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Abstract
PURPOSE—Side-population (SP) cells isolated from limbal and conjunctival epithelia derive from
cells that are slow cycling in vivo, a known feature of tissue stem cells. The purpose of this study
was to define the molecular signature of the conjunctival SP cells and identify markers and signaling
pathways associated with the phenotype of these cells.

METHODS—Overnight cultures of freshly isolated human conjunctival epithelial cells stained with
Hoechst 33342 were sorted by flow cytometry into SP and non-SP cohorts. Isolated RNA was
processed for microarray analysis using a commercial oligonucleotide spotted array. Results were
validated at the gene and protein levels by quantitative PCR and immunologic methods. Data mining
methods were used to identify cellular processes relevant for stem cell function.

RESULTS—Comparative analyses of transcripts expression based on present and absent software
calls across four replicate experiments identified 16,993 conjunctival epithelial transcripts including
10,266 unique known genes of ~24,000 represented in the array. Of those genes, 1254 and 363 were
overexpressed (>2-fold) or underexpressed (<0.5-fold), respectively, in the SP. The overexpressed
set included genes coding for proteins that have been associated with (1) embryonic development
and/or stem cell self renewal (MSX, MEIS, ID, Hes1, and SIX homeodomain genes); (2) cell survival
(e.g., CYP1A1 to degrade aromatic genotoxic compounds); (3) cycling rate (e.g., DUSPs and Pax6
to foster slow cycling); and (4) genes whose expression is not typical in epithelia (e.g., CD62E).

CONCLUSIONS—The molecular signature of conjunctival SP cells is consistent with a stem cell
phenotype. Their gene expression patterns underpin slow cycling and plasticity, features associated
with tissue stem cells. The results provide valuable insights for the preservation and/or expansion of
epithelial stem cells.

The ocular surface is lined with two distinct stratified epithelia (E): the limbo-corneal and
conjunctival (CNJ) lineages. Similar to many other tissues and organs, their survival and health
require that this cell population undergo rapid and constant renewal. This outcome depends on
constancy of stem cell function. Only stem cells can generate the whole progeny of a given
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lineage and simultaneously regenerate new stem cells for future renewal needs. Stem cells from
multiple tissues share several functional characteristics including residency within a nurturing
niche and the ability to remain in a semi-quiescent state for substantial periods, a feature
commonly referred to as slow cycling.1–3

Isolation of tissue-specific stem cells to further the study of their molecular composition and
functional properties has been a major direction of research in the past few decades. In recent
years, several laboratories have reported the isolation of subpopulations putatively enriched in
stem cells from the ocular surface.4–9 The isolation is based on the ability of tissue stem cells
to reduce passive accumulation of the amphiphatic DNA-binding dye Hoechst 33342 by
increasing its active efflux.10–12 Cells isolated based on this property were designated side-
population (SP) cells.10 To date, SP cells have been isolated from a large number of tissues
and organs. Most of these studies, including those in ocular surface epithelia, have concluded
that SP cell cohorts are enriched in tissue stem cells.11–15 For the bone marrow, some of the
SP cell features, primarily being CD34− cells that can yield a CD34+ progeny, suggest that
these cells are at the top of a hematopoietic stem cell hierarchy.16

Our studies of limbal and conjunctival cells have shown that rabbit CNJE SPs are highly
enriched with cells that are slow cycling in vivo and that, in vitro, display multiple features
associated with the epithelial stem cell phenotype, including (1) resiliency to induced
differentiation by phorbol esters, a known feature of stem cells in ectodermally derived
epithelia, and (2) slow recruitment to proliferation when set in culture.5

Using wide-range expression microarrays (HG-U133 plus 2.0; Affymetrix, Santa, Clara, CA),
we compared the molecular signature of CNJE SP cells isolated after a short culture period
with that of a relevant cohort of non-(n)SP cells. This study demonstrated the highly distinct
nature of the CNJE SP cells and led to the identification of unique ocular surface cell proteins
and multiple genes that may play a role in controlling stem cell conservative replication,
survival capacity, or slow-cycling phenotype.

MATERIALS AND METHODS
Tissue Procurement, Cell Isolation, and Culture

Whole human conjunctivae from unidentified cadavers, aged 55 to 65, were obtained from the
National Disease Research Interchange (NDRI, Philadelphia, PA) within 48 hours of
collection. No donor details apart from serious pre-mortem disease states, age, sex, and cause
of death were released. The use of human tissue in the study was in accordance with the
provisions of the Declaration of Helsinki and sanctioned by the Institutional Review Board.
Fresh rabbit tissue was obtained from local abattoirs within 1 hour of death. Unless stated
otherwise, all reagents were procured from Sigma-Aldrich (St. Louis, MO).

Each conjunctiva was quartered and incubated for 16 to 20 hours at 4°C in a culture flask
containing 5 mg/mL Dispase (Roche, Nutley, NJ) dissolved in 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid-buffered (hb), penicillin-streptomycin-complemented
Dulbecco’s modified Eagle’s medium and Ham-F12 1:1 mix (D/F-12) with a slow (20–30
cycles/min) side-to-side tilting motion. At the end of this incubation, the epithelial sheet was
essentially separated from the underlying stroma and could be floated into the bathing solution
with gentle mechanical prodding. Epithelial sheets were transferred to a 50 mL conical tube
containing 15 mL trypsin solution and incubated for 20 to 25 minutes at 37°C under 40 cyc/
min orbital agitation. After trypsin neutralization with hbDF/12 complemented with 20% fetal
bovine serum (FBS), suspensions were sequentially sieved through 100- and 40-µm filters.
Filtrates consisting of almost pure single cells were centrifuged at 200g. The cell pellets were
resuspended in SHEM consisting of D/F12 complemented with 5% FBS, 10 ng/mL cholera
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toxin, 10 ng/mL epidermal growth factor (EGF), and 0.5% dimethyl sulfoxide, plated in 75
cm2 flasks at a density of 80,000 to 100,000 cells/cm2, and then cultured overnight (14–16
hours) at 37°C in a 5% CO2 incubator. For immunostaining, 10,000 cell aliquots were cultured
in parallel on printed slide 0.3-mm microwells.

