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TABLE 1. Cell lines used in this study and fusion transcript types

Fusion transcript

Cell line Diagnosis type Reference
EES-1 EFT EWS/FLI1 type 1 20
SCCH19%6 EFT EWS/FLI1 type 1 21
RD-ES EFT EWS/FLI1 type 11 5
SK-ES1 EFT EWS/FLI1 type 11 5
NCR-EW2 EFT EWS/FLIL type 11 19
NCR-EW3 EFT EWS/E1AF 19
W-ES EFT EWS/ERG 13
NB69 NB 15
NBY NB 15
GOTO NB 47
NRS-1 RMS PAX3/FKHR 40

mans (1). The findings suggest the existence of undefined cell-
autonomous mechanisms that render human cells resistant to
malignant transformation. Therefore, the use of human cell
models is ideal for clarifying how EFT develops. Models of the
onset of EFT have been generated using primary fibroblasts
(31) and rhabdomyosarcoma cells (23). However, these cell
types are not appropriate for studying the origins of EFT, and
a model that precisely recapitulates EWS/ETS-mediated EFT
formation is required.

UET-13 cells are obtained by prolonging the life span of
human bone marrow stromal cells by use of the retroviral
transgenes hTERT and E7 (38, 50), retain the ability to dif-
ferentiate into not only mesodermal derivatives but also neu-
ronal progenitor-like cells, and are considered a good model
for studying the cellular events in human MPCs. Therefore, we
have examined the biological effect of EWS/ETS in human
MPCs by use of UET-13 cells by exploiting tetracycline-induc-
ible systems for expressing EWS/ETS (EWS/FLI1 and EWS/
ERG). Here we report that overexpression of EWS/ETS
mediates an EFT-like phenotype, including morphology, im-
munophenotype, and gene expression profile, with enhance-
ment of the Matrigel invasion ability of UET-13 cells.

MATERIALS AND METHODS

Cell cultures and establishment of UET-13TR-EWS/ETS cell lines. UET-13
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
Tet system approved fetal bovine serum (T-FBS) (Takara) at 37°C under a
humidified 5% CO, atmosphere. EFT cell lines (EES-1 [20], SCCH196 [21],
RD-ES and SK-ES1 [5], NCR-EW2 and NCR-EW3 [19], and W-ES [13]) and
neuroblastoma (NB) cell lines (NB69 and NB9 [15] and GOTO [47]) were
cultured in RPMI 1640 with 10% FBS. A rhabdomyosarcoma cell line, NRS-1
(40), was cultured in Eagle’s minimal essential medium with 10% FBS. The cell
lines used in this study are listed in Table 1.

UET-13 cells were seeded at a density of 5 X 10* cells per well in 24-well tissue
culture plates 1 day prior to transfection. For introducing the tetracycline-induc-
ible system, UET-13 cells were transfected with pcDNAG6-TR (Invitrogen) by use
of Lipofectamine 2000 (Invitrogen). After 72 h, the medium was replaced with
fresh medium containing 200 pg/ml of blasticidin S (Invitrogen). Individual
resistant clones were selected for a month and designated UET-13TR cells.
UET-13TR cells were further transfected with pcDNA4-EWS/ETSs constructed
as described below, and individual resistant clones were selected in DMEM
containing 10% T-FBS and 200 to 300 p.g/ml of Zeocin (Invitrogen). The Zeocin-
resistant clones were expanded and tested for the induction of EWS/ETS ex-
pression upon the addition of tetracycline by use of reverse transcription-PCR
(RT-PCR) as described below.

Plasmid construction. A gateway cassette (bases 1 to 1705) was amplified from
pBLOCK-T3-DEST (Invitrogen) by PCR, and the PCR product was inserted
into the EcoRV site of pcDNA4-TO (Invitrogen) (termed pcDNA4-DEST).
Since the type Il EWS/FLIL is a stronger transactivator than the type I product
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(32), we used the type II variant in the present study. EWS/ERG was isolated
from W-ES, an EFT cell line, joining EWS exon 7 and ERG exon 9. Full-length
EWS/FLI1 type IT and EWS/ERG cDNAs were amplified from cDNAs prepared
from NCR-EW2 and W-ES cells, respectively, by PCR as described below and
cloned into the XmnI-EcoRV sites of pENTRI11 (Invitrogen). The resulting
pENTRI11-EWS/ETSs were recombined with pcDNA4-DEST by use of LR
recombination reaction as instructed by the manufacturer (Invitrogen) to con-
struct the tetracycline-inducible EWS/ETS expression vector pcDNA4-EWS/
ETSs.

Western blot analysis. UET-13 transfectants were cultivated with or without 3
wg/ml of tetracycline for 72 h. Western blot analysis was performed as previously
described (37). Briefly, the cell lysates were prepared and separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and transferred
onto a polyvinylidene difluoride membrane. The membranes were blocked with
5% skimmed milk in phosphate-buffered saline (PBS) containing 0.01% Tween
20 (Sigma) and incubated with primary antibodies. As the primary antibodies,
anti-Fli-1, anti-Erg-1/2/3 (Santa Cruz Biotechnology), and anti-actin (Sigma)
were used. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse immu-
noglobulin G (IgG) antibodies (DakoCytomation) were used as secondary anti-
bodies. Blots were detected by chemiluminescence using an ECL Plus Western
blotting detection system (GE Healthcare Bio-Science Corp.) and exposed to
X-ray film (Kodak) for 5 to 30 min.

MTT assay and detection of apoptosis. Growth curves of UET-13 transfectants
were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as described previously (18). The apoptosis was detected
using an annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit
(Biovision) according to the manufacturer’s instructions and analyzed by flow
cytometry (Cytomics FC500; Beckman Coulter).

1 fluorescence lysis. After 1 week of culture in the absence or
presence of tetracycline, UET-13 cells and the transfectants were harvested with
0.25% trypsin plus EDTA (IBL). The cells (2 X 10°) were incubated with mouse
monoclonal antibodies for 20 min. In the case of fluorescence-labeled antibodies,
the cells were washed with PBS and then analyzed. In the case of primary
unconjugated mouse antibodies, the cells were washed and then incubated with
FITC-conjugated goat anti-mouse IgG antibody (Jackson ImmunoResearch
Laboratories) for 20 min. Cell fluorescence was detected using a Cytomics FC500
instrument as described previously (27).

Antibodies against the following human antigens were used: CD10, CD13,
CD14, CD29, CD34, CD40, CD44, CD45, CD49¢, CD54, CD56, CD61, CD90,
CD105, CD117, and CD166 from Beckman Coulter; CD73 from BD Bio-
sciences-Pharmingen; CDS55 from Abcam; CD59 from Cedarlane Laboratories;
and CD133 and CD271 from Miltenyi Biotec GmbH.

Immunocytochemistry. Cells were grown on collagen type I-coated cover
glasses (Iwaki). After 72 h with or without tetracycline, cells were fixed for 30 min
in 4% paraformaldehyde and permeabilized in PBS containing 0.2% Triton
X-100 (Sigma) for 30 min. Subsequently, they were washed with PBS and blocked
in PBS containing 0.1% Triton X-100 and 1% bovine serum albumin (Sigma) for
30 min before being incubated with a monoclonal anti-CD99 antibody, i.e., 12E7
(1:100) (DakoCytomation) or O13 (1:200) (Thermo), and polyclonal anti-Fli-1
antibody (1:100) (Santa Cruz) for 1 h. Bound antibodies were visualized with
appropriate secondary antibodies, i.e., Alexa Fluor 488 goat anti-mouse IgG
(heavy plus light chains) highly cross-adsorbed and Alexa Fluor 546 goat anti-
rabbit IgG (heavy plus light chains) highly cross-adsorbed (Invitrogen) for 1 h at
1:300. Nuclei were counterstained with 4',6’-diamidino-2-phenylindole (DAPI)
or propidium iodide (PI) (Sigma). For the visualization of whole cells, cells were
treated with Celltracker Blue (Invitrogen) for 30 min and then fixed. Fluores-
cence was observed and analyzed using a confocal laser scanning microscope and
image software (either FV500 from Olympus or LSM510 from Carl Zeiss).
Precise measurements of cell size, nuclear size, and the nucleus-to-cytoplasm
(N/C) ratio were performed using Image J (16).

