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* cocultivation with MS-5 cells (Fig. 1). Immunocytological
analysis showed that the CD19% B cells in our culture sys-
tem were surrogate light chain™ p~ pro-B cells [25]. Con-
sistent with these observations, the human BM CD34™* cells
in our study generated CD19% B cells and CD33+ myeloid
cells after 4 weeks of cocultivation with MS-5 cells (Fig. 1).
The detailed characterization of our culture system has
been reported previously [25]. Starting with 4 x 10°
CD347 cells, that containing <8% of CD19%CD34%, 0.4
to 1.3 x 10° mononuclear cells, 30.1% to 68.2% of which
were CD197CD34™ cells, were obtained (data not shown).
Immunocytological analysis showed that most of these
CD19% B cells expressed cytoplasmic-CD179a, a compo-
nent of surrogate light chain known to be most specific mo-
lecular marker of precursor-B cells, whereas only a few
percent of the CD197 cells were positive for surface and/
or cytoplasmic-p~ heavy chain. Considering the additional
observations that CD10, CD24, and CD43 were expressed
but CD20 were not in the CD19+ cells, we concluded
that most of the CD19" B cells obtained in our culture
system were pro-B cells [25].

We investigated the expression of IL-7 by the MS-5 cells

“and IL-7Ra by cultured CD34* BM cells. RT-PCR analysis
showed expression of murine IL-7 by MS-5 cells (Fig. 2A).
In addition, expression of human IL-7Rot mRNA by the
cultured human BM CD347 cells was observed (Fig. 2B).

Elimination of IL-7 reduced pro-B-cell development
Because murine IL-7 is known to react with human IL-7R
(26], the IL-7 secreted by MS-5 cells possibly affects cul-
tured CD34™ BM cells. We therefore investigated the effect
of anti-mouse IL-7 antibodies, which neutralizes the effect
of IL-7 on cultured CD34™ BM cells. As shown in Figure 1,
when anti-mouse IL-7 Ab was added, the CD191CD33~ B-
cell development was significantly reduced. In contrast,
when goat immunoglobulin (Ig) G was similarly ‘added,
as a control experiment for Figure 1A, the CD19TCD33"
B-cell development was not reduced (Fig. 1B), indicating
that the effect of anti-mouse IL-7 Ab is specific. The inhib-
itory effect of anti-mouse IL-7 Ab on pro-B-cell differenti-
ation was found to be dose-dependent and time-dependent
(Figs. 1 and 3). It is noteworthy that no significant change
in CD197CD33* myeloid cell development was observed,
whereas the subsequent cell number of CD19~CD33™~ was
also suppressed by addition of anti-mouse IL-7 Ab (Fig. D).
Because we observed the inhibitory effect of anti-mouse
IL-7 Ab on CD197CD33" cell fraction, we next investi-
gated the expression of B-lineage marker genes to evaluate
more detail characterization of these cells. As shown in
Figure 4A, in addition to CDI19¥CD33" pro-B cell,
CDI197CD33™ cells but not CD19-CD33%cells also ex-
pressed IL-7Re, after cultivation for 4 weeks. Expression
of TdT was also detected in CD19~CD33" cells. Although
30 cycles amplification failed in detection of PAXS and Iga
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Figure 2. Expression of interleukin (IL)-7 by murine stroma) MS-5 cells
and of IL-7 receptor by cultured human bone marrow CD34% cells. (A)
Expression of IL-7 by MS-5 cells was investigated by reverse transcription
polymerase chain reaction (RT-PCR). Expression of mouse B-actin was
also investigated as an internal control. The & 174/Haelll molecular
weight marker is shown on the right side. (B) Human bone marrow
CD34% cells cultured on MS-5 cells for 1, 2, 3, and 4 weeks. At the end
of each culture period, cultured human bone marrow cells was collected
by gentry pipetting, and the expression of IL-7 receptor (R) a was inves-
tigated by RT-PCR. CD19™ cells were sorted from 4-week cultured human
bone marrow CD34% cells and similarly examined. Expression of human
glyceraldehyde phosphate dehydropenase was investigated as an internal
control. . :

genes, 35 cycles amplification revealed the expression of
these genes in CD197CD33™ cells (Fig. 4B).

Effect of elimination of H.-7

on colony formation of CD34" BM cells

We also examined the effect of IL-7 elimination on colony
formation ability of CD34™ BM cells. The CD34* cells
were cultured on MS-5 cells with and without anti-mouse
IL-7 Ab for 1 week and examined by colony formation as-
say. As we reported previously [25], cultured CD34 ™ cells on
MS-5 cells can be classified into two subpopulations, namely,
floating and adherent cell fraction. Interestingly, treatment
with anti-mouse IL-7 Ab distinctively affected each cell frac-
tion and the number of adherent cells was sli ghtly decreased,
whereas the floating cells were not reduced (Fig. 5A). More-
over, after treatment with anti-mouse IL-7 Ab, granulocyte-
erythrocyte-macrophage-megakaryocyte (GEMM) colony
formation from foating cells was slightly reduced and
burst-forming unit erythroid (BFU-E) colony formation
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Figure 3. Time-dependency of anti-mouse interleukin (IL)-7 antibody—
mediated inhibition of pro-B-cell development. Human bone marrow
CD34% cells were cultured on MS-5 cells for 4 weeks. Goat polyclonal
anti-mouse IL-7 antibody (2.5 pg/mL) was added at the start of culture
(0), and after 1, 2, and 3 weeks of culture, and the number of CDI19* cells
was estimated by flow cytometry.

from adherent cells was significantly increased (Fig. 5B).
Especially, subsequent BFU-E colony formation from total
cells was also increased by anti-mouse IL-7 Ab treatment.

Effect of cytokines on anti-IL-7

Ab-mediated reduction in B-cell development

Since the reduction in CD19" B-cell development induced
by anti-mouse IL-7 Ab was reversed by addition of re-
combinant human IL-7 to the coculture of CD34% BM cells
and MS-5 cells. (Fig. 6A), the effect of anti-mouse IL-7 Ab
was concluded to be IL-7-specific. However, when we in-
vesligated the effect of exogenous recombinant human
IL-7 alone, no significant increase in CD19™ B-cell devel-
opment was observed (Fig. 6A). Also, the proportion of dif-
ferent lineages cells was not affected by exogenous
recombinant human IL-7 (data not shown). It is noteworthy
that although exogenous recombinant human IL-7 did not
change the number of pro-B cells, it increased the intensity
of CD19 expression on CD34" BM cells (Fig. 7), while fur-
ther differentiation of pro-B to pre-B cell was not observed
(data not shown).