Flow Cytometry
After 10 to 12 hours of culture, the medium was refreshed with prewarmed solution to remove
floating cells (60%–70% of total plated) and complemented with 5 µg/mL Hoechst 33342 for
1.5 hours. The treated cells were then released by trypsinization (2 minutes, 37°C), spun down,
and resuspended in ice-cold phenol red-free D/F12 complemented with 5% serum and 1 µg/
mL propidium iodide (PI). In some experiments, before trypsinization, the Hoechst-incubated
cells were incubated at 4°C for 30 minutes with FITC-conjugated mouse monoclonal anti-
CD62E antibody (clone 1.2B6; Southern Biologicals, Birmingham, AL) dissolved in ice-cold
Hanks’ balanced salt solution (HBSS) complemented with 1% BSA. Cell sorting was
performed by flow cytometry (Influx; Cytopeia, Seattle, WA). The source tube was maintained
at 4°C at all times, and collection solutions were stirred by means of minimagnets and a custom-
designed stirrer. For microarray analysis, the cells were collected in 750 µL isolation reagent
(Tri-Reagent LS; Molecular Research Center, Cincinnati, OH). For cytospinning, the cells were
collected in HBSS complemented with 0.01% BSA. For cell cycle determination, sorted rabbit
SP and nSP cells derived from a pool of 10 conjunctivas, were collected in HBSS, fixed with
0.1% formaldehyde, permeabilized with 0.045% Triton X-100, spun down, resuspended in
HBSS-+1% BSA+5 µg/mL PI solution and analyzed in a flow cytometer (LSR II; BD
Biosciences, Franklin Lakes, NJ). Two thousand SP or nSP cells were cytospun onto slides
with a modified narrow-diameter (0.2 cm) chamber. Spun-down cells were fixed in −20°C
methanol and air dried.

Microarray Processing
Two conjunctivas from a single donor were used in each microarray experiment. Isolation
solutions containing the collected SP and nSP cell volumes were adjusted to 1.0 mL by the
addition of H2O and 0.5 µL polycryl RNA carrier (MRC). RNA was isolated according to the
manufacturer’s instructions. Purified RNA was dissolved in 5 to 4 µL water, and 0.5 mL was
used to determine RNA yield with an RNA quantitation reagent (Ribogreen; Molecular Probes,
Eugene, OR). Each 1000 sorted cells yielded 1.5 to 2.2 ng RNA. RNAs were adjusted by either
addition of water or evaporative concentration to an identical concentration and volume,
converted into cDNA (SuperScript Choice reverse transcriptase; Invitrogen-Gibco, Bethesda,
MD) and a modified oligodT primer (Affymetrix). The initial cDNA underwent two cycles of
in vitro transcription (ENZO BioArray HighYield Kit; Affymetrix) to generate biotin-labeled
amplified cRNA. Appropriately fragmented (restricted) biotin-labeled cRNA was hybridized
to gene oligonucleotide microarrays (HG-U133 plus 2.0; Affymetrix) according to the
manufacturer’s protocol. The HG-U133 plus 2.0A array contains more than 38,000 unique
GenBank (maintained by the National Center for Biotechnology Information, Bethesda, MD)
accession numbers (genes) arranged in ~55,000 probe sets. Hybridized microarrays were
stained with a streptavidin-phycoerythrin reagent, and fluorescence images were captured with
a laser scanner (G2500A; Agilent, Santa Clara CA).

Data Processing and Analyses of Differential Gene Expression
Signal intensities (SIs) and signal quality properties were extracted from the fluorescent images
(Microarray Suite, ver. 5.0 [MAS 5.0]). The normalized SI for each transcript and the P/A/M
calls reflecting the chances that the SI is a true (P, present), a false (A, absent), or a marginal
(M) positive, were collected in spreadsheet format for downstream processing. These primary
normalized signal intensities have been deposited in the NCBI Gene Expression Omnibus
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(GEO, http://www.ncbi.nlm.nih.gov/geo/ provided in the public domain by the NCBI,
Bethesda, MD) and are accessible through GEO Series accession number GSE12631.
Annotation data were obtained from NetAffix (Affymetrix).

To establish a list of all expressed transcripts for the cultured CNJE, we processed the
spreadsheet file according to the following rules. A transcript was considered expressed when
it did not receive an A call in any of the four replicates and when there was not more than one
M call (e.g., P, P, M, and P for the first through the fourth experiments). All transcripts
complying with this requirement in at least one of the two cell types (SP and nSP) were grouped
in a single transcript list: the all-expressed transcript list. A differentially expressed transcript
list was derived from the all-expressed list by including only those transcripts for which, the
SP average SI divided by the average for the nSP was higher than 2.0 (SP overexpressed) or
lower than 0.5 (SP under-expressed), provided that, in addition, the SP/nSP SI ratio within
each of the four paired comparisons was either higher than 1.50 or lower than 0.66. This empiric
filtering method was chosen because the use of statistical approaches is not truly justified, since
our experimental sample (n = 4) could not be a full representation of a human population for
all genes. The SI ratio filter was waived for those transcripts that had a PPPP/AAAA MAS 5.0
call distribution. From the all- and differentially expressed transcript lists, we generated
corresponding lists of known genes, the all-expressed (AE) and differentially expressed (DE)
gene lists, respectively, by removing ESTs and other nonannotated entries and by choosing the
transcript that yielded the highest SI for a given gene when more than one transcript
representing a single gene existed. In all cases examined, this transcript represented the
sequence closer to the 3′ (polyA) end of the gene.

The Database for Annotation, Visualization, and Integrated Discovery (DAVID;
http://david.abcc.ncifcrf.gov/ provided in the public domain by the National Institute of Allergy
and Infectious Diseases [NIAID], Bethesda, MD), was used to identify overrepresented entities
and biological or molecular processes within the differentially expressed transcripts. DAVID
analysis probes each gene list against the corresponding population lists and calculates scores
(P-values) for the likelihood of overrepresentation in multiple ontological systems derived
from a variety of public genomic resources including the Gene Ontology (GO) and Protein
Information Resource (PIR) consortia. The Gene Map Annotator and Pathway Profiler
(GenMAPP; http://www.genmapp.org/; provided in the public domain by the Gladstone
Institute, University of California San Francisco) was used to explore and develop graphic
representations of genes differentially expressed in the SP cells in the context of selected signal
transduction pathways.