RT-PCR analysis. Total RNA was extracted from cells by use of an RNeasy kit
(Qiagen) and reverse transcribed using a first-strand cDNA synthesis kit (GE
Healthcare Bio-Science Corp). RT-PCR was performed with a HotstarTaq mas-
ter mix kit (Qiagen). As an internal control, human GAPDH cDNA was also
amplified. The sequences of gene-specific primers for RT-PCR were as follows:
for EWS/FLIL (forward), 5'-ATGGCGTCCACGGATTACAGTACCT-3'; for
EWS/FLI1 (reverse), 5'-GGGTCTTCITTGACACTCAATCG-3"; for EWS/
ERG (forward), 5'-ATGGCGTCCACGGATTACAGTACCT-3'; for EWS/
ERG (reverse), 5'-TTAGTAGTAAGTGCCCAGATGAGAA-3'; for GAPDH
(forward), 5'-CCACCCATGGCAAATTCCATGGCA-3'; and for GAPDH (re-
verse), 5'-TCTAGACGGCAGGTCAGGT/CCACC-3'. PCR products were
electrophoresed with a 1% agarose gel and stained with ethidium bromide.
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system in UET-13 cells. CMV, cytomegalovirus. (B) Analyses for confirming the inducible expression of EWS/ETS genes. EWS/ETS mRNAs were
detected in UET-13 transfectants UET-13TR-EWS/FLI1 and UET-13TR-EWS/ERG by RT-PCR. These cells were treated with or without 3
pg/ml of tetracycline (Tet) for the indicated periods. As an internal control, a human GAPDH gene was used. (C) Analyses for confirming the
inducible expression of EWS/ETS proteins. The cells were treated as described for panel B and subjected to Western blotting for the detection
of EWS/ETS proteins. The extracts of RD-ES and W-ES cells were also examined as positive controls. Membranes were reprobed with anti-actin
antibody as a loading control. (D) Morphological change after tetracycline treatment of UET-13 transfectants. UET-13 cells and the transfectants
were cultured in the absence or presence of tetracycline for 72 h and observed by light microscopy. Magnification, X40 (top); X200 (bottom). Cells
were also examined using hematoxylin-eosin (HE) (top) and May-Giemsa (bottom) staining (magnification, X200).

Real-time RT-PCR. Real-time RT-PCR was performed using TagMan univer-
sal PCR master mix and TagMan gene expression assays and an inventoried
assay on an ABI Prism 7900HT sequence detection system (Applied Biosystems)
according to the manufacturer’s instructions. The human GAPDH gene was used
as an internal control for normalization.

DNA microarray analysis. Total RNA isolated from cells was reverse tran-
scribed and labeled using one-cycle target labeling and control reagents as
instructed by the manufacturer (Affymetrix). The labeled probes were hybridized
to the human genome U133 Plus 2.0 array (Affymetrix). The arrays were per-
formed in a single experiment and analyzed using GeneChip operating software,
version 1.2 (Affymetrix). Background subtraction, normalization, and principal
component analysis (PCA) were performed by GeneSpring GX 7.3 software
(Agilent Technologies). Signal intensities were prenormalized based on the me-
dian of all measurements on that chip. To account for the difference in detection
efficiencies between the spots, prenormalized signal intensities on each gene
were normalized to the median of prenormalized measurements for that gene.
The data were filtered using the following steps. (i) Genes that were scored as
absent in all samples were eliminated. (ii) Genes for which the signal intensities
were lower than 100 were eliminated. (iii) Performing cluster analysis using

filtering genes, we selected the genes that exhibited increased expression or
decreased expression in tetracycline-treated cells. Accession numbers for the
microarray data are given below.

Invasion assay. The invasion assay was performed using Matrigel (BD Bio-
science) according to the previous description (34) with some modification.
Polycarbonate filter inserts containing 8-pm pores (BD Falcon) were coated with
50 w! of a 6:1 mixture of culture medium and Matrigel and placed into 24-well
culture plates containing DMEM supplemented with 10% T-FBS as chemoat-
tractants. Cells (2.5 X 10*) treated with or without tetracycline for 72 h were
suspended in DMEM containing 0.01% T-FBS and plated on top of each filter
insert. After 20 h in culture in the presence or absence of tetracycline, nonin-
vading cells were removed from upper surface of the filter with a cotton swab.
The invading cells on the lower surface of the filter were fixed with formalin,
stained with hematoxylin-eosin, and counted in five fields per membrane with
light microscopy. As a control, cells were also cultured on uncoated filter inserts.
The invasion efficiency was presented as the ratio of the number of invading cells
on Matrigel-coated inserts to that on uncoated inserts. Experiments were per-
formed in triplicate, and the means with standard deviations of the values are
shown in the graphs in Fig. 8.
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FIG. 2. Effects of EWS/ETS on cell growth in UET-13 cells. (A) Growth curve for UET-13 transfectants. Cells were seeded at 10*/well and
cultured as described for Fig. 1. The increase in cell number was analyzed by MTT assay. Values are means with the standard errors (SE) from
three independent experiments. Diamond symbols indicate UET-13 transfectants in the absence of tetracycline (Tet); box symbols indicate UET-13
transfectants in the presence of tetracycline. (B) Cells were cultured as described for panel A in the absence or presence of tetracycline for 3 days
and then stained with PI, and DNA contents were analyzed by flow cytometry (x axis, relative intensity of fluorescence; y axis, relative cell number).
(C) Cells treated as described for panel B were stained with FITC-annexin V and analyzed.

Microarray data accession numbers. Microarray data have been deposited in
the Gene Expression Omnibus database GEO (www.ncbi.nlm.nih.gov/geo) (ac-
cession numbers GSE8665 and GSE8596).

RESULTS

EWS/ETS expression results in morphological changes in
UET-13 cells. To investigate how the expression of EWS/ETS
affects human MPCs, we used UET-13 cells as a model of
human MPCs and expressed EWS/FLI1 (UET-13TR-EWS/
FLI1) and EWS/ERG (UET-13TR-EWS/ERG) in a tetracy-
cline-inducible manner (Fig. 1A). As shown in Fig. 1B and C,
we confirmed that the tetracycline treatment could induce
EWS/ETS expression by RT-PCR analysis and Western blot-
ting. The inducibility upon the addition of doxycycline was
comparable to that upon the addition of tetracycline.

Using these cell systems, first we examined the effect of
EWS/ETS expression on morphology in UET-13 transfectants.
When tetracycline was added to the culture, the morphologies
of both UET-13TR-EWS/FLI1 and UET-13TR-EWS/ERG
cells were dramatically changed (Fig. 1D). Tetracycline-treated
UET-13TR-EWS/ETS cells consisted of a mixture of small
round-to-polygonal cells and short spindle cells. The cell mor-
phology resembled that of EFT cell lines. To assess the repro-

ducibility of this phenotypic change, other UET-13TR-EWS/
ETS clones were examined, and similar morphological changes
were observed. Since tetracycline treatment did not affect the
morphology of UET-13TR cells (Fig. 1D), it was suggested
that the morphological alteration in UET-13 cells from a mes-
enchymal cell shape to small round cells, one of the charac-
teristics of EFT, can be attributed to EWS/ETS expression.
EWS/ETS expression inhibits cell growth in UET-13 cells.
Next, the effect of EWS/ETS expression on the growth of
UET-13 cells was analyzed. As shown in Fig. 2A, an MTT assay
revealed that the addition of tetracycline had no effect on the
growth of UET-13TR cells but slightly inhibited that of UET-
13TR-EWS/ETS cells. We also assessed the cell growth of
UET-13 transfectants after tetracycline addition by cell count-
ing and obtained results well in accord with those from the
MTT assay (data not shown). To determine the mechanism of
this inhibition, DNA content and the binding of annexin V to
UET-13 transfectants were examined. No significant increase
in either sub-G,-phase cells (Fig. 2B) or annexin V binding
cells (Fig. 2C) was detected, suggesting that EWS/ETS-medi-
ated growth inhibition in UET-13 cells was not due to the
activation of an apoptotic pathway. Moreover, no significant
decrease in S-G,-phase cells was observed (Fig. 2B).
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FIG. 3. Effects of tetracycline-mediated EWS/ETS expression on the expression and distribution of CD99 in UET-13 cells. (A) Relative CD99
levels in UET-13 transfectants in the absence or presence of tetracycline (Tet). UET-13 transfectants were treated with or without 3 pg/ml of
tetracycline for the indicated periods. Real-time RT-PCR was performed to investigate the expression pattern of CD99. Signal intensities of CD99
were normalized using those of a control housekeeping gene (human GAPDH gene). Data are relative values with standard deviations from
triplicate wells and are normalized to the mRNA level at 0 h, which is arbitrarily set to 1 in the graphical presentation. (B and C) Immunocy-
tostaining of CD99 in UET-13 transfectants. Cells were cultured on coverslips in the absence or presence of tetracycline for 72 h and then stained
with anti-CD99 antibody 12E7 (B) or O13 (C) as described in Materials and Methods. RD-ES cells were also examined as a positive control. For

the staining of nuclei, DAPI was used.