Next, we investigated the effect of exogenous recombi-
nant human IL-2, IL-4, IL-9, IL-11, IL-15, and IL-21,
which mediates signal transduction via common Yy chain
on the reduction in pro-B-cell development induced by
anti-mouse IL-7 Ab, and no significant recovery in pro-
B-cell development was observed (Fig. 6B). TSLP has
been reported to mediate signal transduction via IL-7R
and TSLPR heterodimer and have overlapping function
with IL-7 [27,28]. Thus, we also investigated the effect of
exogenous recombinant murine and human TSLP on reduc-
tion in pro-B-cell development induced by anti-mouse IL-7
Ab, whereas no significant recovery in pro-B-cell develop-
ment was observed (Fig. 6C). :
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Figure 4. Expression of B-cell differentiation marker mRNAs by cultured
human bone marrow CD34% cells. (A) Human bone marrow CD34™ cells
cultured on MS-5 cells for 4 weeks, CD337CD19~, CD33*CDI97, and
CD337CD19" cells were sorted, and expression of IL-7Ra was investi-
gated by reverse transcription polymerase chain reaction with 30 cycles
amplification. Expression of human glyceraldehyde phosphate dehydroge-
nase (GAPDH) was also investigated as an internal control. (B)
€D337CD19~ and CD337CD19* cells were sorted from 4-week cultured
human bone marrow CD34% cells and expression of B-cell-differentiation
marker genes as indicated were similarly examined as in (A) with either 30
or 35 cycles amplification. Expression of human GAPDH was investigated
as an internal control.

Inhibition of IL-7 signaling

reduced pro-B-cell development

Next, we investigated whether anti-human IL-7Re. Ab in-
hibits pro—-B-cell development. As shown in Figure 8, addi-
tion of human IL-7Ra Ab that block the effect of IL-7
reduced the number of pro-B-cell development. Because
IL-7R signaling transduces to JAK3, we investigated the ef-
fect of a JAK3 kinase inhibitor. As shown in Figure §, the
JAK3 kinase inhibitor significantly reduced pro-B-cell
development.

Discussion A
In this article, we demonstrated that IL-7 plays a certain
role in development of human pro-B cells from
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Figure 5. Effect of anti-mouse interleukin (IL)-7 antibody on colony formation ability of human bone marrow CD34™ cells. Human bone marrow CD34%
cells were cultured on MS-5 cells for 1 week in the presence or absence {(-)} of goat polyclonal anti-mouse IL-7 antibody (2.5 ug/mL), and colony assay was
performed with floating and adhesion cells separately as described in Materials and Methods. The number of granulocyte macrophage (GM), granulocyte-
erythrocyte-macrophage-megakaryocyte (GEMM), and burst-forming unit erythroid (BFU-E) colonies per 10* cultured cells (A), and 1 weed-cultured cell
number (B) was counted. *Statistically significant differences (p < 0.05).

hematopoietic stem cells in vitro. Results of the present ment. As mentioned above, murine IL-7 is known to be ca-
study showed that MS-5 murine stromal cells produce IL- pable of binding to the human IL-7R {26,29]. Although
7 and that neutralization of the IL-7 they secrete with previous study of structure evaluation and enthalpy calcula-

anti-mouse IL-7 Ab markedly reduced pro-B-cell develop- tion performed on computer predicted that murine IL-7
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Figure 6. Effect of recombinant human interleukin (IL)-7 on anti-mouse IL-7 antibody-mediated inhibition of human pro-B-cell development. (A) Human bone
marrow CD34% cells were cultured on MS-5 cells for 4 weeks with or without the indicated combinations of goat anti-mouse IL-7 antibody (2.5 pg/mL) and

recombinant human IL-7 (10 to 100 ng/mL, as indicated). The number of CD19%

cells was counted, the same as described in Figure 5. (B) Human bone marrow

CD34™ cells were cultured on MS-5 cells for 4 weeks with or without the indicated combinations of goat anti-mouse IL-7 antibody (2.5 pg/mL) and recombinant
human IL (100 ng/mL), as indicated. The number of CD19* cells was counted and presented as in Figure 5. (C) Human bone marrow CD34% cells were cultured
on MS-5 cells for 4 weeks with or without the indicated combinations of goat anti-mouse IL-7 antibody (2.5 pg/mL) and recombinant murine or human thymic
stromal lymphopoietin (TSLP) (100 ng/mL), as indicated. The number of CD19™ cells was counted and presented as in Figure 5.

may display weaker binding with human IL-7R than human
IL-7 [30], however, it has been repoited that murine IL-7
still affect human CD19% cells and can induce downstream
signaling of IL-7R [31]. Indeed, the anti-mouse IL-7 Ab-
induced reduction in pro-B-cell development was reversed
by the addition of recombinant human IL-7, suggesting
specific inhibition of IL-7 function by anti-IL-7 Ab.

Inhibition of IL-7 binding to human IL-7R by anti-
human IL-7Ra Ab also reduced pro-B-cell development,
and a JAK3 kinase inhibitor that blocks signaling down-
streanr of IL-7R showed a similar reduction in pro-B-cell
development. As we presented, more significant inhibition
of B lymphopoiesis was induced by addition of the JAK3
inhibitor. It may because the reason of that JAK3 mediates
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Figure 7. Effect of recombinant human interleukin (IL)-7 on human CD19
expression in pro-B cells. CD34% cells were cultured on MS-5 cells for 3, 4,
and 6 weeks with or without 100 ng/mL recombinant human IL-7, and ex-
pression of CD19 was investigated by flow cytometry. The value of mean
fluorescence intensity (MF) and positivity (%) of each histogram are indi-
cated. Experiments were performed in triplicate, and similar results were
obtained. X-axis, fluorescence intensity; Y-axis, relative cell number.

signal transduction via the common ¥y chain of several
lymphokines, including IL-2, IL-4, IL-9, IL-15, and IL-21,
beside IL-7. All of the above findings clearly indicate that
eliminating IL-7 function resulted in failure of pro-B-cell
development in our culture system.