Quantitative PCR
The SP cell yield from a single donor, ~12,000 cells, and a matched amount of nSP cells were
isolated and collected (Tri-Reagent-LS; Molecular Research Center). One half of the total RNA
purified from these collections (~15 µg) was used to generate ~1 µg preamplified cDNA (Full
Spectra RNA Amplification kit; SBI, Mountain View, CA) and the other half was processed
in parallel with omission of reverse transcriptase. Enzyme omission resulted in complete
absence of DNA product. PCR reactions were performed in triplicate wells in 384-well plate
sequence-detection system (Prism 7900HT PCR system; Applied Biosystems, Inc. [ABI]
Foster City, CA) using the SYBR Green master mix (RT2 SYBR Green/ROX PCR Master
Mix; SuperArrays, Frederick, MD), 5 ng amplified DNA per well and qPCR primer pairs
(RT2 primer pairs; SuperArrays; ABI). Because these primers are proprietary sequences, we
used agarose gel chromatography to verify that the reaction products matched the base pair
length information provided by the manufacturer (not shown). SP/nSP RNA ratios in the
amplified material were calculated from cycle thresholds (Cts) according to the Δ of ΔCt
method using β-actin for normalization.
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Immunostaining
Cell cytospins, cells cultured on printed glass slides and cryostat sections of embedded human
conjunctivas (Cryomatrix; Shandon, Pittsburgh, PA), were immersed in cold methanol for 10
minutes, air dried, rehydrated in phosphate-buffered saline (PBS), blocked for 15 minutes in
PBS-4% BSA, and reacted with rabbit polyclonal against CD62E (NeoMarkers, Freemont,
CA), mouse monoclonal antibodies against CD62E (clone 1.2B6; Abcam, Cambridge, MA)
or DUSP4 (clone 48; BD-Transduction Laboratories, San Jose, CA) and mono (clone AE1/
AE3, Fitzgerald, Concord, MA)- or poly (Biomedia, Singapore)-clonal, pan-cytokeratin, or
keratin 14 (FITC-conjugated; Abcam) for 45 minutes. After three washes in Tween 20-PBS,
the specimens were overlaid with the appropriate Alexa Fluor 488- or Alexa Fluor 568–
conjugated goat anti-rabbit or anti-mouse IgGs (all from Invitrogen) for 45 minutes, washed
for 16 hours at 4°C in PBS, mounted in a 1:4 mixture of antifade medium (Vectashield; Vector
Laboratories, Burlingame, CA) and 90% glycerol and examined and photographed with an
epifluorescence microscope. In some cases, the cell nuclei were counterstained with either
DAPI or PI.

For immunoblot analysis, rabbit cells were denatured in Western blot sample buffer at a density
of 103 cells/µL, chromatographed in polyacrylamide gels, transferred to nitrocellulose
membranes, and reacted with antibodies against phosphorylated ERK1/2 (p-ERK).
Subsequently, a membrane was incubated with HRP-conjugated goat anti-mouse IgG, and
finally the amount of bound HRP activity was revealed by autoradiography. Membranes were
then stripped of staining reagents and restained by using the same procedures with either an
anti-ERK1/2 or anti-β-actin Abs followed again by the secondary HRP-conjugated Ab. All
immunoblot Abs were from SCBT (Santa Cruz, CA).

RESULTS
Cell Culture and Cell Sorting

RNA yields from SP and nSP cells sorted directly from freshly trypsinized cell suspensions
were only 0.1 to 0.4 pg/cell and their RNA quality was extremely poor (Wolosin JM,
unpublished, 2006). This result may be due to the prolonged trypsinization needed to dissociate
this epithelium, compounded by the inclusion of the anchoring-dependent epithelial cells in
suspension. To surmount this intrinsic barrier to the molecular characterization of SP cells of
solid tissues, we cultured the conjunctival cells at <100,000 cells/cm2 before cell sorting.
Costaining for total keratin and keratin 14 after a 12-hour culture showed that approximately
97% of the adherent cells were bona fide epithelial (pan cytokeratins positive) cells and
approximately 70% were positive for the basal cell keratin 14 (not shown). The effect of the
time in culture on SP cell abundance was investigated using both rabbit and human conjunctivas
(Fig. 1). Based on preliminary investigation, the analysis was performed using light-scattering
gates that exclude the majority of cells of nonepithelial lineages.

In the rabbit, SP cells, ~1.6% of adherent cells at 16 to 24 hours (average for five independent
experiments), decreased rapidly afterward and were essentially null by the third day (Figs. 1A–
C). The decreases appear to be linked to cell proliferation: when cells were seeded in serum
and growth factor–free medium (D/F12 and 1% BSA) SP yields were preserved (Figs. 1D,
1E). The SP yield for human cells cultured in SHEM, however, remained constant for the first
48 hours (Figs. 1E–G). Cell cycle analysis of rabbit SP cells (the number of cells needed to
complete this two-stage experiment preempted its completion with human cells), isolated from
a pool of six rabbit conjunctivas, showed that at the time of collection, at least 99% of the SP
cells (two experiments) were in G0/G1 (Fig. 2). Hence, the nSP was taken from the center of
the G0/G1 Hoechst image as indicated in Figure 1F.
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Quality Controls
Adherent cell yields per human conjunctival pair (single donor) were typically 2 to 3 million
cells. The light-scattering gate-restricted SP cohort accounted for approximately 0.3% to 0.5%
of the human conjunctival epithelial adherent single cell population, or 6,000 to 12,000 SP
cells. The average RNA yields for the sorted cells (n = 4) were 2.6 and 2.4 pmol/cells for the
SP and nSP populations, respectively or between 15 to 30 ng/per experiment. These limited
quantities of RNA hindered measurements of RNA purity or origami integrity. This problem
was particularly important in this study because the need to trypsinize adherent cells and
maintain them in suspension until and during sorting could cause some RNA degradation.
Hence, we relied on the quality control probes included in the microarray (HG-U133A plus
2.0; Affymetrix) to generate a robust retrospective analysis of the effect of the cellular
processing used on the final quality of the microarray results.

The microarray contains three distinct probes for glyceraldehyde-3 phosphodehydrogenase
(GAPDH), each representing distinct sections of the gene in the 5′ to 3′ (polyA) direction. A
fourfold decrease in the SI for the 5′ end probe (1000 bp away from the polyA) relative to the
3′ end probe (Table 1A) suggests that some degradation occurred in the course of cell sorting.
Nevertheless, such a partial degradation is likely to have had minimal impact on our
comparative analysis for two reasons: The degree of degradation was similar for both SP and
nSP samples so that the SI ratios for probes that are as much as 1000 base pairs away from the
polyA site is the same as for the 3′ end probes, and in fact, unlike the case for GAPDH, where
probes spanning the whole length of the message were intentionally included in the microarray
for quality control, for nearly all the genes, the microarray includes at least one probe derived
from the polyA-proximal (3′ end) of the sequence. RNA equivalence is also supported by the
similar percentage of present calls in the two populations (Table 1B).

Finally, an examination of SI values and P/A calls for nonepithelial markers (Table 1C),
demonstrated that the collected SP and nSP populations were essentially free of the three
nonepithelial cells most commonly found within the conjunctival epithelial strata,
hematopoietic (CD45), antigen presenting dendritic (CD1), and melanin-producing
(tyrosinase) cells. Conversely, the average levels of expression for all 24 intermediate filament
genes expressed in the tissue were very similar in the two populations.

