveying expression across tissues with EST sequencing (NEIBank),
with microarrays in model organisms (Farkas et al., 2004; Ivanov et al., 2006; Wang et al.,
2007; Yang et al., 2007) and in single tissues with Serial Analysis of Gene Expression
(SAGE).. (Liu et al., 2011; Sharon et al., 2002) Here we report on the expression profiling
from ten human ocular tissues and make the Ocular Tissue Database (OTDB) publicly
available at https://genome.uiowa.edu/otdb/.

2 MATERIALS AND METHODS
2.1 Tissue Procurement and RNA Extraction

Human donor eyes (20 normal donors) were obtained from the Lions Eye Institute for
Transplant and Research (Tampa, FL) and stored in RNALater (Invitrogen) at 4 °C for up to
30 d. Cornea, iris, ciliary body (CB), trabecular meshwork (TM), lens, retina, choroid/retinal
pigment epithelia (RPE), sclera, optic nerve (ON), and optic nerve head (ONH) tissues were
microscopically dissected and stored at −80 °C. Care was taken to carefully microdissect
each tissue; however, it is still possible that there were minor amounts of contamination with
other ocular tissues in some of the dissected tissues. Total RNA was extracted using Trizol
Plus RNA Purification kits (Invitrogen) as previously described by Wang W-H, et al. (Wang
et al., 2001). RNA quality was evaluated using an Agilent Bioanalyzer 2100 RNA 6000
Nano Assay. The postmortem to RNALater time was 4–6 hours for each eye. Only RNA
samples with RNA integrity numbers (RIN) (Schroeder et al., 2006) greater than 6 were
selected for further analysis. RNA integrity numbers are based on electrophoretic analysis of
each RNA sample, examining 28S and 18S ribosomal RNA intensity peaks as well as
amounts of RNA degradation products to provide an accurate prediction of RNA integrity.
RNA concentrations were determined spectrophotometrically using a Nano-Drop ND-1000
spectrophotometer. For each tissue, RNA was pooled from 6 individuals. For particularly
small tissues such as the TM and ONH, this was essential to obtain enough RNA for the
analysis. We used this pooling on the more abundant tissues as well so that relative
abundance across tissues would be represented similarly. The pooling strategy also allows
“normalization” of any variability between individuals. Pooled RNA from each tissue type
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was processed for hybridization to Affymetrix microarrays according to manufacturer’s
instructions.

2.2 DNA Microarray Sample Processing
Microarray hybridizations were performed at the University of Iowa DNA Facility. Briefly,
50 nanograms total RNA were converted to SPIA amplified cDNA using the WT-Ovation
Pico RNA Amplification System, v1 (NuGEN Technologies, San Carlos, CA, Cat. #3300)
according to the manufacturer’s recommended protocol. The amplified SPIA cDNA product
was purified through a QIAGEN MinElute Reaction Cleanup column (QIAGEN Cat
#28204) according to modifications from NuGEN. Four micrograms of SPIA amplified
DNA was then used to generate ST-cDNA using the WT-Ovation Exon Module v1 (NuGEN
Technologies, Cat #2000) and again purified with the Qiagen column as above. Five
micrograms of this product was fragmented (average fragment size = 85 bases) and biotin
labeled using the NuGEN FL-Ovation cDNA Biotin Module, v2 (NuGEN Technologies,
Cat. #4200) per the manufacturer’s recommended protocol. The resulting biotin-labeled
cDNA was mixed with Affymetrix eukaryotic hybridization buffer (Affymetrix, Inc., Santa
Clara, CA), placed onto Affymetrix Human Exon 1.0 ST Arrays, and incubated at 45 °C for
18 h with 60 rpm rotation in an Affymetrix Model 640 Genechip Hybridization Oven. The
human exon 1.0 ST Array interrogates over 1 million exon clusters within the known and
predicted transcribed regions of the entire genome. Following hybridization, the arrays were
washed, stained with streptavidin-phycoerythrin (Molecular Probes, Inc., Eugene, OR), and
signal amplified with antistreptavidin antibody (Vector Laboratories, Inc., Burlingame, CA)
using the Affymetrix Model 450 Fluidics Station. Arrays were scanned with the Affymetrix
Model 3000 scanner with 7G upgrade and data collected using the GeneChip operating
software (GCOS) v1.4.