By contrast, addition of recombinant human IL-7 to the
culture did not increase the number of pro-B cells, and thus
the MS-5 cells possibly secrete IL-7 in sufficient amounts
to support pro~B-cell development. Because the exogenous
human IL-7 relatively increased CD19 expression on in-
duced pro-B cells, excess IL-7 may accelerate pro=B-cell
maturation, while further differentiation to pre-B cells
was not occurred.

In the present study, we also presented that the elimina-
tion of IL-7 function results in the inhibition of cell growth
in CD197CD33"™ cell fraction. Because we detected the
gene expression of IL-7 Ro in the cell fraction of
CD197CD337, but not CD197CD33™, it is reasonable to
consider that IL-7 can directly affect CD197CD33™ cell
fraction. The fact of the expression of B-lineage marker
genes, such as PAXS and Iga, should indicate that
CD197CD33" cell fraction contain the B cell progenitors
in which CD19 gene is not yet expressing. Consistently,
Reynaud et al. reported that IL-7Ra*Iga*CD19™ cells that
produced by CD34*CD197CD10~ cord blood cells cul-
tured in the presence of MS-5 with IL-2, IL-15, and stem
cell factor cytokines, transcribed the B-lymphoid-specific
genes E2A, EBF, TdT, Rag-1, had initiated DJH rearrange-
ment [32]. Alternatively, IL-7 may affect not only lymphoid
progenitor but also other lineage cells.
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Figure 8. Effect of anti-human interleukin (IL)-7 receptor antibody and
JAK3 Kkinase inhibitor on human pro-B-cell development. Human bone
marrow CD347 cells were cultured on MS-5 cells for 4 weeks with or
without goat polyclonal anti-human IL-7Ra antibody (2.5 pg/mL) or
JAK3 kinase inhibitor (5 pM). The number of CD19" cells was counted
the same as described in Figure 5.

Interestingly, we observed that elimination of IL-7 func-
tion affects the colony-forming ability of cultured CD34™
cells. The fact that the number of BFU-E colony remark-
ably increased by elimination of IL-7 function suggests
the possibility that IL-7 promotes differentiation of hemato-
poietic progenitors into the B-lineage cells and thus lead
a suppression of their differentiation into the erythroblast
besides. The observation of Adolfsson et al. [33] that indi-
cated the upregulated IL-7R gene expression in a population
of Lin-Scal™c-kit*CD347FlIt3* lymphoid-myeloid stem
cells in which the ability to adopt erythroid and megakaryo-
cyte lineage fates have lost [33] should support our hypoth-
esis. Moreover, decrease in the number of colony-forming
unit-GEMM colony in adhesion cell fraction might suggest
that IL-7 is taking part in the amplification of multipotent
progenitor cells, though a more detailed investigation is
necessary. It is also notable that floating and adhesion cell
fractions seem to have different receptivity for the effect
of IL-7 in our observation. Alternatively, IL-7 may influ-
ence the ability of adhesion of CD34™ cell.

As shown above, IL-7 is required for human pro-B-cell
developrhé'nt, at least in our culture system. In contrast to
our observation, however, Pribyl et al. [11] showed that
IL-7 is not necessary for human B-cell development in an
in vitro study. They cocultured human CD34% hematopoi-
etic stem cells and BM stromal cells from fetal BM for 3
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weeks without exogenous cytokines and induced immature
B cells expressing p/A or pw/k surface Ig receptors. In their
study enzyme-linked immunosorbent assay revealed secre-
tion of about 1 to 2 pg/mL IL-7 by BM stromal cells, and
addition of recombinant human IL-7 or anti-human IL-7
neutralizing Ab had no effect on the CD19% cell number.
Consistent with this, congenital immunodeficiency patients
who have mutations in common ¥ chain, IL-7Ra chain or
JAK3 tyrosine kinase, have normal numbers of peripheral
B cells [12-15]. '

Although the exact reason for the discrepancy is un-
known, several explanations are possible. In contrast to
our study, for example, they used human BM stromal cells,
and the difference -between the microenvironments pro-
duced by the human and murine stromal cells may have
contributed to the difference in effect of IL-7 on human
B-cell development. Another possibility is that, stimulation
by another cytokine or a growth factor may compensate for
the lack of IL-7 function in human B-cell development. In
the mouse microenvironment, however, the factor may be
absent or not have an IL-7 function—compensating effect.
In this study, we have tried to identify the substitutional fac-
tor for IL-7, whereas IL-2, IL-4, IL-9, IL-11, IL-15, IL-21,
and TSLP failed to compensate for the lack of IL-7 func-
tion. Therefore, another candidate(s) having substitutional
effect for IL-7 need to be identified in the future
experiments.

During revision, a similar observation to that presently
reported has been published By Johnson et al. [31]. Using
coculture system of CD34™ cord blood cells and MS-5 cells
supplemented. with granulocyte-colony stimulating factor
and stem cell factor to develop CD19% pro-B cells, they
presented that murine and human IL-7 affect human pro-
B cells and activate STATS, resulting in proliferation.
They also presented that neutralizing anti-murine IL-7
inhibited development of CD19% cells on their culture
system. Our study further extends their observation and
indicated that IL-7 is involved in the development of human
. pro-B cells from hematopoietic stem cells in vitro and af-
fect CD197CD337IL7R* B-cell precursor fraction and
hence influence on their colony-formation ability.