Effect of EWS/ETS on CD99 expression in UET-13 cells. The
p30/32MIC-2 gene product, CD99, is a cell surface glycopro-
tein expressed in EFT with a strong membranous staining
pattern and thus constitutes a useful marker for EFT (2, 30).
Knowing the dramatic change of morphology in UET-13 cells,
we next investigated the mRNA level of CD99 in tetracycline-
treated and untreated UET-13 transfectants by quantitative
real-time RT-PCR. CD99 levels were clearly elevated by tet-
racycline treatment in both UET-13TR-EWS/FLI1 and UET-
13TR-EWS/ERG cells in a time-dependent manner (Fig. 3A).

We also examined the protein expression of CD99 by im-
munostaining using 12E7 antibody, which is most widely used
as an anti-CD99 antibody. An EFT cell line, RD-ES, showed
strong membranous staining of CD99 (Fig. 3B), while neither
UET-13TR cells nor UET-13 cells had such a staining. Of note
is the fact that although 12E7 reactivity was observed only in
the cytoplasm in perinuclear regions in both UET-13TR (Fig.

3B) and UET-13 (data not shown) cells, this antibody is well
known to cross-react with a cytoplasmic protein not yet char-
acterized. Since another anti-CD99 antibody, O13, did not
react with either UET-13TR (Fig. 3C) or UET-13 (data not
shown) cells, we concluded that the perinuclear staining of
12E7 mentioned above was a cross-reaction with unrelated
proteins.

In the absence of tetracycline, both UET-13TR-EWS/FLI1
and UET-13TR-EWS/ERG cells were also negative with anti-
CD99 antibodies (a pattern designated CD997), similar to
UET-13 cells. Surprisingly, however, tetracycline induced a
membranous staining pattern (designated CD99") in UET-
13TR-EWS/FLI1 and UET-13TR-EWS/ERG cells, and some
CD99" cells had irregularly contoured nuclei (Fig. 3B). The
same results were observed with another anti-CD99 antibody,
013 (Fig. 3C), indicating that the membranous staining ob-
served for UET-13 transfectants with the anti-CD99 antibodies
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FIG. 4. EWS/ETS expression, alteration of CD99 distribution, and cell morphological changes in UET-13 cells. (A) Immunofluorescence
studies using anti-Flil (red), anti-CD99 (green), and DAPI (blue). UET-13TR-EWS/FLII cells were cultured on coverslips in the absence or
presence of tetracycline (Tet) for 72 h and then stained as described in Materials and Methods. White arrowheads indicate CD99 * cells that have
a strong staining pattern with anti-Flil antibodies and also have remarkable CD99 expression and morphological features. (B) Immunofluores-
cence analysis by triple staining with whole cells (Celltracker; blue), CD99 (anti-CD99; green), and nuclei (PI; red). UET-13TR-EWS/FLI1 cells
were cultured as described for panel A and then stained as described in Materials and Methods. (C to E) Measurements of whole-cell size (C),
nuclear size (D), and N/C ratio (E) in tetracycline-treated UET-13 transfectants. UET-13TR-EWS/FLI1 and UET-13TR-EWS/ERG cells were
cultured on coverslips in the presence of tetracycline for 72 h and then stained as described in Materials and Methods. These samples were
analyzed by the image analysis software Image J (n = 50). (C and D) Data are relative values with the SE and are normalized to the size
of CD99~ cells, which is arbitrarily set to 100. (E) Data are relative values with the SE and are normalized to the size of CD99~ cells, which

is arbitrarily set to 1.

was really CD99 derived. Despite the fact that cells were single
colony derived, there was a heterogeneous response to tetra-
cycline treatment in UET-13TR-EWS/FLI1 and UET-13TR-
EWS/ERG cells, but most of the CD99" cells had a small
round morphology, one of the characteristics of EFT. To assess
the correlation between EWS/FLI1 expression and the change
of the CD99 expression pattern, we performed immunofluo-
rescence studies using anti-Flil and anti-CD99 antibodies. As
shown in Fig. 4A, tetracycline treatment induced a marked

enhancement of nuclear staining with anti-Flil antibodies in a
large number of UET-13TR-EWS/FLI1 cells, indicating the
induction of EWS/FLI1 proteins. Furthermore, we observed
that the cells with a strong signal for Flil tended to reveal a
membranous staining pattern with anti-CD99 antibodies and a
small round morphology (Fig. 4A). To further verify the cor-
relation between CD99 expression pattern and cell morphol-
ogy, we estimated the size of cells by triple staining using
Celltracker Blue, PI, and anti-CD99 antibody (Fig. 4B). As
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TABLE 2. Immunophenotypic characterization of UET-13 transfectants and EFT cells
Result for”:
MPC 5 UET-13TR- UET-13TR- EFT
status® CDmarkes UET-13 UET-13IR EWS/FLI1 EWS/ERG RD-ES status® SK-ES1
Tet™ Tet* Tet™ Tet* Tet™ Tet*

M+ CD29 + + + + + - + + +

M+ CD59 + + + + + + + + +

M+ CD90 + + + + + + + + + E+

M+ CD105 + + + + + + + + +

M+ CD166 + + + + + + + + +

M+ CD44 + + + + + + + - -

M+ CD73 + + + + + + + - -

M+ CD10 + + + + Down + Down = =

M+ CD13 + + + = Down & Down = -

M+ CD49e + + + + Down + Down + =

M+ CDé61 + + + + Down + Down - .

M+ CD55 + + + + Down + + + -

M+ CD54 - - - - Up - Up + + E+

M(-) CD117 - - - - Up = Up + + E+

M+/- CD271 - - - - Up - Up + + E+
CD40 - N = - s = - + + E+
CDs6 = = = = = = = + + E+

M(-) CD133 - - - - - - - + +

M(-) CD14 — — - - ~ - — — -

M(-) CD34 - - - - - - - - -

M(-) CD45 - - - - - - - - -

“ M(—), negative for MPCs; M+/—, positive for BM-derived MPCs but negative after in vitro culture; M+, positive for MPCs.
® +, most cells positive; —, negative; Up, up-regulated by tetracycline treatment; Down, down-regulated by tetracycline treatment. Boldface indicates the antigens
the immunophenotypes of which were changed in favor of EFT. Tet™, tetracycline negative; Tet", tetracycline positive.

¢ E+, positive for EFTs.

presented in Fig. 4C and D, the results clearly showed that the
majority of CD99" cells were significantly smaller in both
whole-cell size and nuclear size than the CD99™ cells. More-
over, CD99" cells also had a substantially increased N/C ratio
(Fig. 4E). These results indicated that EWS/ETS expression
promoted CD99 expression in UET-13 cells, and CD99 expres-
sion status is correlated with the degree of morphological
change.