2.3 Microarrays, Normalization and Background
The Affymetrix GeneChip Human Exon 1.0 ST (HuEx 1.0) microarray consists of 1.4
million probe sets, with approximately four probes per exon and approximately 40 probes
per gene (http://www.affymetrix.com/estore/browse/products.jsp?productId=131452#1_1).
There are 289,961 probe sets supported by full-length mRNA, 306,583 probe sets supported
by Ensembl transcripts, 665,175 probe sets supported by ESTs, and 883,105 probe sets
supported by gene prediction. The probe sets are commonly grouped into a “Core” set
(18,708 transcripts based on RefSeq mRNAs), “Extended” (147,476 transcripts that extends
the “Core” group by adding EST sequences), and the “Full” probe set (297,051 total
transcripts which includes the “Core” set plus the “Extended” set plus probes selected by
computational gene prediction.) Each GC-content bin (0–25 GC cotent/probe) has up to
1000 non-specific background probes that are used to establish a level of background
hybridization, meaning that these probe sets are used as a negative control by the Affymetrix
Power Tools analysis software. A probe set specific to an exon would need to have
significantly better hybridization signal than the background probes to be considered
“detected above background” (or DABG). This platform was selected because it allows for
the examination of gene-level expression (averaged across all probes for a transcript) and
exon-level differences. This platform also provides good measurement of expression across
the whole transcriptome with an overall lower cost than RNA-seq for the number of samples
that were used.

Ten Affymetrix GeneChip Human Exon 1.0 ST (HuEx 1.0) microarrays were
simultaneously normalized using the Affymetrix Power Tools (APT) probe set
summarization tool. Normalization was done at both the probe set and metaprobe set level
using the Probe Logarithmic Intensity Error (PLIER -- http://media.affymetrix.com/support/
technical/technotes/plier_technote.pdf) method with GC-background correction (http://
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media.affymetrix.com/support/technical/whitepapers/
exon_background_correction_whitepaper.pdf). The analyses were performed in parallel for
both the “Core” and “Extended” Affymetrix probe sets. Using the same procedure, gene-
level “Core” probe set analyses were performed on both a publicly available GeneChip
Human Gene 1.0 ST (HuGe 1.0) dataset from human iris RNA (Gene Expression Omnibus
[GEO], accessions GSM572769, GSM572770, GSM572771) and publicly available HuEx
1.0 datasets in the ENCODE RPE cell line (GEO, accessions GSM510514 and
GSM510515). Probe set-level detection above background (DABG) estimates were
calculated using APT with antigenomic control probes. These estimates were calculated on a
chip-by-chip basis, and are applicable to all probe set classification levels (“Core” and
“Extended”). DABG p-values are associated with a “not different from background” null
hypothesis, such that a p-value of 0 supports the hypothesis that a probe set is measuring
expression above background.

2.4 Comparison With Other Data Sources
Gene expression estimates from the corresponding OTDB microarray experiments were
compared against publicly available datasets in a human RPE cell line (intraplatform) and
human iris samples (interplatform). Intraplatform correlation was performed via matching
on transcript cluster identifiers. Interplatform correlation was performed via matching on
unique gene symbol identifiers. For both analyses, both a Kendall’s Tau rank correlation
coefficient and a Pearson’s product-moment correlation coefficient were estimated using the
R stats package “cor” function.

Additionally, both Core and Extended gene expression estimates from the OTDB retina
microarray were compared against a publicly available RNA-seq dataset from human retina
(sequence read archive [SRA] study SRP002881) by gene symbol matching. This RNA-seq
dataset was also compared against the retina EST dataset from the NEIBank project
(available online at: http://neibank.nei.nih.gov/cgi-bin/showDataTable.cgi?lib=NbLib0042).
Datasets were matched by gene symbol for comparison. For each of these comparisons
Kendall’s Tau rank correlation coefficient was calculated as above.