In view of the above findings, we concluded that the IL-7
is required for human pro-B-cell development from CD34"
BM cells in our culture system and that IL-7 appears to play
a certain role in early human B lymphopoiesis. Although
further investigation needed to be done, our observations
should contribute to a better understanding of the functional
roles of IL-7 in the regulation of B lymphopoiesis.
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Inducible Expression of Chimeric EWS/ETS Proteins Confers EWing’s
Family Tumor-Like Phenotypes to Human Mesenchymal
Progenitor Cells"t
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Ewing’s family tumor (EFT) is a rare pediatric tumor of unclear origin that occurs in bone and soft tissue.
Specific chromosomal translocations found in EFT cause EWS to fuse to a subsct of ets transcription factor
genes (ETS), generating chimeric EWS/ETS proteins. These proteins are believed to play a crucial role in the
onsct and progression of EFT. However, the mechanisms responsible for the EWS/ETS-mediated onset remain
unclear. Here we report the establishment of a tetracyeline-controlled EWS/ETS-inducible system in human
bone marrow-derived mesenchymal progenitor cells (MPCs). Ectopic expression of both EWS/FLII and
EWS/ERG proteins resulted in a dramatic change of morphology, i.e., from a mesenchymal spindle shape to
a small round-to-pelygonal cell, one of the characteristics of EFT. EWS/ETS also induced immunophenotypic
changes in MPCs, including the disappearance of the mesenchyme-positive markers CD10 and CD13 and the
up-regulation of the EFT-positive markers CD54, CD99, CD117, and CD271. Furthermore, a prominent shift
from the gene expression profile of MPCs to that of EFT was observed in the presence of EWS/ETS. Together

AQ:A with the observation that EWS/ETS enhances the ability of cells to invade Matrigel, these results suggest that
EWS/ETS proteins contribute to alterations of cellular features and confer an EFT-like phenotype to human
MPCs.

FozAQ:B  Ewing’s family tumor (EFT) is a rare childhood cancer aris- embryonic fibroblasts and primary human fibroblasts (16, 31).

ing mainly in bonc and soft tissue. Since EFT has a poor
prognosis, it is important to clucidate the underlying patho-
genic mechanisms for establishing a more effective therapeutic
strategy. EFT is characterized by the presence of chimeric
genes composed of EWS and ets transcription factor genes
(ETS) formed by specific chromosomal translocations, i.c.,
EWS/FLIL, 1(11:22)(424;q12): EWS/ERG. (21:22)(q12:412);
EWS/ETVI, (7:22)(p22:q12): EWS/EIAF, ((17:22)(q12:q12);
and EWS/FEV, 1(2;22)(¢33:q12) (26). The products of these
chimeric genes behave as aberrant transcriptional regulators
and are believed to play a crucial role in the onset and pro-
gression of EFT (3, 36). Indecd, recent studies have revealed
that the induction of EWS/FLII protcins can trigger transfor-
mation in certain cell types, including NIH 3T3 cells (36),
C2C12 myoblasts (12), and murine primary bone marrow-de-
rived mesenchymal progenitor cells (MPCs) (6, 45, 52). How-
ever, studies have also indicated that overexpression of EWS/
FLIT provokes apoptosis and growth arrest in mouse normal
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hence hampering understanding of the precise role of EWS/
ETS proteins in the development of EFT. The function of
EWS/ETS proteins would be greatly influenced by cell type,
and thus the cells that can originate EFTs might be morc
susceptible to the tumorigenic effects of EWS/ETS.

Although the cell origin of EFT is still unknown, the expres-
sion of neuronal markers in spite of the occurrence in bone and
soft tissues has kept open the debate as to a potential mesen-

chymal or neurocctodermal origin. As described above, ectopic AQ: ¢

cxpression of EWS/FLIT results in dramatic changes in mor-
phology and the formation of EFT-like tumors in murine pri-
mary bone marrow-derived MPCs but not in murine cmbry-
onic stem cells (6, 45, 52), supporting the notion that MPCs arc
a plausible ccll origin of EFT (45). However, others argue that
MPCs cannot be considered progenitors of EFT without fur-
ther evidence of similarity between human EFT and MPC-
EWS/FLI1-induced tumors in mice (29, 46).

The development of cxperimental systems using murine
species is useful for elucidating the mechanisms behind the
pathogenesis of EFT. However, several differences between
human and murine systems cannot be ignored; these differ-
cnces include the expression patterns of surface antigens in
MPCs, for instance (7, 44, 51, 53). Moreover, human cclls are
difficult to transform in vitro, and the transformed cells of mice
seem to produce a more aggressive tumor than those of hu-
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TABLE L. Cell lines used in this study and fusion transcript types

Fusion transcript

Cell line Diagnosis ype Reference
EES-§ EFT EWS/FLII type | 20
SCCHI190 EFT EWS/FLLI type 1 21
RD-ES EFT EWS/FLII type 1 5
SK-ESt EFT EWS/FLIT type 1 5
NCR-EW2 EFT EWS/FLIT type 11 19
NCR-EW3 EFT EWS/EIAF 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 o
malignant transformation. Thercfore, the use of human cell
models is ideal for clarifying how EFT develops. Models of the
onsct of EFT have been generated using primary fibroblasts
(31) and rhabdomyosarcoma cells (23). However, these cell
types arc not appropriate for studying the origins of EFT, and
a4 model that precisely recapitulatcs EWS/ETS-mediated EFT
formation is required.

UET-13 cells arc obtained by prolonging the life span of
human bone marrow stromal cells by use of the retroviral
transgencs hTERT and E7 (38, 50). retain the ability to dif-
ferentiate into not only mesodermal derivatives but also neu-
ronal progenitor-like cells, and arc 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 usc of UET-13 cells by exploiting tctracycline-induc-
ibic systems for expressing EWS/ETS (EWS/FLII and EWS/
ERG). Here we report that overexpression of EWS/ETS
mediates an EFT-like phenotype, including morphology, im-
munophenotype, and genc 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 eultured in Dulbecco’s modified Eagle's medivm (DMEM) with 1057
Tet system approved fetal bovine serum (T-FBS) (Takara) at 37°C under a
humiditicd 5% CO, atmosphere. EFT celf tines (EES-1 [20]. SCCH196 |21,
RD-ES and SK-ESt [5]. NCR-EW2 and NCR-EW3 [19], and W-ES {13]) and
nevroblastoma (NB) cell lines (NB6Y and NBY [15] and GOTO [47]) were
cultured in RPMI 1640 with 109 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 celis were seeded at a density of § % §0% cefls per well in 24-well tissue
culture plates | day prior to transfection. For introducing the tetracycline-induc-
ible system, UET-13 cells were transfected with pcDNAG-TR (Invitrogen) by use
of Lipofectamine 200 (knvitrogen). After 72 h, the medium was replaced with
fresh medium: containing 200 pg/ml of blasticidin § (Invitrogen). Individual
resistant clones were setected for a month and designated UET-13TR cells.
UET-13TR culls were further transfected with peDNAJ-EWS/ETSs constructed
as described below, and individual resistamt clones were sclected in DMEM
containing 105 T-FBS and 200 to 300 pg/m! of Zeocin (Iavitrogen). The Zeacin-
resistant clones were expanded and tested for the induction of EWS/ETS cx-
pression upon the addition of 1etracyeline by use of reverse transeription-PCR
(RT-PCR) as described helow,

Plasmid construction, A gateway cassciie (hases 110 1705) was amplitied from
pBLOCK-iT3-DEST (Invitrogen) by PCR, and the PCR product was inseried
into the EcoRV site of peDNA4-TO (lavitrogen) (termed peDNA4-DEST).
Since the type ITLEWS/FLIL is a stronger transactivator than the type | product

Mor.. Cedi.. Biol.