Global Differential Gene Expression Analysis
The AE gene list contained 10,265 unique genes or approximately 40% of all the unique
annotated genes represented in the array. Of these 10,265 AE genes, 1,617, or approximately
16%, were differentially expressed. This high percentage indicates that the SP cells are
markedly different from the generic G0/G1 basal cells represented by the nSP cohort. Of the
1617 genes, 1254 were SP overexpressed and 363 underexpressed (i.e., a more than 3:1 ratio).
This large asymmetry can be visualized in a plot of SI values (average for the SP and nSP)
versus log2 of the ratio between the SP and nSP SIs for the whole AE list (Fig. 3, main frame).
The SP cells seem to overexpress a very extensive set of genes of low to moderate SI. Since
the microarray results were normalized to identical total expression (sum of SIs for SP = sum
of SI for nSP), the excess expression in the SP decreased the relative weight of high-expression
genes, mostly invariant housekeeping genes. As a result, these genes appeared to have SP/nSP
ratios below 1 (e.g., GAPDH, see Table 1). The equivalent plot for the nonpresent transcripts
(i.e., mostly random false-positives) was essentially symmetric around the y-axis (Fig. 3, inset),
indicating that the expression asymmetry did not represent an artificially generated bias.

The microarray expression ratios for 10 genes were subjected to independent validation by
qPCR (Table 2). The small amount of RNA collectable per experiment made it necessary to
preamplify the cDNA. Given the implicit risk of nonlinear amplification, in particular since
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the amount of RNA imputed was well below the amount suggested by the manufacturer, the
PCR results cannot be viewed as truly quantitative. Nevertheless, the qualitative concordance
obtained provides general validation of the microarray ratios.

Table 3 displays the most prominent SP overexpressed and underexpressed genes. The lists
include genes involved in multiple unrelated cellular activities. No single central or dominant
cellular function is readily identifiable, but there are many intriguing genes for future analysis
and more detailed delineation of the SP cell phenotype.

Cell Surface Markers
One of the most valuable results from a differential global gene expression study is
identification of exclusive cell surface markers, as such markers facilitate minimally intrusive
tracking and isolation of the cell of interest in the viable state. The gene with the highest SP/
nSP SI ratio represented CD62E/E-selectin (Table 3). The presence of this gene in the CNJE
was surprising. CD62E, a cell surface protein involved in leukocyte adhesion, is thought to be
expressed only in activated vascular endothelia.17 Nevertheless, consistent with the microarray
results, staining of cytospun SP and nSP CNJE with anti-CD62E antibodies identified a highly
expressed epitope in the cell surface of most SP cells, but not in the nSP population (Fig. 4A)
and costaining of 12-hour cultures with anti-CD62E and keratin 14 Abs proved that the
expression occurred in basal epithelial cells (Fig. 4 B). After 72 hours of culture, when the cells
had spread, migrated, and proliferated, cytokeratin-rich CD62E cells with classic epithelial
morphology could be seen intercalated between CD62E-negative cells (Figs. 4D, 4E). Most of
these CD62E+ cells were isolated. In two rare cases, though, we observed adjacent CD62E+

cells of identical stain intensity suggestive of derivation from a proliferation event. In tissue
sections, we infrequently identified CD62E staining in well-defined intracellular granules (Fig.
4C). Unlike the case for CD62E, three other endothelial surface proteins CD62P/P-selectin,
CD31/P-CAM and CD54/ ICAM-1, were not identified in the microarrays or, at the protein
level, by immunostaining (not shown).

The third overexpressed gene in Table 3, CD93/Cq1R also represents a cell surface protein
present in the myeloid lineage with no previous association with epithelial cells.18 It has been
identified as a marker for myeloid and hepatic-yielding stem cells.19 The fifth gene in Table
3, CXCR4, is a widely expressed, pleiotropic cytokine receptor that may have critical roles in
stem cell function throughout mammalian lineages.20 Detailed results on the expression of
these and other surface proteins in the CNJE cells and the relationship between them and the
SP phenotype will be presented elsewhere (Wolosin et al., manuscript in preparation).

Categorical Analysis
DAVID analysis of the overexpressed and underexpressed SP gene lists identified
overrepresented terms within various on-tologic classifications. The terms with highest
significance for each case are presented in Table 4. Functional clustering in relational groups,
redundant categories in different ontological systems, and terms describing the most general
categories (e.g., regulation of cellular metabolism), have been excluded. The overrepresented
categories in the overexpressed gene set indicates that, in these short-term cultures, SP cells
are uniquely involved in intense transcriptional activity, principally through C2H2 zinc finger
transcription factors. Overrepresentations within the underexpressed gene set suggest that, in
comparison to the general nSP cell population, SP cells are particularly underequipped for
motility and migration (e.g., actin cytoskeleton) and spreading (e.g., intracellular protein
traffic).
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Topical Analysis and Cell Cycle Pathways
To identify potentially significant features of the SP cells that may depend on a few pivotal
genes and hence would not be highlighted by the overrepresentation analysis, we scanned the
DE list for a few specific gene categories, including (1) homeodomain genes that have been
implicated in either stem cell renewal or in development, (2) genes that may contribute to slow
or infrequent cycling, and (3) genes that may help with cell survival. Selected results of these
studies are shown in Table 5. The first gene in this table, MSX1, is involved in regulating cellular
plasticity. Its ectopic expression inhibits the differentiation of a variety of mesenchymal and
epithelial progenitor cell types and reverses myotubal differentiation.21,22 Another
overexpressed gene, MEIS1, has been shown to enhance expansion of the pools of
hematopoietic precursors.23 Two other homeodomain morphogenes that are critical for eye
development, PAX6 and sina oculis1 (SIX1) were also highly overexpressed. PAX6 is highly
expressed in the ocular surface epithelia and may contribute to the stem cell phenotype as a
proliferation moderator.24

The highly overexpressed HES1 and ID genes act as dominant negative blockers for the
differentiation-inducing helix-loop-helix proteins. HES-1 expression preserves purified
hematopoietic cells ex vivo and augments the hematopoietic SP cell population in vivo.25

ID1 is critical for long-term repopulating hematopoietic stem-cell maintenance.26 In fact
HES1 and ID1 expression may be interrelated. During development, HES1 expression is
enhanced by ID product activity.27

Within the stem-cell–related canonical WNT/β catenin/ TCF pathway,28,29 the DE gene list
included only two genes, Wnt9 and Wnt8B, and only the latter had a very moderate twofold
increase expression in the SP. In addition, SP-nSP expression differences were not observed
for the frizzled (FZD) receptors for these ligands. However, SP cells strongly underexpressed
DKK1 and DKK3, main antagonists of the canonical WNT/β catenin pathway.30 Low levels
of DKKs may facilitate WNT signaling in the SP respective to the signal strength in the DKK-
high nSP cell. SP cells have augmented levels of the noncanonical WNT5A gene and of its
receptor, FZD5. The pathways associated with, and effects of noncanonical WNTs are poorly
understood.31 When acting as an inhibitor, WNT5A has been shown to foster a slow-cycling
status that stabilizes the hematopoietic stem cell phenotype.32 Furthermore, WNT5a may act
as an activator or inhibitor of the (canonical) β catenin/TCF signaling depending on receptor
context.33 Hence, the noncanonical classification of Wnt5a does not preclude a relevant role
for this gene in these epithelial stem cells.