EWS/ETS expression altered the immunophenotype of
UET-13 cells. Human MPCs reveal a characteristic expression
of several surface antigens and can be identified on the basis of
the reactivity with a set of monoclonal antibodies against CD
antigens (25, 42). On the other hand, some CD antigens are
characteristically expressed on EFT cells (17, 28, 33). Using the
combinations of these antibodies listed in Table 2, which are
useful for the immunodetection of either MPCs or EFT cells,
we further examined whether EWS/ETS expression affects the
immunophenotype of UET-13 cells and compared its effect
with that on the immunophenotype of EFT cell lines (Table 2
and Fig. 5). As shown in Table 2, UET-13 cells express most of
the human primary MPCs markers. Some of the antigens ex-
pressed in MPCs, namely, CD29, CD59, CD90, CD105, and
CD166, were also found to be expressed in EFT cell lines, but
others, namely, CD10, CD13, CD44, CD61, and CD73, were
not. In contrast, antigens recognized to be present in EFT cells,
including CD40, CD56, and CD133, were absent from UET-13
cells. Interestingly, when the effect of tetracycline-mediated
EWS/ETS expression on the immunophenotype of UET-13
cells was tested, levels of some of the antigens present in
UET-13 cells, such as CD10, CD13, and CD61, were found to
be decreased (Fig. 5). In contrast, some of the markers found

in EFT cells, i.e., CD54, CD117, and CD271, became positive
in UET-13TR-EWS/ETS cells after tetracycline treatment. Be-
cause UET-13TR cells did not show such immunophenotypic
change upon treatment with tetracycline, these results indi-
cated that, at least in part, the immunophenotype of UET-13
cells was changed in favor of EFT in the presence of EWS/
ETS.

EWS/ETS in UET-13 cells modulates EFT-like gene expres-
sion. To further examine the molecular mechanism of EWS/
ETS-dependent cellular modulation in human mesenchymal
progenitor background, we performed DNA microarray-based
expression profiling using the Affymetrix human genome U133
Plus 2.0 array. As a first step to this approach, we validated our
experimental systems by analyzing the sequential changes of
known EWS/ETS target genes, i.e., inhibitor of differentiation
2 (ID2) (14, 39), NK2 transcription factor related, locus 2
(NKX2.2) (9, 48), and insulin-like growth factor binding pro-
tein 3 (IGFBP3) (41). Consistent with previous reports, levels
of ID2 and NKX2.2 increased with the expression of EWS/ETS
in a time-dependent manner, whereas the expression level of
IGFBP3 decreased (Fig. 6A). Employing the same procedure,
we also examined whether the change of surface antigen ex-
pression was regulated at the transcriptional level and deter-
mined the mRNA expression levels of some surface antigens in
UET-13 transfectants with or without tetracycline treatment.
In accordance with the results of immunocytometric and im-
munohistological experiments, the mRNA expression levels of
CD10, CD13, CD49¢, and CD61 were decreased, while those
of CD54, CD99, CD117, and CD271 were markedly increased
in tetracycline-treated UET-13TR-EWS/ETS cells (Fig. 6B
and C), indicating that the expression of these antigens is
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FIG. 5. Immunophenotypic change on induction of EWS/ETS expression in UET-13 cells. UET-13 transfectants were cultured with or without
3 ug/ml of tetracycline for 1 week and flow cytometric analyses were performed by using a set of antibodies as indicated. The histograms of UET-13
transfectants with (empty) and without (gray) tetracycline treatment were overlaid. Dotted lines indicate fluorescence intensities in negative control
panels (Cnt). Arrows indicate the immunophenotypic change caused by tetracycline. The immunophenotypes of the EFT cell lines RD-ES and

SK-ES1 were also examined.

controlled at the transcriptional level in the presence of EWS/
ETS.

We next investigated the candidate genes whose expression
is regulated by EWS/ETS in human MPCs. First, we selected
the genes with up-regulated or down-regulated expression by
EWS/ETS induction using gene cluster analysis (Fig. 7A; UET-
13TR-EWS/FLI1 up, 4,294 probes; down, 4,103 probes; UET-
13TR-EWS/ERG up, 3,358 probes; down, 3,705 probes). To
reduce the number of the candidate genes, we selected up-
regulated genes that are expressed in tetracycline-treated cells at
least 1.5-fold higher than in untreated cells (UET-13TR-EWS/
FLI1, 1,137 probes; UET-13TR-EWS/ERG, 835 probes). Simi-
larly, the down-regulated genes that are expressed in tetracycline-
treated cells at least 0.75-fold lower than in untreated cells (UET-

13TR-EWS/FLI1, 1,803 probes; UET-13TR-EWS/ERG, 773
probes). By selecting common probes in both cells, we finally
identified a group of candidate genes significantly controlled by
EWS/ETS induction in the human mesenchymal progenitor back-
ground. Since microarray analysis was performed as a global
screening in a single experiment, it is likely that there is a fair bit
of noise in the derived gene profiles due to the lack of replicate
data. This may account in part for the limited overlap between the
profiles induced by EWS-FLI1 and EWS-ERG, whereas we still
identified 349 probes of common up-regulated genes and 293
probes of common down-regulated genes (see the supplemental
material). In addition to the EFT-specific genes mentioned
above, these contained those previously described as EFT-specific
genes, such as those for OB-cadherin/cadherin-11 (31), Janus
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FIG. 6. The change of expression profile on induction of EWS/ETS in UET-13 cells. UET-13TR-EWS/FLI1 and UET-13TR-EWS/ERG cells
were cultured in the absence or presence of tetracycline (Tet) for the indicated periods and analyzed using the Affymetrix human genome U133
Plus 2.0 array as described in Materials and Methods. (A) The sequential changes of ID2, NKX2.2, and IGFBP3 mRNA levels in UET-13
transfectants upon treatment with or without tetracycline. Diamond symbols indicate UET-13 transfectants in the absence of tetracycline; box
symbols indicate UET-13 transfectants in the presence of tetracycline. (B and C) Microarray studies for the determination of expression profiles
of surface antigens in UET-13 transfectants. UET-13 transfectants were treated with or without 3 pg/ml of tetracycline for 72 h. mRNA levels were
determined with the Affymetrix human genome U133 Plus 2.0 array.

kinase 1 (JAK1) (49), keratin 18, and six-transmembrane epithe-
lial antigen of the prostate (STEAP) (22). The expression pattern
of these genes (642 probes) in UET-13 transfectants in the ab-
sence or presence of tetracycline is shown in the gene cluster in

Fig. 7B. The expression of these genes was indeed changed sig-
nificantly after EWS/ETS expression in both cells. They included
genes associated with signal transduction (such as those for epi-
dermal growth factor receptor, FAS [CD95], and fibroblast
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FIG. 7. Identification of candidates for the target of EWS/ETS in human MPCs by use of a microarray. UET-13TR-EWS/FLI1 and UET-
13TR-EWS/ERG cells were cultured as described for Fig. 6 and analyzed using the Affymetrix human genome U133 Plus 2.0 array as described
in Materials and Methods. (A) Scheme for the analysis of microarray data. (B) Gene cluster analysis of UET-13 transfectants in the absence or
presence of tetracycline by use of 642 candidate genes for targets of EWS/ETS in human MPCs. (C) Visualization of sequential change by the gene
expression profile in UET-13 transfectants following tetracycline-mediated EWS/ETS expression based on a PCA of 642 candidate genes. Deep
blue plots indicate UET-13 cells. Light blue plots indicate UET-13 transfectants in the absence of tetracycline for 72 h. Yellow plots indicate
UET-13 transfectants in the presence of tetracycline for 72 h. The pink circle indicates EFT cell lines expressing EWS/FLIL (purple plots),
EWS/ERG (red plot), and EWS/E1AF (light green plot). The light blue circle with blue plots indicates NB cell lines. The yellow circle with an
orange plot indicates a rhabdomyosarcoma (RMS) cell line. Cutoff induction and repression levels are 1.5-fold and 0.75-fold, respectively. Tet,
tetracycline.
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growth factor receptor 1) and development (such as jagged-1 and
frizzled-4, -7, and -8). Interestingly, in addition to the surface
antigens presented in Fig. 6B and C, the expression profiling of
EWS/ETS-expressing UET-13 cells displayed the modulation of
several genes associated with cell adhesion, cytoskeletal structure,
and membrane trafficking, such as those for collagen-11 and -21,
ephrin receptor-A2, -B2, and -B3, ephrin-Bl, claudin-1, integrin-
all, -aM, and -B2, CD66 (carcinoembryonic antigen-related cell
adhesion molecule-1), and CD102 (intercellular cell adhesion
molecule-2). They also included genes of chemokines CCL-2 and
-3. These data raise the possibility that EWS/ETS can contribute
to the membrane condition in human MPCs via the regulation of
these cell surface molecules and chemokines.