(32), we used the type 15 variant in the present study. EWS/ERG was isolated
from W-ES, an EFT cell line, juining EWS cxon 7 and ERG exon 9. Full-fength
EWS/FLIF type I and EWS/ERG ¢cDNAs were amplified from ¢DNAs prepared
from NCR-EW2 and W-ES cells, respectively, by PCR as described below ind
cloned imo the Xmnl-EeaRV sites of pENTRIL (Invitrogen). The resulting
PENTRI-EWS/ETSs were recombined with pelINAJ-DEST by use of LR
recombination reaction as instructed by the manufacturer (Invitrogen) to con-
siruet the tetracyeline-inducible EWS/ETS expression vector peDNAS-EWS/
ETSe.

Western blot analysis, UET-13 transfectants were cultivated with or without 3
ug/mi of tetracyeline for 72 b, Western blot analysis was performed as previously
described (375, Briefly, the cell lysates were prepared and separated on s 107
sodium dodeeyl sulfate-polyacrybimide gel eleetrophoresis gel and transferred
onto a polyvinvlidene diftuoride membrane. The membranes were Mocked with
5% skimmed milk in phosphate-buflered satine (P138) containing 0.01% Tween
2y (Sigma) and incubated with primary antibodies, As the primary antibodics,
anti-Fli- 1. anti-Erg-1/2/3 (Samta Cruz, Biotechnology), and anti-actin (Sigmia)
were used. Horseradish peroxidisse-conjugated anti-rabbit or anti-mouse immu-
noglobulin G (1g€y antibodics (DakoCytomation) were used as seeondary ami-
hidies. Blots were deteeted hy chemitumineseence using an ECL Plus Western
Motting detection system (GE Healthcare Bio-Science Corp.) and exposed to
X-ray fitm (Kadak) for 5 10 30 min,

MTT assay and detection of apoptosis. Growth curves of UET-13 transfectants
were determined using the 3-(4.5-dimethylibinzol-2-yb)-2,5-diphenyltetrazolium
hromide (MTT) assay as deseribed previously (18). The apoprosis was detected
using an annexin V-fluoreseein isothiocyanme (FITC) apoptosis detection kit
(Biovision) according o the manufacturer’s instructions and analyzed by flow
cytometry (Cytomics FCSHME Beckman Coulier),

Immunoftuorescence analysis. After | week of culture in the absence or
presence of tetracydline, UET-13 cells and the tramsfectants were harvested with
.25% trypsin plus EDTA (IBL). The cells (2 % 10%) were incubated with mouse
monocional aniibodics for 20 min. In the cise of Auorescence-labeled antibodices,
the cells were washed with PBS and then analyzed. In the case of primary
unconjugated mouse antihodies, the cells were washed and then incubated with
FITC-conjugitted goit anti-mouse 1gG antibody (Jackson  ImmunoRescarch
Laboratorics) for 20 min. Cell fluorescence was detected using a Cytomics FC3H)
instrument as described previously (27).

Antibodics against the following human antigens were used: CD10, CDI3,
CD14, CD20, CNH34. CD4AD, (D44, CD45. CD4Ye, CD34, CD56. CR6E, CDHY,
CDI105, CDII7. and CDI6H from Beckman Coulier: CD73 from BD Bio-
sciences-Pharmingen; CDAS from Abcam; CD3Y from Cedarline Laboratories:
and CD133 and D271 from Miltenyi Biotee GmbH.

Immunocytochemistry. Cells were grown on collagen type T-coated cover
glasses (Jwaki). After 72 h with or without tetracycline. celis were fixed for 30 min
in 4% paraformaldchyde and permeihilized in PBS containing 0.2%. Triton
X-1460 (Sigma) for 30 min. Subscquenily. they were washed with PBS and blocked
in PBS containing 0.1 Triton X- 1KY and 1% bovine scrum albumin (Sigma) for
30 min before being incubated with « monoclonal anti-CDY9 antibody., i.c.. 12E7
(1:106) (DakoCytomation) or O13 (1:200) (Thermo), and polvelonal anti-Fli-1
antibody (1:100) (Santa Cruz) for | h. Bound antibodics were visualized with
apprapriate sceondary antibodics, i.c.. Alexa Fluor 488 goat anti-mouse TpG
(heavy plus light chains) highly cross-adsorbed and Alexs Fluor 546 goat anti-
rahbit IgG (heavy plus light chains) highly cross-adsorbed (lavitrogen) for 1 hat
1:3tH). Nuclei were counterstained with 4°.6"-diamidino-2-phenylindole (DAPT)
or propidium indide (PI) (Sigmi). For the visualization of whole cells. cells were
treated with Celitracker Blue (Invitrogen) for 30 min and then fixed. Fluores-
cence was observed and analyzed using a confoca] fuser scanning microscope and
image software (cither FV300 from Olympus or LSM310 {rom 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 cefls by use of an RNcasy kit
(Qiagen) and reverse transcribed using a first-strand ¢<DNA synthesis kit (GE
Healtheare Bio-Science Corp). RT-PCR was performed with a HotstarTag mas-
ter mix Kit (Qiagen). As an internal control, human GAPDH ¢DNA was also
amplificd. The sequences of gene-specific primers for RT-PCR were as follows:
for EWS/FLI (forward), 5'-ATGGCGTCCACGGATTACAGTACCT-3'; for
EWS/FLIL (reverse). S-GGGTCTTCTTTGACACTCAATCG-3: for EWS/
ERG (forward). 5-ATGGCGTCCACGGATTACAGTACCT-3: for EWS/
ERG (reverse). 3-TTAGTAGTAAGTGCCCAGATGAGAA-3": for GAPDH
forward). 5'-CCACCCATGGCAAATTCCATGGCA-3": and for GAPDH (re-
verse), STCTAGACGGCAGGTCAGGT/CCACC-3. PCR products were
clectrophoresed with a 1% agarase gel and stained with ethidium bromide.