Systems that may regulate premature apoptosis or determine cell survival under challenging
conditions were also examined. Annexin A1, one of the most SP-overexpressed genes (Table
3A; SP/nSP ratio, 12.55) is a pleiotropic blocker of inflammatory mediator release.34 Members
of the type 2C ser/threo protein phosphatase family, a set of enzymes that seem to negatively
regulate cellular stress signaling, also displayed substantial overexpression. The most
overexpressed family members, PPM1D (Table 3A) and PPM1H (ratio, 6.94) has been shown
to attenuate oxidative stress-induced phosphorylation of p38 MAP kinase in epithelial cells.
35 But, seemingly more significant, PPM1D, also called Wip1, for wild type 53-induced
phosphate-1, has been shown to increase the threshold for an apoptotic response to DNA
damaged through its role in the p53-Mdm2 autoregulatory loop.36,37 SP cell protection from
oxidative damage to DNA may be afforded by the high overexpression of CYP1A1 (Table
3A), a dioxin-inducible enzyme that degrades aromatic genotoxic compounds.38

Polymorphisms in this gene correlate with increased incidence of cancers.39 Within the
complement cascade, substantially overexpressed genes were limited to complement factors
CFB (SI, 3534; ratio, 5.64) and CFH (SI, 2122; ratio, 4.57). These two factors ensure that the
complement system is directed toward pathogens and does not damage host tissue.
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Polymorphisms of these genes have a high correlation with age-related macular degenerations.
40,41

The nature of the genes with the highest SP underexpression in Table 3B (nSP SI>>SP-SI) is
consistent with the results of DAVID analysis indicating paucity of cell components related to
cell motility and migration in the SP cells.

In addition to the topical analysis, GenMapp was used to generate maps of a large number of
intracellular pathways and gene clusters (http://cgap.ncbi.nih.gov/pathways; provided in the
public domain by the National Center for Biotechnology Information). While the interpretation
of the significance of individual gene expression differences in many of these maps was not
apparent or given to unambiguous interpretation, all the pathways associated or affecting
activity at the cell cycle restriction (R) point that control transition from late G1 to S, namely
(1) the mitogen activated kinase (MAPK) cascades (GenMapp’s file
Hs_MAPK_signaling_pathway_KEGG); (2) the cyclin D associated kinases (GenMapp’s
Hs_Cell_cycle_KEGG); and (3) TGFβ (GenMapp’s Hs_TGFβ_KEGG) yielded readily
interpretable images on unique features of the CNJE SP cell (Fig. 5).

To build Figure 5, it was necessary to ascribe MAPK (i.e., ERK1/2, p38 or JNK) specificity
to MAPK phosphatases. This attribution was made on the basis of recently published data on
MAPK-MAPK-phosphatase interplay showing that (1) DUSP5 and DUSP6/MKP3 are,
respectively, nuclear and cytosolic phosphatases wholly selective for ERK enzymes42–44; (2)
DUSP1 and DUSP4 are nuclear phosphatases that can deactivate enzymes from all three
branches of the MAPK cascades45,46 and can block ERK-dependent proliferation, but, due to
differences of affinities for the kinases representing each of the three branches of the cascade,
47 DUSP1 and/or DUSP4 may not be effective in many instances as ERK function blockers.
48–50

For the MAPK pathways (Fig. 5, left side) the most significant facts are that (1) there are only
nominal changes in the aggregate expression levels of all MAPK isoforms comprising each of
the three terminals kinase nodules: ERK (~25% lower in the SP), p38 (20% higher in the SP),
and JNK (25% lower in the SP); (2) the dual specificity phosphatases (DUSPs) the only
enzymes that are available to dephosphorylate and thereby inactivate the ERK, p38, and JNK
enzymes, in particular the ERK-specific DUSP5, are substantially overexpressed in the SP
cells. Our qPCR measurements validated the microarray results for DUSP 4, -5, and -6 at the
gene level (Table 2). In addition, DUSP4 immunostaining of sorted cytospun cells validated
the result for this gene at the protein level (Fig. 6). The stain was acutely localized to the nuclei
and the fluorescence intensity in the SP nuclei was 3.4 times higher than that of nSP cells
(average value for 15 cells of each). Remarkably, a similar multi-DUSP overexpression has
been observed in keratinocyte SP cells.51

The large overexpression of DUSPs imply dramatic changes in absolute kinase/kinase
phosphatase gene ratios. The (MAPK1/ERK)/(DUSP5+DUSP4+DUSP6) SI quotient
decreased 15 times, from 5469/716 to 4413/9163 (SIs for MAPK3/ERK1 measured in the
microarray are very low). Including DUSP1 in the analysis does not radically modify this
calculation. For the other two branches of the MAPK cascades, p38 and JNK. Similar
calculation using MAPK13+MAPK14 for p38 and MAPK8+MAPK9+MAPK10 for JNK and
dividing by DUSP1+DUSP4 (DUSP5 and -6, are ERK specific) yielded SI quotient decreases
of six- and fivefold, respectively. Such large changes could be expected to prevent
establishment of a phosphorylated MAPK state in SP cells and hence, attenuate or completely
block SP cell responses to mitogenic and/or migration-inducing and inflammatory inputs.

To test this hypothesis, we cultured a large batch of rabbit CNJE cells in growth factor-free
(base) medium for 24 hours, sorted equal amounts (80,000) of SP and nSP cells into the same
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base medium and determined EGF induction of ERK phosphorylation by Western blot analysis.
A representative result from three independent trials is shown in Figure 6; ERK
phosphorylation was never detected in the SP cells. Not directly predictable from the human
microarray results, in the rabbit total ERK protein was markedly reduced in the SP cells. For
p38, SP phosphorylation was detectable but at a much lower level than that for the nSP cell
(not shown).