2.5 OTDB Tissue Profile
The PLIER estimated values for expression from the microarrays were log transformed and
then a z-score was calculated for each gene. These z-scores were calculated for the
expression of each gene (in each tissue -- retina, ONH, ON, CB, TM, sclera, lens, cornea,
choroid/RPE and iris) against the distribution of the gene expression in the other tissues.
These scores were then ranked within each tissue, and the top 100 genes by z-score for each
tissue were selected to be represented (see Figure 1). We selected the top 20 genes from
these rankings and provided their gene symbols in Table 1. Additionally, we selected the top
20 genes by expression level and provided their gene symbols by Table 2. Table 3 shows the
expression values of tissue-specific representative genes. (Moll et al., 1982; Piatigorsky,
1989; Takanosu et al., 2001);(Liton et al., 2005; Thomson et al., 2005) We also performed a
Principal Component Analysis (PCA). (Abdi and Williams, 2010) The expression values
from the ten microarray experiments were analyzed by PCA for visualization. The resultant
figure (Supplemental figure S1) plots the datasets as single representative points along two
axes that maximizes the variability in a two dimensional plane. The distances between
points show relative similarity and/or difference between datasets.

2.6 OTDB Web Interface and Web Services
We extracted probe-level information from Affymetrix annotation files and joined it with
experimental data to construct a database for both gene and transcript level information for
the ten ocular tissues. A RESTful (Richardson and Ruby, 2007) API was built using this
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database that allows for flexible data representation. An instance is the public web-based
interface to the data is available at https://genome.uiowa.edu/otdb/. Raw intensity files are
available in .CEL format at https://genome.uiowa.edu/otdb/cel. These data have been
submitted to GEO (GEO series accession number GSE41102).

3 RESULTS
To best identify genes that are specific to each tissue, we used gc-binned background
subtraction coupled to PLIER normalization, followed by calculation of the z-score for each
gene in each tissue (compared to the same gene in other tissues, see methods). These scores
give us a metric of expression specificity, which may be useful in identifying genes that
correspond to an abnormal phenotype in a specific tissue. We ranked the genes in each
tissue by z-score and selected the top 100 from each tissue to generate the rows in a heatmap
(Figure 1). The heatmap effectively illustrates how well the different tissues separate from
one another by measuring z-score. Of particular interest are the rows based on the top 100
from ON and ONH. These two tissues are physiologically very similar, which is reflected by
very positive z-scores in both tissues in the aforementioned rows. We also manually
reviewed the top 20 genes ranked by z-score (Table 1) and by estimated expression level.
We found many genes that are known to be specifically and/or highly expressed in their
respective tissues from previously published research. For example, the RHO gene is highly
expressed in the retina with a PLIER normalized level of expression value of ~1466. Other
examples include the MYOC gene in TM with a value of ~1575 and the RPE65 gene
expressed at a level of ~735 in the choroid/RPE.

We compared the microarray expression estimates from retinal tissue against an RNA-seq
experiment in retinal tissue. Expression estimates from the NEIBank, a currently existing
profile of expression in ocular tissues, were also compared against the RNA-seq experiment.
A Kendall’s Tau test for correlation determined that the microarray data and the NEIBank
are correlated with the RNA-seq experiment to nearly the same degree (Figure 2A).
However, when comparing the number of unique HUGO Gene Nomenclature Committee
(HGNC) genes represented by each set, there is a clear difference between the datasets, with
the microarray experiments representing a much larger set of genes (Figure 2B).

To examine reproducibility of experimental results from multiple publicly available sources,
we compared the expression profile of the OTDB iris microarray to that of a human gene
chip microarray experiment (Figure 3A), and the expression profile of the OTDB retinal
pigment epithelium to another human exon array (Figure 3B). Both of these resulted in noisy
correlations—an indication of the variability that occurs between multiple experiments in
the same tissue, even when the platform on which they were run is controlled. The
differences and scatter in Figure 3B may be influenced by comparison of gene expression
between isolated RPE cells (x-axis) with choroid/RPE tissue (y-axis). This global
comparison shows that even on the same platform there is substantial variation in the data.