AQ:E

AQ:F

AQ: G
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FIG. L. The cffect of EWS/ETS on the morphology of UET-13 cells. (A) The establishment of a tetracycline-inducible EWS/ETS expression
system in UET-13 cells. CMV, cytomegalovirus. (B) Analyses for confirming the inducible cxpression of EWS/ETS genes. EWS/ETS mRNAs were
detected in UET-13 transfectants UET-13TR-EWS/FLIT and UET-13TR-EWS/ERG by RT-PCR. These cells were treated with or without 3
pg/ml of tetracyeline (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 pancl 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, X460 (top); X 200 (bottom). Cells
were also examined using hematoxylin-cosin (HE) (top) and May-Gicmsa (bottom) staining (magnification, X 200).

Real-time RT-PCR. Real-time RT-PCR was performed using TagMan univer-
sab PCR master mix and TagMan gene expression assivs and an inventoricd
assay on an ABI Prism TOU0HT sequence detection system (Applicd Biosystems)
according to the manufacturer’s instructions. The human GAPDH gene was used
as an internal control for normalization.

DNA microarray analysis. Total RNA isoluted from cells was reverse trun-
seribed and labeled using onc-cvele target labeling and control reagents as
instructed by the manufacturer (Afflymetrix). The labeled probes were hybridized
to the human genome UE33 Plus 260 array (Affymetrix). The asrays were per-
formed in single experiments 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 Technologics). Signal intensities were prenormalized based on the me-
dian of all measurements on that chip. To account for the dificrence in detection
lliciencies between the spots, prenormalized signal intensitics on cach 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 climinated. (ii) Genes for which the signal intensitics
were lower than 10 were climinated. (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-
scienee) according o the previous deseription (34) with some modification,
Polycarhonate filter inserts containing 8-pum pores (BD Falcon) were coated with
50 pl of a 6:1 mixture of culture mediom and Matrigel and placed into 24-well
culture plates containing DMEM supplemented with 107 T-FBS s chemoat-
tractants. Cells (2.5 X 10%) treated with or without tetracyeline for 72 h were
suspended in DMEM containing 0015 T-FBS and plated on top of cach filter
insert. After 20 b in culture in the presence or absence of tetracyeline. nonin-
vading cells were removed from upper surface of the filter with a cotton swah,
The invading cells on the lower surface of the filter were fixed with formalin,
stained with hematoxylin-cosin, and counted in tive ficlds per membrane with
light microscopy. As a control. cells were also cultured on uncoated filter inserts.
The invasion cfficiency 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 the figures.

AQ:H
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FIG. 2. Effects of EWS/ETS on ccll growth in UET-13 cells. (A) Growth curve for UET-13 transfectants. Cells were seeded at 10%well and
cultured as deseribed for Fig. |, The increase in ccll number was analyzed by MTT assay. Values arc means with the standard crrors (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 pancl A in the absence or presence of tetracycline for 3 days
and then stained with P1, and DNA contents were analyzed by flow cytometry (x axis, relative intensity of fluorescence: y axis, relative cell numbcr).
(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.nehi.nim.nih.govigeo) (ac-
cession numbers GSER663 and GSER3Y6).

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/FLII (UET-13TR-EWS/
FLI1) and EWS/ERG (UET-13TR-EWS/ERG) in a tetracy-
clinc-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/FLII 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 ceils 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 simitar morphological changes
were observed. Since tetracycline treatment did not affect the
morphology of UET-13TR cells (Fig. D). it was suggested
that the morphological alteration in UET-13 cells from a mcs-
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 cffect 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-
I3TR-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 anncxin V to
UET-13 transfectants were examined. No significant increase
in cither 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. Effcets of tetracycline-mediated EWS/ETS expression on the expression and distribution of CD99 in UET-13 cells. (A) Relative €199
levels in UET-13 transfectants in the absence or presence of tetracyeline (Tet). UET-13 transfectants were treated with or without 3 pe/ml of
tetracycline for the indicated periods. Real-time RT-PCR was performed to investigate the expression pattern of C1D99. Signal intensities of CD9
were normalized using those of a control housckeeping gene (human GAPDH genc). Data are relative values with standard deviations from
triplicate wells and are normalized to the mRNA level at O h. which is arbitrarily set 1o 1 in the graphical presentation. (B and C) Immunocy-
tostaining of CDYY in UET-13 transfectants. Cells were cultured on coverslips in the absence or presence of tetracyeline for 72 h and then stained
with anti-CDY9 antibody 12E7 (B) or Q13 (C) as deseribed in Materials and Mcthods. RD-ES cells were also examined as a positive control, For

the staining of nuclei. DAPI was uscd.

Effect of EWS/ETS on CD99 expression in UET-13 cells. The
p3O/32MIC-2 gene product. CDYY, 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 CDY9 in tetracycline-
treated and untreated UET-13 transfectants by quantitative
real-time RT-PCR. CDYY levels were clearly elevated by tet-
racycline treatment in both UET-13TR-EWS/FLIIT and UET-
I3TR-EWS/ERG cells in a time-dependent manner (Fig. 3A).