Figure 5 also incorporates the expression of CXCL12/SDF-dependent CXCR4 (Table 3A).
The SDF-CXCR4 interaction enhances skin wound healing and clonogenic growth of
keratinocyte precursors in vitro.52,53 CXCR4 downstream signals include activation of PI-3
kinase and RAS. The latter is one of the early genes in the mitogen activated ERK cascade (Fig.
5). Hence, the very large CXCR4 overexpression in the SP may provide a SP cellular activation
that is synergetic with the EGF-initiated ERK activation.

The right side of Figure 5 focuses on the TGFβ/TGFβ-like (activin) receptor pathway. The
primary effect of TGFβ in ectodermally derived epithelial cells is cell cycling arrest. The arrest
is secondary to phosphorylative activation of the nuclear p-type kinase inhibitors of cyclin D
(Fig. 5). In the extracellular/cell membrane domain of the pathway the microarray analysis
reveals only moderate changes in gene expression of TGFβs and TGFβ receptors (Table 5).
However, SP cells showed a marked underexpression of the follistatin (FST) gene. Follistatin
is a secreted protein that sequesters and thereby neutralizes activins.54,55 The low FST
expression (nSP/SP ratio, 0.11) could render the SP cell to be highly sensitivity to TGFβs.

Within the nucleus, there were further differences in SP-nSP gene expression patterns that are
highly meaningful for cyclin D system function. First, SP cells underexpressed the cyclin D
kinases (CDK4 and 6) responsible on association with cyclin D isoforms for activating
retinoblastoma, the final stage in releasing cells from the G1 to the S phase of the cell cycle.
Second, this negative effect of cyclin kinase deficiency on cell cycle progression is
compounded by the overexpression of several cyclin-dependent kinase inhibitors, which
specifically act on the cyclin D/cyclin D kinase complexes. It is noteworthy that, in contrast
to the marked differences in CDK4 and -6, other kinases associated with other regulation points
of the cell cycle showed no major expression differences. For instance, cyclin A-associated
p21 shows minimal differences (Fig. 5) and of 17 cell division cycle (CDC) kinases identified
in the microarray 15 are unchanged, 1 was overexpressed 2.6 times and 1 was underexpressed
2.5-times.

Finally, two cytokeratins that have been linked to the stem/precursor cell phenotype in
epidermis, K15 and -19,56 were also part of the SP-overexpressed gene set (ratios of 3.78- and
3.38-fold, respectively). Yet, at the same time, expression of the basal cytokeratin K14 was
substantially underexpressed in SP cells. This is a seemingly surprising finding although it has
also been observed in epidermal SP cells.15

DISCUSSION
In this study, we compared SP and nSP cells gene expression profiles after a brief culture
period. The approach selected a population consisting mostly of undifferentiated, adherent cells
and ensured that these cells were exposed to Hoechst 33342 in an optimal metabolic state, a
critical factor for the energy-dependent efflux of Hoechst and for recovery of RNA integrity.

Our results clearly establish that conjunctival epithelial SP cells have properties that are
uniquely different from those described for the far more numerous adherent (nSP) population.
Genes differentially expressed in stem/precursor cells are expected to reflect their unique
features such as self renewal, adhesion, or chemoattraction to a unique niche and survival
capabilities. Nevertheless, because the culture conditions used in our study cannot fully
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duplicate the essential niche environment, the SP cell gene expression profile described herein
may differ from that existing in vivo. Therefore, the actual role of each differentially expressed
gene must be interpreted with caution. In developmental processes, short transient expression
of highly specific genes commonly underpins cell fate events. Likewise, early differentiation
events triggered by the culture environment may lead to expression of differentiation-related
genes at higher levels in the SP cells than in the generic nSP cell population used as the non–
stem cell control. Finally, it should be stressed that the tissue collection protocol did not (and
could not) control the health status of the donor conjunctiva. Chronic conjunctivitis,
rheumatism, or dry eye in some of the donor tissues may have modified the gene expression
pattern from that existing in the normal condition.

The overrepresentation analysis suggests that a large number of transcription factors, in
particular those belonging to the C2H2 zinc finger protein subtype, may underpin the overall
gene overexpression in the SP cells. Presently, the information available on either upstream
control of the expression of these DNA transcription regulators or their site of action is not
sufficient to develop cogent transcription factor–specific gene correlations.

Research in the hematopoietic system, in keratinocytes and in the gastrointestinal track has
identified the Wnt, Notch, and Hedgehog signal transduction pathways as potential players in
the stem cell renewal event that may be needed for ex vivo stem cell expansion.57–59 The
present results provide a primer for further exploration of development-related genes, including
members of the MSX, MEIS, DKK, ID, PAX, and SIX homeodomain gene families, whose
role may have to be understood to attain CNJE stem cell expansion in culture.

The cultured SP cells expressed, in a highly preferential manner, surface proteins that are rare
or atypical for epithelia, in particular CD62E/E-selectin. CD62E is assumed to be present only
in cytokine-activated endothelial cells. However, expression of CD62E has recently been
reported in the nestin-positive epithelial stem cells isolated from the pancreatic duct and in
mesenchymal stem cells from placenta or bone marrow.60,61 The functional role of CD62E is
to bind to Lewis family carbohydrates found on the surface of circulating leukocytes and
thereby help recruit these cells at injury sites. It is difficult to derive with this limited
information a hypothesis for its potential role in epithelium. One intriguing possibility is that
the same cells express a Lewis family epitope. It this is the case, it would provide a mechanism
for homologous cell–cell interactions. Alternatively, this expression may result from an
intrinsic cellular plasticity and thus be inconsequential for the in vivo condition. In any event,
this unique expression may provide the means to isolate by fast and minimally invasive
immunopanning a cell population highly enriched in stem-related SP cells.

Adult tissue stem cells have proven highly refractory to expansion and long-term propagation
in culture.62 The pathway analyses of the MAPK, TGF-β, and cyclin cascades suggests that in
regard to ocular surface epithelial stem cells, ex vivo cell proliferation may be strongly
suppressed by the slow cycling nature of epithelial stem cells in vivo. Using the numerically
convenient rabbit cells, we demonstrated that freshly isolated SP cells were highly quiescent.
Consistent with this phenotype, the gene analysis of human SP cells reveals cellular signaling
pathway patterns that seem to be aimed at blocking proliferation. The large DUSP
overexpression in the human SP cells can be expected to maintain ERK in a dephosphorylated
state, preventing their transit through the restriction point between the G1 and S phases.45 The
G1 to S restriction-point activity is likely to be negatively affected in the SP cell by the
inhibitory effects of TGF-β that, in these cells may be enhanced by the combination of three
distinct expression differences, minimal expression of the TGF-β blocker follistatin, substantial
overexpression of p-type cyclin D inhibitors, and underexpression of restriction point cycling
kinases (Fig. 5). Of interest, the SP cells overexpressed EGF (Fig. 5). This could result in a
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unidirectional paracrine signal, where SP cells foster the proliferation of neighboring nSP cells
while blocking their own activation through the DUSP blockade.