Using these genes, we performed a PCA to visualize the shift
in the gene expression pattern among the 642 probes. As
shown in Fig. 7C, the plots of UET-13 transfectants treated
with tetracycline became closer to those of EFT cells than to
those of UET-13 transfectants without tetracycline treatment.
These results indicated that the expression pattern of these
genes was altered from that of UET-13 cells to that of EFT
cells in an EWS/ETS-dependent manner. Since the gene ex-
pression profile of UET-13 cells is similar to those of other cell
types of mesenchymal origin (data not shown), our results
highlighted that the phenotypic alteration from mesenchyme
to EFT-like cells in UET-13 cells induced by tetracycline treat-
ment was accompanied by a change in the global gene expres-
sion profile.

EWS/ETS expression enhances the Matrigel invasion of
UET-13 cells. To assess the role of EWS/ETS in malignant
transformation in human MPCs, UET-13 transfectants were
examined by invasion assay. As shown in Fig. 8A, tetracycline
treatment did not affect the Matrigel invasion ability of UET-
13TR cells. When examined similarly, however, tetracycline
treatment resulted in an apparently increased invasion (P <
0.05) for both UET-13TR-EWS/FLI1 (Fig. 8B) and UET-
13TR-EWS/ERG (Fig. 8C) cells. The results indicated that
EWS/ETS expression can induce Matrigel invasion properties
in human MPCs.

DISCUSSION

In the present study, using UET-13 cells as a model of
human MPCs, we demonstrated that ectopic expression of
EWS/ETS promoted the acquisition of an EFT-like pheno-
type, including cellular morphology, immunophenotype, and
gene expression profile. Moreover, EWS/ETS expression en-
hances the ability of UET-13 cells to invade Matrigel. This
assay is thought to mimic the early steps of tumor invasion in
vivo (34), and the ability to penetrate the Matrigel has been
positively correlated with invasion potential in several studies.
Therefore, we concluded that EWS/ETS expression could me-
diate a part of the feature of tumor transformation in human
MPCs. Thus, our culture system would provide a good model
for testing the effects of EWS/ETS in human MPCs.

Several lines of evidence have indicated the transforming
ability of EWS/FLI1, whereas that of EWS/ERG is not yet to
be clarified. Therefore, it is noteworthy that our data demon-
strated that EWS/ERG could promote an EFT-like phenotype
in UET-13 cells similarly to EWS/FLI1. Thus, EWS/ERG also
has the ability to induce an EFT-like phenotype in the human
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FIG. 8. Effects of EWS/ETS expression on the Matrigel invasion
ability of UET-13 cells. UET-13TR (A), UET-13TR-EWS/FLI1 (B),
and UET-13TR-EWS/ERG (C) cells were cultured in the absence or
presence of tetracycline (Tet) for 72 h and then plated (2.5 X 10*) on
Matrigel-coated or uncoated filter inserts. After 20 h of culture, in-
vading cells were stained with hematoxylin-eosin and counted in five
fields per membrane as described in Materials and Methods. *, P <
0.05.

system. The major steps in the development of EFT should be
commonly regulated by distinct chimeric EWS/ETS proteins.
Indeed, several genes are common transcriptional targets of
different chimeric EWS/ETS proteins in the murine system
(11, 24, 35). Our data also showed that the 642 probes are
coregulated in both EWS/FLI1-expressing cells and EWS/
ERG-expressing cells. Further comparative studies of both the
EWS/FLI1- and the EWS/ERG-mediated onset of EFT could
allow us to understand the common functions of EWS/FLI1
and EWS/ERG in EFT. In addition, our systems are also
useful for precisely distinguishing between the functions of
these chimeric molecules in the development of EFT.

As mentioned above, the immunophenotypic analysis also
revealed that the expression profiles of surface antigens in
UET-13 cells were changed in favor of EFT cells in the pres-
ence of EWS/ETS (Fig. 4). Notably, the expression of CD54
(intercellular cell adhesion molecule-1 [ICAMI1]), CD117
(c-kit), and CD271 (low-affinity nerve growth factor receptor
[LNGFR]) increased in EWS/ETS-expressing UET-13 cells.
These markers are positive in EFT cell lines (17, 28, 33), and
in addition, CD117 is detected in about 40% of patient samples
(17) and is negative in human primary MPCs (4, 43). Thus, it
is reasonable to consider that a phenotypic marker of EFT was
induced in UET-13 cells by EWS/ETS expression. On the
other hand, CD54 and CD271 are positive in human primary
MPCs (8, 25, 42), whereas these markers are negative in
UET-13 cells. However, a previous report showed the disap-
pearance of some positive markers, including CD271, from
primary human MPCs during the process of ex vivo expansion
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(25), and it has been speculated that the expression of these
molecules in MPCs is induced in vivo via interaction with the
bone marrow microenvironment and that the necessary stimuli
are absent from ex vivo culture conditions. Therefore, the
immunophenotype of UET-13 cells rather might be related to
that of ex vivo-expanded primary human MPCs. In addition, it
may be possible that EWS/ETS expression led to the reexpres-
sion of these disappeared markers in UET-13 cells without the
necessary stimuli. In this case, the maintenance of CD271
expression outside of the bone marrow microenvironment
might be a characteristic of EFT. Thus, our results proved that
both EWS/FLI1 and EWS/ERG can be major causes of the
expression of these markers and that human MPCs that pre-
cisely recapitulate the expression are strong candidates for the
cell origins of EFT cells. The findings also imply that these
antigens are suitable targets for diagnostic tools and new ther-
apeutic agents. In fact, imatinib mesylate, which demonstrates
anticancer activity against malignant cells expressing BCR-
ABL as well as CD117 and platelet-derived growth factor re-
ceptor, inhibits proliferation and increases sensitivity to vin-
cristine and doxorubicin in EFT cells (17).

Notably, our results also indicate that UET-13 cells, which
have the MPC phenotype, possess the potential to acquire an
EFT-like phenotype upon the expression of EWS/ETS. Unlike
what is seen for human primary fibroblasts (31), ectopic EWS/
ETS expression induces an EFT-like morphological change in
human MPCs, suggesting that the cell type affects susceptibility
to the events following EWS/ETS expression. In murine MPCs,
retrovirally transduced EWS/FLI1 has been reported to induce
the expression of CD99, a most useful marker for EFT, though
the results are controversial (6, 45). However, our direct evi-
dence obtained with UET-13 cells clearly demonstrated that
CD99 expression is induced by EWS/ETS proteins in human
MPCs. Moreover, we showed that the expression of CD99
might correlate with EWS/ETS-mediated morphological
change, whereas the functional role of CD99 and the correla-
tion between CD99 expression status and EWS/ETS-mediated
morphological change in the development of EFT remain un-
clarified.

Consistent with the morphological and immunophenotypic
changes, the expression pattern of a set of genes in EWS/ETS-
expressing UET-13 cells shifted to that in EFT cells (Fig. 7C).
Although EWS/ETS expression enhanced the ability of
UET-13 cells to invade Matrigel, it did not promote migratory
ability and surface-independent growth, as assessed by migra-
tion assay and soft agar colony formation assay (data not
shown). We also failed to develop EFT-like tumors by injecting
EWS/ETS-inducing UET-13 cells into irradiated nude mice
treated with tetracycline (data not shown). These results imply
that EWS/ETS expression is not sufficient to induce the full
transformation in UET-13 cells, and other genetic abnormal-
ities not regulated by EWS/ETS could still be required for the
full transformation of human MPCs into EFT cells. An iden-
tification of these genes will greatly improve our understanding
of the additional genetic lesions that occur after EWS/ETS
expression. The genes expressed in EFT cell lines but not in
EWS/ETS-expressing UET-13 cells would be candidates for
such genes.