We also examined the protein expression of CDYY by im-
munostaining using 12E7 antibody, which is most widely used
as an anti-CDYY antibody. An EIFT cell line, RD-LS, showed
strong membranous staining of CDYY (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 obscrved 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-CDYY antibody. Q13. 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/FLII
and UET-13TR-EWS/ERG cells were also negative with anti-
CD99 antibodics (a pattern designated CDY9 ), similar to
UET-13 cells. Surprisingly. however, tetracycline induced a
membranous staining pattern (designated CDY9") in UET-
I3TR-EWS/TLIT and ULT-13TR-CEWS/ERG cells. and some
CDY9" cells had irregularly contoured nuclei (Fig. 3B). The
same results were observed with another anti-CDYY antibody,
013 (Fig. 3C). indicating that the membranous staining ob-
served for UET-13 transfectants with the anti-CDYY antibodies
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FIG. 4. EWS/ETS cxpression, alteration of CDY9 distribution. and cell morphological changes in UET-13 cells. (A) Immunofluorescence
studies using anti-Flil (red). anti-CDY9 (green). and DAPI (blue). UET-13TR-EWS/FLIT cells were cultured on coverslips in the absence or
presence of tetracyeline (Tet) for 72 h and then stained as described in Materials and Methods, White arrowheads indicate mb-CD99 cells that
have a strong staining pattern with anti-Flil antibodies and also have remarkable CDY99 expression and morphological features. (B) Immunoflu-
orescence analysis by triple staining with whole cells (Celltracker: bluc), CDY9 (anti-CDY9: green). and nuclei (Pl red). UET-13TR-EWS/FLIL
cells were cultured as deseribed for pancl A and then stained as described in Materials and Methods. (C to E) Mcasurements of whole-cell size
(C). nuclear size (D). and N/C ratio (E) in tetracyeline-treated UET-13 transfectants. UET-13TR-EWS/FLII and UET-13TR-EWS/ERG cells
were cultured on coverslips in the presence of tetracyeline for 72 b and then stained as described in Materials and Methods, These samples were
analyzed by the image analysis software Image J (1 = 50). (C and D) Data are relative values with the SE and are normalized to the size of ep-CDYY
cells, which is arbitrarily set to 1000 (E) Data are relative values with the SE and are normalized to the size of ¢p-CDYY cells, which is arbitrarily
setto ]

was really CDY9 derived. Despite the fuct that cells were single
colony derived. there was a heterogencous response to tetra-
cycline treatment in UET-13TR-EWS/FLII and UET-13TR-
EWS/ERG cells. but most of the CDY9"' cells had a small
round morphology. one of the characteristics of EFT. To assess
the correlation between EWS/FLIT expression and the change
of the CDY expression pattern, we performed immunofluo-
rescence studies using anti-Flil and anti-CDY) antibodics. As
shown in Fig. 4A, tetracycline treatment induced a marked

enhancement of nuclear staining with anti-Flil antibodics in a
targe number of UET-13TR-EWS/FLII cells, indicating the
induction of EWS/FLII proteins. Furthermore, we observed
that the cells with a strong signal for Flil tended to reveal a
membranous staining pattern with anti-CDYY antibodies and a
small round morphology (Fig. 4A). To further verify the cor-
relation between CDY9 expression pattern and cell morphol-
ogy, we estimated the size of cells by triple staining using
Celltracker Blue, PIL and anti-CD9Y antibody (Fig. 4B). As
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TABLE 2. Immunophenotypic characterization of UET-13 trunsfectants and EFT cells

Result for:

MPC

UET-13TR-

UET-13TR-EWS/

Chalus? CD marker UET-13 UET-13TR EWS/FLI ERG RO-ES SKLESI EFT statuy”
Tet™ Tet™ Tet™ Tet™ Tet™ Tet™
M+ CD2y + + + + + + + + +
M+ Chs9 + + + + + + + + +
M+ DY + + + + + + + + + E+
M-+ D05 + + + + + + + + +
M+ CD166 + + + + + + + + +
M+ CD44 + + + + + + + — ~
M+ CD73 + + + + + + + - -
M+ CDh1o + + + + Down + Down - -
M+ CDI13 + + + + Down + Down - -
M+ CD49e + + + + Down + Down + -
M+ CDot + + + + Down + Down - -
M+ CDs5 + + + + Down + + o+ -
M+ Cbs4 - - - - Up - Up + + E+
M(-) CDIt7 - - - - Up - " Up + + E+
M+/- CD271 - - - Up - Up + + F+
CD40o - - - - - - + + E+
CDs6 - — - - - - - + + E+
M(-) CDi33 ~ - - - - - - + +
M(-) CDi4 - - - - - - - - -
M(-) CD34 - - - - - - - - -
M(~-) CD45 - - - - - - - - -

¢ M( - ). negative for MPCs: M+/~ positive for BM-derived MPCs but negative afier in vitro culture: M+, positive for MPCs,
P 4+ most cells positive; —. negative: Up, up-regulaied by tetracycline treatment; Down. down-regutated by tetracycline treatment. Boldlace indicates the antigens
the immunophenotypes of which were changed in favar of EFT. Tet™. tetracycline negarive:; Tet', tetracycline positive.

“E+. pusitive 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 CDY9™ cells. More-
over, CDYY™ cells also had a substantially increased N/C ratio
(Fig. 4E). These results indicated that EWS/ETS expression
promoted CDYY 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 antibodics 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 celis,
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, CDY0, 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 cclls, such as CD10, CD13, and CD61, were found to
be decreased (Fig. 5). In contrast, some of the markers found

in EFT cclls, i.c., CD54, CD117, and CD271, became positive
in UET-13TR-EWS/ETS cells after tetracycline treatment. Be-
cause UET-13TR cclls 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
cxperimental systems by analyzing the sequential changes of
known EWS/ETS target genes, i.c.. 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 trcatment.
In accordance with the results of immunocytometric and im-
munohistological experiments, the mRNA expression levels of
CD10, CDI13, CD4Ye, and CD61 were decreased, while those
of CDS4, CDY9, CD117, and CD271 were markedly increased
in tetracycline-trecated UET-13TR-EWS/ETS cells (Fig. 6B
and C), indicating that the cxpression of these antigens is
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FIG. 5. Immunophenatypic change on induction of EWS/ETS expression in UET-13 cells. UET-13 transfectants were cultured with or without
3 pg/ml of tetracyctine for 1 week and flow eytometric analyses were performed by using a set of antibodics as indicated. The histograms of UET-13
transfectants with' (empty) and without (gray) tetracycline treatment were overlaid. Dotted lines indicate fluorescence intensitics in negative control
pancls (Cnt). Arrows indicate the immunophenotypic change caused by tetracycline. The immunophenotypes of the EFT cell lines RD-ES and

SK-ESI 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-
I3TR-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/
FLIL, 1,137 probes; UET-13TR-EWS/ERG, 835 probes). Simi-
larly, the down-regulated genes that arc expressed in tetracycline-
treated cells at least 0.75-fold lower than in untreated cells (UET-