If the hypotheses rendered in this analysis is experimentally confirmed through ectopic gene
alterations, extracting the full potential of these stem cells through ex vivo stem cell expansion
will necessitate identification of the biological cues that elicit the adverse gene expression
patterns suppressing proliferation. Should the gene expression patterns observed in the human
conjunctiva occur also in the limbal-corneal lineage, advances in this area may be particularly
important for improving autologous limbal epithelial stem cell transplantation protocols with
cells derived from a healthy contralateral limbus. 63,64 In this respect, it is reassuring that the
two more overexpressed cyclin D kinase inhibitors in our study, p15 and p57, are the same
ones that show strong TGFβ-dependent upregulation in limbal epithelial cells and that their
ablation is sufficient to abrogate TGFβ-induced proliferation arrest.65
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FIGURE 1.
Presence of SP cells in cultured conjunctival epithelium as a function of time in culture and
medium. Rabbit cells after 16 (A), 40 (B, D), and 64 (C) hours of culture in SHEM or 40 hours
in base medium (E). Human cells after 16 (F), 40 (G), and 64 (H) hours in SHEM. (F) Includes
a description of the light-scatter gate used to exclude nonepithelial cells from the SP and nSP
cohorts examined in the microarray studies. The Hoechst plot SP, G1, S, and G2/M are
indicated.

Akinci et al. Page 16

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Cycling status of rabbit CNJE cells.
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FIGURE 3.
Plot of log2 of SP/nSP ratios versus signal intensity (SI). Main frame. Expressed transcript set.
Note that there are many more transcripts in the >+1 (ratio, 2) than in the >−1 range. Left side
inset: nonexpressed transcript set. For graphic clarity SIs below 100 have been excluded. Right
side inset: logarithmic plot of SIs for the SP cells of the first and third microarray experiment.
Only SIs with a 98% confidence level (MAS5) have been included.
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FIGURE 4.
Expression of CD62E epitopes in the CNJE. (A) Cytospin-sorted SP and nSP cells (SP cells
aggregated before centrifugation). (B) Double immunostaining of a 12-hour CNJE culture on
glass. Green: FITC-conjugated anti-keratin14 Ab; red: polyclonal anti-CD62E followed by
Alexa Fluor 568–conjugated anti-rabbit IgG. Green and red images were superimposed with
a half-cell offset. (C) Cryosection of HCNJE reacted with monoclonal anti-CD62E followed
by Alexa 488–conjugated anti-mouse IgG and PI nuclear counterstains. (D–F) A 72-hour
double HCNJE culture. (D) Anti-CD62E polyclonal Ab followed by Alexa Fluor 488–
conjugated secondary Ab. (E) Monoclonal pan-cytokeratin Ab followed by secondary Alexa
Fluor 568–conjugated secondary Ab. Arrows: the location of CD62-positive cells. (F) Merged
image.
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FIGURE 5.
Over- and underexpression of genes in cellular pathways affecting activity at the G1 to S cell
cycle restriction (R) point. Gen-Mapp pathways have been modified from the originals by
removing genes not included in the AE gene file and highlighting genes exhibiting SP/nSP SI
ratios (written next to each gene) higher than 2.5 in red and those with ratios smaller than 0.4
in blue. +p and −p indicate phospho- or dephosphorylation, respectively. Question marks next
to DUSP1 and DUSP4 indicate that the activity of these two enzymes may not correlate with
the inhibition of proliferation.
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FIGURE 6.
DUSP4 and ERK expression and phosphorylation in SP and nSP cells. DUSP4 immunostaining
of cytospins of HCNJE nSP (A) and SP (B) cells. (C) Western blot of sorted rabbit CNJE cells.
Right: (a) β-actin, (b) ERK1/2, and (c) pERK1/2.

Akinci et al. Page 21

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Akinci et al. Page 22
TA

B
LE

 1
M

ic
ro

ar
ra

y 
Q

ua
lit

y 
C

on
tro

ls

A
. G

AP
D

H
 A

ve
ra

ge
 S

is
 (n

 =
 4

) S
I S

P/
nS

P 
R

at
io

 a
s a

 F
un

ct
io

n
of

 R
el

at
iv

e 
D

is
ta

nc
e 

of
 P

ro
be

d 
T

ra
ns

cr
ip

t f
ro

m
 th

e 
St

ar
t o

f
th

e 
R

N
A

 M
es

sa
ge

 P
ol

y 
A

 S
eq

ue
nc

e 
(p

os
iti

on
 1

26
1)

G
A

PD
H

 P
ro

be
L

oc
at

io
n

5′
–3
′/(

di
st

. p
ol

yA
)

SP
-S

I
SP

/n
SP

nS
P-

SI

90
8–

12
56

/ (
5–

35
3)

91
32

0.
92

98
98

49
3–

83
2/

(4
29

–7
69

)
47

93
0.

81
59

18

87
–3

87
/(8

74
–1

16
4)

21
59

0.
93

23
17

B
. N

um
be

r 
of

 P
 C

al
ls

 in
 th

e 
SP

 a
nd

 n
SP

 C
el

ls
 in

 E
ac

h
M

ic
ro

ar
ra

y-
Pa

ir
ed

 E
xp

er
im

en
t

1
2

3
4

M
ea

n 
± 

SD

SP
-P

23
85

4
22

17
4

22
56

1
22

31
0

22
72

5 
± 

77
0

nS
P-

P
20

51
0

20
57

0
20

03
2

19
69

1
20

74
6 

± 
44

9

Δ(
SP

-n
SP

)
33

44
16

04
25

29
26

29
24

19
 ±

 7
18

C
. S

ig
na

l I
nt

en
si

tie
s a

nd
 P

 a
nd

 A
 C

al
ls

 a
cr

os
s t

he
 M

ic
ro

ar
ra

y-
Pa

ir
ed

 E
xp

er
im

en
ts

 fo
r 

th
e 

L
in

ea
ge

 M
ar

ke
rs

SP
nS

P

M
ar

ke
r

A
ve

r.
 S

I
P/

A
-1

23
4

A
ve

r.
 S

I
P/

A
-1

23
4

Ty
ro

si
na

se
28

A
M

A
A

17
A

A
PA

C
D

45
18

PA
A

P
12

A
A

A
A

C
D

1a
16

A
A

A
A

31
A

A
A

A

ΣK
er

at
in

s
33

84
34

85

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 October 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Akinci et al. Page 23