In summary, we reported the development of an inducible
EWS/ETS expression system in UET-13 cells as a model for
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the development of EFT in MPCs. In our system, the chimeric
genes alone are sufficient to confer EFT-like phenotypes, EFT-
specific gene expression pattern, and partial but not full fea-
tures of malignant transformation. Further analysis using our
system should elucidate the pathogenic mechanism by which
EFTs develop from MPCs, especially the initiating events me-
diated by EWS/ETS expression. Our system should also aid in
the identification of novel targets of the EWS/ETS-mediated
pathway as potential anticancer targets.
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Abstract

Background: The sclera maintains and protects the eye ball, which receives visual inputs. Although the sclera does not
contribute significantly to visual perception, scleral diseases such as refractory scleritis, scleral perforation and pathological
myopia are considered incurable or difficult to cure. The aim of this study is to identify charactensttcs of the human sclera as
one of the connective tissues derived from the neural crest and mesoderm. ~ ~ ;

 Methodology/Principal Findings: We have ;demonstrated microarray data of cultured human infant scleral cells.
Hierarchical clustering was performed to group scleral cells and other mesenchymal cells into subcategories. Hierarchical
clustering analysis showed similarity between scleral cells and auricular cartilage-derived cells. Cultured micromasses of
scleral cells exposed to TGF-Bs and BMP2 produced an abundant matrix. The expression of cartilage-associated genes, such
as Indian hedge hog, type X collagen, and MMP13, was up-regulated within 3 weeks in vitro. These results suggest that
human ‘sclera’-derived cells can be considered chondrocytes when cultured ex vivo.

Conclusions/Significance: Our present study shows a chondrogenic potential of human sclera. Interestingly, the sclera of
certain vertebrates, such as birds and fish, is composed of hyaline cartilage. Although the human sclera is not a cartilaginous
tissue, the human sclera maintains chondrogenic potential throughout evolution. In addition, our findings directly explain
an enigma that the sclera and the joint cartilage are common targets of inflammatory cells in rheumatic arthritis. The
present global gene expression database will contribute to the clarification of the pathogenesis of developmental diseases

such as high myopia.

Evolution. PLoS ONE 3(11): e3709. doi:10.1371/journal.pone.0003709
Editor: Che John Connon, University of Reading, United Kingdom

* E-mail: umezawa@1985.jukuin.keio.ac.jp

Citation: Seko Y, Azuma N, Takahashi Y, Makino H, Morito T, et al. (2008) Human Sclera Maintains Common Characteristics with Cartilage throughout

Received July 31, 2008; Accepted October 8, 2008; Published November 12, 2008

Copyright: © 2008 Seko et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by Research Fellowships of the Japan Society for the Promotion of Science (JSPS) for Young Scientists; a grant from the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan and Health and Labor Sciences Research Grants; by a Research grant on Health
Science Focusing on Drug Innovation from the Japan Health Science Foundation; by the Program for Promotion of Fundamental Studies in Health Science of the
Pharmaceuticals and Medical Devices Agency; by a grant from the Terumo Life Science Foundation; by a Research Grant for Cardiovascular Disease from the
Ministry of Health, Labor and Welfare; and by a Grant for Child Health and Development from the Ministry of Health, Labor and Welfare.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The eye receives information from the outside as the retinal
image, converting it into electrical signals for the brain, leading to
visual perception. The retinal image is stabilized by the balance of
intraocular pressure and the curvatures of the scleral and corneal
envelope. In order to keep this balance, the rigidity of the sclera
and the cornea are essential, especially the sclera must be rigid
enough for the eyeball to be rotated by powerful extraocular
muscles adhering to the sclera. The sclera and the corneal stroma
that are anatomically continuous have common characteristics
such as mechanical rigidity, and share a common origin, i.e., the
neural crest. However, the cornea and the sclera are different in
transparency: the cornea is completely transparent to produce a
sharp image on the retina; the sclera is opaque to avoid the
internal light scattering affecting the retinal image. This corneal

@ PLoS ONE | www.plosone.org

transparency has been attributed to significant changes in the
structure, especially of collagen fibrils, in the latter stages of
development [1]. Multipotent progenitor/precursor cells of
corneal stroma are identified from the mouse eye [2]. On the
other hand, existence of multipotent progenitor/precursor cells in
the sclera remains unclarified. Although the sclera does not
contribute significantly to visual perception, scleral diseases such as
refractory scleritis, scleral perforation and pathological myopia are
considered incurable or difficult to cure.

Microarray analysis of murine scleral development [3] and global
sequencing analysis from the human scleral cDNA library [4] have
been reported. To clarify pathogenesis of developmental diseases
such as high myopia, a database of genes expressed in the sclera of
younger donors is important. We here demonstrate with a global
expression database of human infant sclera that the sclera derived
from the neural crest evolutionarily retains characteristics of cartilage.
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Results

Isolation and cell culture of human scleral cells

Scleral tissues were excised from surgical specimens collected
during treatment for retinoblastoma. The scleral tissue was cut
into smaller pieces and cultured in the growth medium. The
scleral cells began growing out almost one week after the start of
cultivation. Scleral cells exhibited a fibroblast-like spindle shape or
polygonal shape in morphology when cultured in monolayer
(Fig. 1A). The cells from PD 5 to PD 31 rapidly proliferated in
culture, and propagated continuously (Fig. 1B). The cells stopped
replicating and became broad and flat at PD 43 or 264 days,
indicating that they had entered senescence. The morphological
changes are PD-dependent.

Global outlook by hierarchical clustering and PCA

To clarify the specific gene expression profile of scleral cells, we
compared the expression levels of 54,675 probes in the cultured
scleral cells and other cultured cells (Table 1) using the Affymetrix
GeneChip oligonucleotide arrays. We first performed hierarchical
clustering and PCA on the expression pattern. PCA showed
similarity between scleral cells and chondrocytes derived from
elastic cartilage (Fig. 2A). Hierarchical clustering analysis based on
all probes showed similarity between scleral cells and chondrocytes
(Fig. 2B). This similarity led us to hypothesize that the scleral cells
are chondrocytes when proliferated ex vivo, or have a chondro-
genic potential. We then performed PCA from the expression data
of cartilage-associated genes, including aggrecan, Sox9, and
parathyroid hormone receptor (Table S1). These genes are
categorized as “cartilage condensation” or “proteoglycan biosyn-
thesis” according to Gene Ontology. PCA based on cartilage-

20
10

300
Day

700 150 200 250

Figure 1. Proliferation of human ‘sclera’-derived cells. A.
Photograph of primary cultured human ‘sclera’-derived cells by
phase-contrast microscope. B. Growth curve of cultured human
‘sclera’-derived cells. Vertical axis indicates population doublings (PD)
and horizontal axis indicates days after innoculation of human ‘sclera’-
derived cells.

doi:10.1371/journal.pone.0003709.g001
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Table 1. Human cells analyzed in this study.

Umbilical cord (1)
Umbilical cord (2)

Title Description

Bone marrow Bone marrow-derived cell (P1)
Hepatocyte Hepatocyte (P0)

Endometrium Endometrial cell ,

Synovium Synovium-derived ‘ceII (P1)

Joint fluid Joint fluid-derived cell (P1)
Muscle Muscle-derived cell (P1)\ ‘

Bone ~ Cancellous bqﬁe}qeﬁVed; cellpy)
Fat Subcutaneus fat-derived cell (P1)
Amniotic epithelium Amniotic epithelial cell (P4)

Umbilical cord-derived ceil (Pb) (15
Umbilical cord-derived cell (P0) @)

Cartilage Auricular cartilage-derived cell (P1)
Sclera sdera-demedcellm) .
Cornea (stroma) Keratocyte (P1) k

Periostium Periostium-derived cell (P1)

Dermis Dermai ﬁbroblasf @2)

Cortical bone Cortical bone-derived cell (P3)

Gene chip analysis was performed using RNAs from the cells obtained from
each tissue. The cells obtained from bone marrow, liver, synovium, joint fluid,
muscle, bone, and fat were cultivated as previously described [31-33]. Amniotic
epithelial cells and umbilical cord-derived cells were cultured after each tissue
was manually separated from the placenta and minced by surgical knife and
scissors. Auricular cartilage-derived cells, periostium-derived cells, dermal
fibroblasts, and cortical bone-derived cells started to be cultured after each
tissue was manually separated from surgical specimens from patients with
polydactyly or microtia. Keratocytes and scleral cells were obtained from
corneal stroma and sclera (also see the Materials and Methods section).
“Endometrium” was obtained from the homogenized endometrial cells under
liquid nitrogen. All cells were harvested under signed informed consent, with
the approval of the Ethics Committee of the National Institute for Child and
Health Development, Tokyo. Signed informed consent was obtained from
donors and the surgical specimens were irreversibly de-identified. All
experiments handling human cells and tissues were performed in line with the
Tenets of the Declaration of Helsinki. Global gene expression profiles of those
cells are uploaded to GEO accession #GSE10934 at http://www.ncbi.nim.nih.
gov/geo/index.cgi.