13TR-EWS/FLI), 1803 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 single experiments, 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 1o 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/FLII and UET-13TR-EWS/ERG cells
were cultured in the absence or presence of tetracyeline (Tet) for the indicated periods and analyzed using the Afymetrix human genome U133
Plus 2.0 array as described in Materials and Methods. (A) The sequential changes of 1D2, NKX2.2, and IGFBP3 mRNA levels in UET-13
transfectants upon treatment with or without tetracycline. Diamond symhbols indicate UET-13 transfectants in the absence of tetracyeline; hox
symbols indicate UET-13 transfcctants 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 wg/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 [CDY5), 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-
I3TR-EWS/ERG cells were cultured as described for Fig. 6 and analyzed using the Aflymetrix 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 genc
expression profile in UET-13 transfectants following tetracycline-mediated EWS/ETS expression hased 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 tetracyeline for 72 h. Yellow plots indicate
UET-13 transfectants in the presence of tetracyeling for 72 h. The pink circle indicates EFT cell lines expressing EWS/FLI (purple plots).
EWS/ERG (red plot). and EWS/EIAF (light green plot). The light blue circle with blue plots indicates NB cell lines. The vellow circle with an
orange plot indicates o rhabdomyosarcoma (RMS) cell line. Cut-off 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-7 and
Jrizled-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, eytoskeletal structure.
and membranc trafficking, such as those for collagen-11 and -21,
cphrin receptor-A2, -B2, and -B3, ephrin-B1, cluudin-1. integrin-
all, -auM, and -B2, CD66 (carcinoembryonic antigen-related celf
adhesion molecule-1), and CDIG2 (intercellular cell adhesion
molcecule-2). They also included genes of chemokines CCL-2 and
-3. These data raise the possibility that EWS/ETS cun contribute
to the membranc 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 hecame closer to those of EFT cclls 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 thosc of other celi
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 tetrucycline treat-

ment was accompanied by a change in the globul 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
cxamined by invasion assay. As shown in Fig. 8A, tetracycline
treatment did not affect the Matrigel invasion ability of UET-
I3TR cells. When examined similarly, however, tetracycline
treatment resulted in an apparently increased invasion (P <
(.05) for both UET-13TR-EWS/FLIT (Fig. 8B) and UET-
I3TR-EWS/ERG (Fig. 8C) cells. The results indicated that
EWS/ETS cxpression can induce Matrigel invasion properties
in human MPCs.

DISCUSSION

In the present study, using UET-13 cells as & model of
human MPCs, we demonstrated that cctopic 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 Matrigel invasion ability of UET-13 cells. This assay
is thought to mimic the early steps of tumor invasion in vivo
(34). and the ability to penetrate the Matrigel has been posi-
tively correlated with invasion potential in scveral 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/FLII, whereas that of EWS/ERG is not yet to
be clarified. Thercefore, 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 cxpression on the Matrigel invasion

ability of UET-13 cells. UET-13TR (A). UET-I3TR-EWS/FLII (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 107) on

Matrigel-coated or uncoated filter inserts. After 20 h of culture, in-

vading cells were stained with hematoxylin-casin and counted in five

ficlds per membrane as deseribed in Materials and Methads. #, P <
0.05.

system. The major steps in the development of EFT should be
commonly regulated by distinct chimeric EWS/ETS proteins.
Indeed, scveral 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-cxpressing cells and EWS/
ERG-cxpressing cells. Further comparative studics of both the
EWS/FLI1- and the EWS/ERG-mediated onset of EFT could
allow us to understand the common functions of EWS/FLI
and EWS/ERG in EFT. In addition, our systcms are also
useful for precisely distinguishing between the functions of
thesce chimeric molccules 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
(interceflular cefl adhesion molecule-1 [ICAMI]), 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, CD117is 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
hone marrow microenvironment and that the necessary stimuli
arc absent from cx vivo culture conditions. Therefore, the
immunophenotype of UET-13 cells might be rather refated to
that of ex vivo-cxpanded primary human MPCs. In addition, it
may be possible that EWS/ETS cxpression led to the reexpres-
sion of these disappeared markers in UET-13 cells without the
necessary stimuli. In this case, the maintcnance of CD271
expression outside of the bone marrow microenvironment
might be a characteristic of EFT. Thus, our results proved that
both EWS/FLII and EWS/ERG cun he major causcs 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 arc suitable targets for diagnostic tools and new ther-
apcutic agents. In fact. imatinib mesylate, which demonstrates
anticancer activity against malignant cells expressing BCR-
ABL as well as CDHI7 and platelet-derived growth factor re-
ceptor, inhibits proliferation and increases scnsitivity 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 scen for human primary fibroblasts (31), cctopic EWS/
ETS cxpression 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/FLII has been reported to induce
the expression of CD9Y. a most uscful marker for EFT, though
the results arc controversial (6, 45). Howcever, our direct evi-
dence obtained with UET-13 cells clearly demonstrated that
CD99 expression is induced by EWS/ETS protcins in human
MPCs. Morcover, we showed that the expression of CD99
might corrclate with EWS/ETS-mediated morphological
change, whercas the functional role of CD9Y and the correla-
tion between CDYY expression status and EWS/ETS-mediated
morphological change in the development of EFT remain un-
clarified.

Consistent with the morphological and immunophenotypic
changes, the cxpression pattern of a set of genes in EWS/ETS-
cxpressing UET-13 cells shifted to that in EFT cells (Fig. 7C).
Although EWS/ETS expression enhanced Matrigel invasion
ability in UET-13 cells, it did not promote migratory ability and
surface-indcpendent growth, as assessed by migration assay
and soft agar colony formation assay (data not shown). We also
faited to develop EFT-like tumors by injecting EWS/ETS-in-
ducing UET-I3 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 transforma-
tion in UET-13 cells. and other genetic abnormalities not reg-
ulated by EWS/ETS could still be required for the full
transformation of human MPCs into EFT cells. An identifica-
tion of these genes will greatly improve our understanding of
the additional genetic lesions that occur after EWS/ETS ex-
pression. The genes expressed in EFT cell lines but not in
EWS/ETS-expressing UET-13 cells would be candidates for
such gencs. Identification 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

Mot.. CiiLn. Biol.

lincs but not in EWS/ETS-expressing UET-13 cells would be
cundidates for such genes.

In summary, we reported the development of an mduc:hlc
EWS/ETS expression system in UET-13 cells as a model for
the development of EFT in MPCs. In our system, the chimeric
genes alone arc 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 clucidate the pathogenic mechanism by which
EFTs develop from MPCs, especially the initiating events me-
diated by EWS/ETS cxpression. 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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