TABLE 2
Comparison of SP/G1 Expression Ratios Calculated from a qPCR Experiment and from the Microarray Study

Gene SP Ct PCR SP/G1 Microarray SP/G1

β-Actin 23.06 1.00 1.00

CXCR4 35.90 35.57 14.51

DUSP4 31.35 23.42 5.59

DUSP5 27.68 43.44 10.61

MAP3K8 31.99 6.70 10.81

CDK4 33.62 0.02 0.29

CCND1 28.59 2.55 1.67

CCND2 33.30 0.39 0.22

CCND3 33.14 3.91 2.50

CDKN2B (P15) 25.23 24.60 3.38

CDKN1C (P57) 36.22 3.14 4.38

CDKN1B (P27) 29.68 2.07 2.43
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TABLE 3
Genes for Which SP/nSP or nSP/SP SI Ratios Are Larger Than 10

Gene Symbol SP-SI SP/nSP Annotations

A. SP > nSP

    E-selectin/CD62E/ELAM 1 SELE 1260 141.81 Heterologous cell adhesion

    Splicing factor, arginine/serine-rich 3 SFRS3 511 27.11 pre-mRNA splicing factor

    CD93 CD93 264 23.17 Heterologous cell adhesion

    E74-like-3 ELF3 3683 17.26 Epithelial nuclear transcription factor

    Potassium voltage-gated channel, Isk-
rel., 3

KCNE3 857 14.95 Regulation of K_ channel

    Chemokine (C-X-C motif) receptor 4 CXCR4 367 14.51 Growth and motility receptor

    Zinc finger and BTB domain
containing 10

ZBTB10 618 14.20 Nuclear transcription factor

    Heterogeneous nuclear ribonucleoprot.
D

HNRPD 369 13.79 pre-mRNA processing and stabilization

    Prot. phosphatase 1D mag.-dep., delta
iso.

PPM1D 677 12.94 Regulation of p53 induced apoptosis (stem)

    Methyltransferase-like 7A METTL7 816 12.77 Methyl transferase precursor

    Annexin A1 ANXA1 525 12.55 PLA-2 inhibitor-Inflammation inhib.

    Cytochrome P450, family 1 A, pol 1 CYP1A1 275 12.36 Xenobiotic aromatic processing

    Histone Cluster 1, H4h HIST1H 689 11.99 Histone

    Statherin STATH 1288 11.97 Secreted salivary protein

    Myosin regulatory light chain
interacting protein

MYLIP 1240 11.59 Inhibitor of cell motility (neurites)

    Zinc finger protein 750 ZNF750 365 11.21 Nuclear transcription factor

    Colony stimulating factor 2 receptor,
beta

CSF2RB 102 11.07 Granulocyte-macrophage growth receptor

    Histone cluster 1, H2bg HIST1H 284 10.86 Histone

    MAP kinase kinase kinase 8 MAP3K 1478 10.81 MAPK pathway mediator

    Dual specificity phosphatase 5 DUSP5 4262 10.61 Dephosphorylation of ERK

    Cytochrome P450, family 26-A
polypeptide 1

CYP26A1 1194 10.48 Retinoic acid processing

B. nSP > SP

    Collagen, type XVII, alpha 1 COL17A1 302 31.79 Cell-matrix adhesion

    Transgelin TAGLN 1308 25.1 Cytoskeleton organization

    Parathyroid hormone-like hormone PTHLH 1036 20.13 Differentiation (mammary gland)

    Podoplanin PDPN 1352 18.56 Phyllopodia-dependent cell motility

    Dickkopf 3 DKK3 1172 16.35 Negative regulation WNT signaling

    Caldesmon 1 CALD1 5025 12.74 Cell motility

    Secretogranin V SCG5 576 12.4 Secreted protein-unknown function

    Dystonin DST 1804 11.98 Cytoskeleton organization

    Matrix metallopeptidase 9 MMP9 2090 11.27 Peptido-glycan digestion

    TGFbeta 1 induced transcript 1 TGFB111 355 11.2 Focal adhesion adapter

    Interleukin 13 receptor, alpha 2 IL13RA2 11453 10.14 Interleukin receptor
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Gene Symbol SP-SI SP/nSP Annotations
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TABLE 4
Overrepresented Ontological Terms in the Gene Lists

Category Term P

Overexpressed

   SP_PIR_KEYWORDS Nuclear protein 1.47E-40

   SP_PIR_KEYWORDS Transcription 1.15E-31

   SP_PIR_KEYWORDS Zinc-finger 5.23E-31

   SP_PIR_KEYWORDS metal-binding 2.19E-29

   SP_PIR_KEYWORDS Transcription regulation 3.45E-29

   SP_PIR_KEYWORDS DNA-binding 4.56E-23

   GOTERM_MF_ALL Transition metal ion binding 2.89E-21

   GOTERM_MF_ALL Zinc ion binding 7.83E-20

   GOTERM_MF_ALL Transcription factor binding 1.59E-09

   UP_SEQ_FEATURE Zinc finger: C2H2- type 1, 2, 3 or 4 <2.34E-08

   GOTERM_MF_ALL Transcription cofactor activity 3.76E-08

Underexpressed

   GOTERM_MF_ALL Actin binding 8.34E-09

   SP_PIR_KEYWORDS Cytoskeleton 6.03E-09

   GOTERM_BP_ALL Cell organization and biogenesis 2.96E-08

   GOTERM_MF_ALL Cytoskeletal protein binding 2.94E-07

   SP_PIR_KEYWORDS Extracellular matrix 5.09E-07

   GOTERM_BP_ALL Protein intracell. transport/localization 5.50E-05
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TABLE 5
Substantially Over- or Underexpressed Homeodomain and Development-Related Genes

Affymetrix ID Gene Symbol SP-SI SP/nSP

205932_s_at MSX1 191 8.24

204069_at MEIS1 779 5.10

203394_s_at HES1 1234 9.02

208937_s_at ID1 1093 7.95

207826_s_at ID3 1392 4.41

201566_x_at ID2 2845 4.11

205990_s_at WNT5A 337 4.06

221245_s_at FZD5 924 4.29

214247_s_at DKK3 72 0.06

ALL DKK 0.21

235795_at PAX6 2875 8.10

228347_at SIX1 1002 6.09
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