P: passage. PO and P1 represents primary cell culture and cell culture one
passage after starting primary culture from tissues, respectively.
doi:10.1371/journal.pone.0003709.t001

associated genes demonstrated that scleral cells are grouped into
the same category that includes chondrocytes, synovial cells, and
synovial fluid-derived cells (Fig. 2C). The synovial cells and
synovial fluid-derived cells used in this study have a strong
chondrogenic potential [5-7]. Hierarchical clustering analysis
based on the cartilage-associated genes also demonstrated that
sclera, cartilage, synovium, and joint fluid are categorized into the
same group (Fig. 2D, Fig. 2E, Fig. S1).

Chondrogenesis of human scleral cells

After reaching 70-80% sub-confluence, we started the micro-
mass culture of scleral cells. Four weeks after culture in a
chondrogenic medium containg TGF-B1 and BMP2, a pellet of
human scleral cells exhibited a spherical shape (Fig. 3A). This
pellet showed an alcian blue positive extracellular matrix,
indicating that cultured micromasses of scleral cells exposed to
TGF-B1 and BMP2 produce an abundant matrix (Fig. 3B). RT-
PCR analysis demonstrated that scleral cells at passage 0 expressed
aggrecan, COL2A, SOX5, SOX6, SOX9, and PTHRI mRNAs

November 2008 | Volume 3 | Issue 11 | e3709
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Figure 2. Global gene expression analysis of cultured human cells. A. Three-dimensional representation of PCA of gene expression levels
(Human Genome U133 Plus 2.0: 54,675 probes). The gene expression data from scleral cells following one passage from the primary cultured cells
(equivalent to appropriately 4 PDs) were used for PCA. Sclera and cartilage are positioned closely adjacent (shown in circle). B. Hierarchical clustering
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analysis based on the expression of all genes (Human Genome U133 Plus 2.0: 54,675 probes, NIA Array Analysis) shows similarity between scleral cells
and chondrocytes. C. PCA of the cartilage-associated gene expression (Table S1). Sclera, cartilage, synovium, and joint fluid are positioned closely
adjacent (shown in circle). D. Hierarchical clustering analysis based on expression levels of the cartilage-associated genes (NIA Array Analysis). Sclera,
cartilage, synovium, and joint fluid are categorized into the same group. E. Hierarchical clustering analysis (TIGR MeV, see the Materials & Methods)
with the heat map, based on expression levels of the cartilage-associated genes. Each row represents a gene; each column represents a cell
population. Sclera, cartilage, synovium, and joint fluid are categorized into the same group. Cells derived from cartilage, synovium, and joint fluid are
capable of generating cartilage in vivo [7,34].

doi:10.1371/journal.pone.0003709.9g002

(Fig. 3C). These expressions were maintained in the cells after 10 Discussion

population doublings. After in vitro chondrogenesis of scleral cells, .

COL10A, SOX5, IHH, and MMP13 mRNA expressions  Iracing back of human scleral cells to chondrocytes
increased. After human scleral cells labeled with Dil were  through cultivation

implanted into a rat cartilage defect, the cells expressed type II This study was undertaken to investigate if human sclera has a
collagen (Fig. 3D). These results demonstrated that human scleral chondrogenic nature like chicken sclera [8,9]. Bioinformatics of
cells retained chondrogenic potential both in vitro and in vivo. human scleral cells suggest similarity between scleral cells and
Q N
& &
& o
\\@ \\@
A C GG &
N

Scleral cells (2 x 10E5)

Chondrogenic medium Aggrecan '

Desmeeiek cot2« ]
FBS(0%, %) soxs ]

Pellet culture
‘ IHH

Figure 3. Chondrogenesis of human ‘sclera’-derived cells. A. In vitro chondrogenesis. ‘Sclera’-derived cells were centrifuged to make a pellet
and cultured in chondrogenic medium for 4 weeks. Macroscopic feature is shown. B. Histological section of a pellet by micromass culture in a
chondrogenic medium stained with alcian blue. Bar: 100 um. C. Reverse transcriptase-PCR for cartilage-associated genes. Total RNAs were prepared
from scleral cells at passage 0, at 10 population doublings, after in vitro chondrogenic induction, and normal cartilage as a positive control. D.
Histological sections 4 weeks after transplantation of human scleral cells into cartilage defect of the knee in a rat. (a) Toluidin blue staining. (b)
Immunohistochemistry. Human scleral cells were labeled with Dil (red). Nuclei were stained with DAPI (blue). Type Il collagen was shown as green.
doi:10.1371/journal.pone.0003709.g003
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Figure 4. The distribution of scleral cartilage in vertebrates. The chondrogenic nature of the sclera is conserved across species. The figure is
modified from Franz-Odendaal, TA, et al., 2006 [10]. Species that have cartilage in the sclera are underlined; species with either absence or presence of
cartilage in the sclera, depending on family, are dot-underlined; species without cartilage in the sclera are non-underlined.

doi:10.1371/journal.pone.0003709.g004

chondrocytes, and this similarity may be attributed to evolution of
the sclera (Fig. 4), that is, animals such as elasmobranch, teleost
fish, amphibians, reptiles and birds incorporate the development
of a cup of hyaline cartilage in the sclera [10]. Scleral cartilage is
hypothesized to counter against the traction force of the
extraocular muscle and against the accommodative force to move
or deform the lens by intraocular muscles. In this paper, we
employ the global gene expression approach to human scleral
cells. As a result, scleral cells and chondrocytes are found to share
common chondrogenic characteristics.

Simulation of chondrogenic process during development
The phenotype of the differentiated chondrocyte is characterized
by the synthesis, deposition, and maintenance of cartilage-specific
extracellular matrix molecules, including type II collagen and
aggrecan [11-13]. Three-dimensional culture is a prerequisite for
exhibition of this chondrogenic phenotype in vitro since the
phenotype of differentiated chondrocytes is unstable in culture and
is rapidly lost during serial monolayer subculturing [14-16]. The
expression pattern of cartilage-associated genes in sclera-derived cells
after induction is consistent with that of chondrocytes during
development (Fig. 3C, Fig. S2): a) Consistent expression of type II
collagen and aggrecan, markers of early-phase chondrogenesis
[17,18] in sclera-derived cells, indicates that sclera-derived cells
retain their chondrogenic nature as a default state; b) Induction of
type X collagen and MMP13 genes after pellet formation of sclera-
derived cells may simulate late-stage chondrogenesis. In addition,
other chondrocyte-associated genes, such as sox5, IHH, and PTHR1
were also up-regulated. Sox5 functions as a transcription factor
necessary for chondrogenesis [19,20], IHH promotes chondrogenesis
as a cytokine [21], and PTHRI1 mediates parathyroid hormone
signaling as a specific receptor [18]. These results suggest that ex vivo
culture of sclera-derived cells simulates the developmental process of
chondrogenesis. Despite the chondrogenic nature of sclera-derived
cells, lack of cartilage in the sclera in humans may be attributed to cis-
and trans-regulation of cartilage-associated gene(s), or an unclarified
inhibitory mechanism that was altered during evolution (Fig. 4).

Implication of chondrogenic nature of sclera in diseases
The fact that the gene expression pattern of the human fibrous
sclera is similar to that of cartilage is interesting not only as

@ PLoS ONE | www.plosone.org

comparative anatomy but also from a patho-etiological view point.
The sclera and the joint cartilage are common targets for
inflammatory cells in rheumatic arthritis [22,23] or polychondritis
[24], implying common proteins between the sclera and the
synovium. Although the target protein(s) remains unclarified, our
findings directly explain an enigma that both the sclera and the
joint cartilage are affected in rheumatic arthritis. Furthermore,
mutations in genes for type II and type XI collagen are a cause of
Stickler syndrome [25,26]. Patients with Stickler syndrome have
joint deformity and severe high myopia due to an abnormality of
the sclera. These affected lesions may be attributed to the
chondrogenic nature of human sclera. In conclusion, our present
study shows a chondrogenic potential of human sclera and
explains the etiology of scleral disorders, at least in part. In
addition, we would like to emphasize that the first database of gene
expression in the human infant sclera (uploaded to GEO accession
#GSE10934 at  http://www.ncbinlm.nih.gov/geo/index.cgi)
may contribute to the elucidation of scleral diseases in the future.