To make the OTDB easily accessible for browsing, we implemented a web interface to the
database. Transcript and exon level expression estimates can be queried by Refseq accession
number, Ensembl accession number, Affymetrix transcript cluster identifier (ID), or HGNC
gene symbol. The query page allows for a query on all tissues, or a user-selectable subset.
Additionally, there is an option to query for a sorted list of all genes in a single tissue by
expression estimate. Queries for a single gene display an alternate splicing graph for rapid
identification of differential splicing patterns between tissues (Figure 4A). Expression of a
gene in a tissue reveals information regarding the probe set-level expression estimates,
genomic coordinates, and accessions for each associated probe set (Figure 4B).
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4 DISCUSSION
The value and insight gained using the OTDB for normal eye expression data are
demonstrated by reviewing highly-ranked genes in particular tissues. For example, the
rhodopsin (RHO) gene was first sequenced by Nathans and Hodges. (Nathans and Hogness,
1984) Opsin is covalently bound to 11-cis-retinal and is part of the makeup of light-
absorbing pigments within the outer segment of the photoreceptor. The absorption of a
photon by this complex causes the 11-cis conformation of retinal to isomerize to the all-trans
form, thus initiating the visual cascade (Nathans et al., 1986). Variations in RHO have been
demonstrated to cause upwards of 30% of autosomal dominant RP. (Dryja et al., 1991)
Within the OTDB, RHO is in the top 99.9% of genes in the retina. The PLIER normalized
level of expression of RHO in the retina is ~1466, with the next highest tissue being choroid
with an expression value of ~105 suggesting that RHO is most prevalent within the retina
relative to the other 9 ocular tissues.

In another example, myocilin (MYOC) is the glucocorticoid-inducible response protein in
the trabecular meshwork. (Polansky et al., 1997; Shepard et al., 2001) Mutations in MYOC
have been show to cause primary open angle glaucoma (Stone et al., 1997) possibly through
misregulation of intraocular pressure within the trabecular meshwork. Previous work by
Fingert et al. showed that MYOC is widely expressed in other tissues in addition to other
structures of the eye. (Fingert et al., 1998) More recently, expression of genes in the TM has
been characterized by Lui et al. using serial analysis of gene expression (SAGE). (Liu et al.,
2011) Their data showed that the MYOC SAGE tag was observed as 7% of all observed tags
(200 tags for MYOC out of 298,834 total tags). Note that as a percentage 7% represents
relatively high expression. Using the OTDB (follow the “View gene expression by tissue”
link, select the “Trabecular Meshwork” tab, select “show 50 entries”, and MYOC is the 31st
gene out of 21,709 Transcript Identities), we can see that MYOC is in the 99.9 percentile of
all genes in the TM and has the highest expression in TM (expression value of ~1575) and is
also highly expressed in sclera (~1006). Calculating the corresponding percentile for the
SAGE data is problematic because we would need the total number of tags observed for all
genes and substantially fewer genes are represented in the SAGE data. The next highest
tissue after TM and sclera is iris with a value of 319. If we examine the individual probe
values for iris by following the link behind the gene level of expression, we can see that
probe 2443968 has an expression value of ~0.96 (relatively low) and a DABG p-value value
of 0.49 suggesting that this probe set is not expressed significantly above background at an
α = 0.05.

The retinal pigment epithelia-specific protein, 65-kD (RPE65) is a gene that has been shown
to be expressed in the retinal pigment epithelium and is the enzyme that causes the
conformational change of vitamin A to trans-retinol. (Moiseyev et al., 2005) In the OTDB, it
is expressed in the top 99.4% of genes in the RPE/choroid. Mutations in REP65 have been
shown to cause Leber’s congenital amaurosis. (Lotery et al., 2000) With the understanding
of the role of RPE65 within the RPE, human gene therapy trials are being conducted.
(Cideciyan et al., 2008) The OTDB shows that RPE65 has the highest expression (~734)
within the RPE/choroid. Not unexpectedly, it has the lowest expression in the cornea (~8),
constructed of many individual probe set values with insignificant DABG p-values. For
example, probe set 2417513 has a DABG p-value of 0.44, highly suggestive that this probe
set (and this transcript) is not present above a level of “background” within the cornea
tissue.