Materials and Methods

Isolation and cell culture of human scleral cells

Scleral tissues were excised from surgical specimens as a therapy
of retinoblastoma, under signed informed consent, with the
approval (approval number, #156) of the Ethics Committee of
the National Institute for Child and Health Development, Tokyo.
Signed informed consent was obtained from donors, and the
surgical specimens were irreversibly de-identified. All experiments
handling human cells and tissues were performed in line with the
Tenets of the Declaration of Helsinki. The scleral pieces were cut
into smaller pieces and cultured in the growth medium (GM):
Dulbecco’s modified Eagle’s medium (DMEM)/Nutrient mixture
F12 (1:1) with high glucose supplemented with 10% fetal bovine
serum, insulin-transferrin-selenium, and MEM-NEAA (GIBCO).

Oligonucleotide microarray

Total RNAs were isolated from cultured scleral cells in the growth
medium without any induction of differentiation to perform the gene
chip analysis. Total RNA was extracted from a total of 5x 10°
cultured human scleral cells and other mesenchymal cells (Table 1)
using RNeasy Plus mini-kit® (Qiagen, Maryland, USA) according to
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the manufacturer’s instructions. A comprehensive expression analysis
was performed using 2 pg of total RNA from each sample and
GeneChip® Human Genome U133 plus 2.0 probe arrays (Affyme-
trix, Santa Clara, CA) according to the manufacturer’s instructions.
To normalize the variations in staining intensity among chips, the
‘Signal’ values for all probes on a given chip were divided by the
median value for expression of all genes on the chip. To consider
genes containing only a background signal, probes were eliminated
only if the ‘Signal’ value was less than 10, or the Detection call was
‘Absent’ in any sample using GeneSpring software version 7.2
(Agilent Technologies, Palo Alto). The gene chip analysis was carried
out on 8 independent scleral cultures.

Hierarchical clustering and principal component analysis
(PCA)

To analyze the gene expression data in an unsupervised manner by
gene chip array, we used hierarchical clustering and principal
component analysis (NIA Array; http://lgsun.grc.nia.nih.gov/
ANOVA/ [27], TIGR MeV; http://www.tm4.org/mer.html [28]).
The hierarchical clustering techniques classify data by similarity and
the results are represented by dendrogram. PCA is a multivariate
analysis technique which finds major patterns in data variability.
Hierarchical clustering and PCA were performed on the data of gene
chip analysis (a single assay for each sample) to group scleral cells and
other mesenchymal cells into subcategories (Table 1).

In vitro chondrogenesis

Two hundred thousand scleral cells were placed in a 15-ml
polypropylene tube (Becton Dickinson) and centrifuged for
10 minutes. The pellet was cultured in DF-C medium™
containing 0.1 UM dexamethasone, 1 mM sodium pyruvate,
0.17 mM ascorbic acid-2-phosphate, 0.35 mM proline, 6.25 pg/
ml bovine insulin, 6.25 pg/ml transferrin, 6.25 pg/ml selenous
acid, 5.33 pg/ml linoleic acid, 1.25 mg/ml BSA, 5 ng/ml TGF-
B1, 5 ng/ml BMP2, and 3% fetal bovine serum (TOYOBO). The
medium was replaced every 3 to 4 days for 28 days. For
microscopy, the pellets were embedded in paraffin, cut into 5-tm
sections, and stained with alcian blue [29,30].

In vivo chondrogenesis

Under anesthesia, full thickness cartilage defects were created in
the trochlear groove of the femur in SD rats. The defects were
filled with Dil-labeled human scleral cells. The rats were returned
to their cages after the operation and allowed to move freely.
Animals were sacrificed with an overdose of sodium pentobarbital
at 4 weeks after the operation. Specimens were dissected and
embedded in paraffin. The sections were stained with toluidine
blue and immunohistochemically stained with anti-type II collagen
antibodies (clone F-57, DAIICHI FINE CHEMICAL, Co. Ltd,,
Toyama, Japan). All animals received humane care in compliance
with the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research and the “Guide for the
Care and Use of Laboratory Animals” prepared by the Institute of
Laboratory Animal Resources and published by the US National
Institutes of Health (NIH Publication No. 86-23, revised 1985).
The operation protocols were accepted by the Laboratory Animal
Care and Use Committee of the Research Institute for Child and
Health Development (2003-002).

Reverse transcriptase-PCR

Total RNA was isolated with an RNeasy Plus mini-kit. Cartilage
pellets were digested with 3 mg/ml Collagenase D for 3 hours at
37°C.
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The following PCR primer sets were used for cartilage-associated
genes: aggrecan, sense (5'-TACACTGGCGAGCACTGTAAC -3')
and antisense (5'-CAGTGGCCCTGGTACTTGTT-3'), product
size, 71 bp; collagen, type II, alpha 1, sense (5'-TTCAGCTATG-
GAGATGACAATC -3") and antisense (5'-AGAGTCCTAGAGT-
GACTGAG -3"), product size, 472 bp; collagen, typeX, alpha 1,
sense (5'-CACCTTCTGCACTGCTCATC-3') and antisense (5'-
GGCAGCATATTCTCAGATGGA-3'), product sizem, 104 bp;
SOXS5, sense (5'-AGCCAGAGTTAGCACAATAGG -3') and
antisense (5'-CATGATTGCCTTGTATTC -3'), product size, 619
bp; SOXG6, sense (5'-ACTGTGGCTGAAGCACGAGTC -3') and
antisense (5'-TCCGCCATCTGTCTTCATACC -3'), product size,
562 bp; SOXO9, sense (5'-GTACCCGCACTTGCACAAC-3") and
antisense (5'-TCGCTCTCGTTCAGAAGTCTC-3'), product size
72 bp; Indian hedgehog homolog (IHH), sense (5'-TGCATTGCT-
CCGTCAAGTC-3') and antisense (5'-CCACTCTCCAGGCG-
TACCT-3'), product size 88 bp; parathyroid hormone receptor
1(PTHR1), sense (5'-CCTGAGTCTGAGGAGGACAAG-3') and
antisense (5'-CACAGGATGTGGTCCCATT-3'), product size 86
bp; matrix metallopeptidase 13 (MMP13), sense (5'-CCAGTCTCC-
GAGGAGAAACA-3') and antisense (5'-AAAAACAGCTCCG-
CATCAAC-3"),product size, 85 bp, and GAPDH, sense (5'-
GCTCAGACACCATGGGGAAGGT-3") and antisense (5'-
GTGGTGCAGGAGGCATTGCTGA-3'), product size, 474 bp.

Supporting Information

Figure S1 Global gene expression analysis of cultured human
cells. Hierarchical clustering analysis based on expression levels of
the cartilage-associated genes (NIA Array Analysis). We performed
gene chip analysis (a single assay for each analysis) for eight
independent primary scleral cultures from five patients (donors).
We started eight independent cultures from three different scleral
sites of Donor 2 (e.g. the anterior site 1.5 mm apart from the
limbs, the middle part, and the posterior part), 2 different scleral
sites of Donor 5, and three scleral sites of Donor 1, 3, and 4. We
performed hierarchical clustering analysis, using these indepen-
dent cultures and obtained consistent results, that is, “sclera”-
derived cells are categorized into one sub-group. Furthermore, the
sclera, cartilage, synovium, and joint fluid are categorized into the
same group.

Found at: doi:10.1371/journal.pone.0003709.s001 (0.07 MB
PDF)

Figure S2 Cartilage-associated gene expressions in cultured
fibroblasts derived from the dermis and the sclera. Cartilage-
associated gene expressions by RT-PCR in cultured fibroblasts
derived from the dermis and the sclera. Aggrecan, COL2A, THH
and PTHR mRNA expressions were clearly stronger in the scleral
fibroblasts compared to the dermal fibroblasts, indicating that
chondrogenic nature could be specific for the sclera among
collagenous tissues.

Found at: doi:10.1371/journal.pone.0003709.s002 (0.01 MB
PDF)

Table S1 Cartilage-associated genes
Found at: doi:10.1371/journal.pone.0003709.s003 (0.01 MB
PDF)
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