We compared our data to existing RNA-seq data. Correlation analysis between RNA-seq
and microarray data is problematic for a number of reasons. First, RNA-seq has a much
greater dynamic range (frequent transcripts get frequent reads), but is also dependent on the
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depth of sequencing selected (less depth means rarer transcripts are less likely to be
observed). Microarray data gets saturated at the high end (frequent transcripts) and is noisy
on the low end (few transcripts). This saturation causes distortions and makes it difficult to
determine the actual difference between highly expressed genes and lowly expressed genes
(however performance between the “high end” and “low end” for microarrays is quite
good.)

Our expression study examined 10 ocular tissues, each of which is composed of numerous
different cell types. The retina alone has many different cell types and each one is likely to
have distinctly different expression patterns. These examples demonstrate the value of
measuring expression with microarrays in ten different tissues from the eye. Although some
genes (when mutated) cause specific ophthalmic diseases (e.g. RP or cataracts) and are
expressed almost exclusively in the affected tissues, other genes are broadly expressed, such
as SNRNP200 (Benaglio et al., 2011) (a splicing factor) that causes RP and FYCO1 (Chen
et al., 2011) that has been shown to cause cataracts. We anticipate that this will be a valuable
resource and may be used for discovery, prioritization efforts, hypothesis generation and
confirmation of the expression of genes across the ten ocular tissues.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We performed exon-level expression profiling in ten normal human ocular
tissues.

• Expression was measured with Affymetrix Human Exon 1.0 ST arrays.

• We show correlation of expression results using other expression platforms.

• Expression values are available at: https://genome.uiowa.edu/otdb/
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Figure 1.
A heatmap of the top 100 genes in each tissue (1000 genes total), based on z-scores (tissues
are labeled on the x-axis, and genes are the y-axis). The scale associating the color with the
z-score for any given gene is shown on the right. A measure of similarity between tissues is
reflected in the degree of positive scores on the off-diagonal. This similarity is most clearly
illustrated between the optic nerve and the optic nerve head.
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Figure 2.
(A): Correlation estimates (p<0.001) from pairwise comparison of genes from the OTDB
and NEIBank with a retina RNA-seq experiment obtained from GEO (accession
GSE22765). Here we observe similarities in correlation between the three profiles compared
to RNA-seq of the retina. (B): Number of unique HGNC genes with expression data by each
source. Thousands of genes that are not represented in the NEIbank data are profiled by the
Affymetrix arrays. The Affymetrix human exon array has probe sets that are grouped by
annotation into “Core,” “Extended,” and “Full.” Core describes probe sets that have
evidence from RefSeq and full-length mRNAs. Extended describes probe sets that are
supported by other cDNA evidence beyond that data used for Core probe sets. Full (data not
shown) describes probe sets using evidence from computationally derived gene prediction.
Therefore, “OTDB Ext” shows the correlation estimates using the Extended probe sets, and
“OTDB Core” shows the correlation estimates using the Core probe sets.
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Figure 3.
(A): An example pairwise correlation between the OTDB iris and a Human Gene array in
iris. (B): Pairwise correlation between the OTDB RPE and Human Exon array in an RPE
cell line. This figure illustrates the variability between independent GeneChip experiments.
In this context, a single experiment involving ten tissues of the eye provides an excellent
resource for studies involving multiple eye tissues.
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Figure 4.
(A): Expression level estimates and probe set estimate graphs for a given gene in each of ten
ocular tissues. (*1) Queries can be by Gene Symbol, mRNA accession, Affymetrix
transcript cluster ID, or gene description. (*2) Query entry field. (*3) A subset of all tissues
may be queried. (*4) Both Core and Extended probe set group analyses are available. (*5)
Query results can be exported for download. (*6) Additional information can be found for
query results, including associated GO terms, pathways, and protein domains. These
associated data are displayed by following their respective links. (B) Selecting a specific
tissue from the query result yields detailed information about expression in that tissue. Here
we show the first 3 probe sets for the MAK gene in the retina. “DABG” is the p-value for
that particular probe set to be detected above background. The “PLIER” column shows the
PLIER normalized value for expression.
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