T2/AQ:)

| zmb00708/zmb7387d08z | xppws | S=1 ] 2/5/08 [ 4/C Fig: 3,4,7 | Art: 0740-07 |

Vou. 28. 2008

EFFECTS OF EWS/ETS EXPRESSION IN HUMAN MPCs 7

TABLE 2. Immunophenotypic characterization of UET-13 transtectants and EFT cells

Result for™:

MPC

UET-13TR-

UVET-13TR-EWS;/

status? CD marker UET-13 UET-13TR EWSTLII ERG DS S EEFT status
Tet™ Tet* Tet” Tet™ Ter” Tet?

M+ 29 + + + + + + - :
M+ CID39 + i + + + i ¢
M- DY ¢ + + + E+
M+ CD105 + + + - -
M- CD166 + 4 + +
M+ CDA44 + + + + t + - .-
M-+ CD73 + -+ + + + + - -
M- CDhuo + + + + Down + Down - -
M-& Cb13 + + + + Down + Down - -
M+ CDA4Y%¢ + + + + Down + Down + -
M-+ Cb61 + + + + Down + Down - -
M- CDSS + + + + Down + + + -
M+ CD54 - - - - Up - Up + +
M(-) Ccp117 - - - - Up - Up + +
M-+ /- CD271 - - - - Up - Up + +

CD40 - - - - - - + i

CDs6 - - - - - - - +
M( ) CDI133 - - - - ~- +
M(-) CD14 - - - - - - - -
M(-) CD34 - - - - - - - -
M(-) CD4s - - - - - - - -

“ M( ). negotive for MPCs: M 4/~ positive for BM-derived MPCs but negative after in vitro culture: M+, positive for MPCs.
7 = most cells positive: . negative: Up, up-reguluted by tetracycline treatment: Down. down-regulited by tetracycline treatment. Boldface indicates the antigens

the immunophenotyp
< i+, positive for EFTs.

presented in Fig. 4C and D, the results clearly showed that the
majority of CDYY™ cells were significantly smaller in both
whole-cell size and nuclear size than the CD997 cells. More-
over, CDY9™ cells also had a substantially increased N/C ratio
(Fig. 4F). 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 cexpression 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 (23, 42). On the other hand. some CD antigens are
characteristically expressed on EFT cells (17. 28, 33). Using the
combinations of these antibodics 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 celi 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, CD39, CDY0). CD103, and
CD1606, were also found to be expressed in EFT cell lines. but
others, namely. CD10. CD13, CD44, CD6l, 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
ULET-13 cells. such as CD10, CD13. and CD61. were found to
be decreased (Fig. 5). In contrast, some of the markers found

of which were changed in favor of EFT. Tet”, tetracycline negative; Tet”. tetrucycline positive.

in EFT cells. i.e.. CD54. CD117, and CD271, became positive
in UET-13TR-EWS/ETS celis after tetracycline treatment. Be-
cause ULT-13TR cells did not show such immunophenotypic
change upon treatment with tetracycline, -these results indi-
caled 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/IETS target genes, i.e.. nhibitor of differentiation
2 (ID2) (14, 39), NK2 transcription factor related. locus 2
(NKX2.2) (Y. 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, CDI3. CD4Ye. and CD61 were decreased. while those
of CD54. CDYY. CD117. and CD271 were markedly increased
in tetracycline-treated UET-13TR-EWS/ETS cells (Fig. 6B

F6

and (), 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 pg/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
trunsfectants with (empty) and without (gray) tetracycline treatment were overlaid. Dotted lines indicate fluorescence intensities in negative control
pancls (Cnt). Arrows indicate the immunophenotypic change caused by tetracycline. The immunophenotypes of the EFT cell lines RD-ES and

SK-ES1 were also examined.

controiled 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
FWS/ETS induction using gene cluster analysis (Fig. 7A; UET-
13TR-EWS/FLI1 up, 4294 probes; down, 4,103 probes; UET-
I3TR-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, 833 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-

I3TR-EWS/FLIL, 1,803 probes; UET-13TR-EWS/ERG, 773
probes). By selecting common probes in both cells, we tinally
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 beiween the
profiles induced by EWS-FLI! and EWS-ERG. whereas we still
identified 349 probes of common up-regutated 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/FLIT and UET-13TR-EWS/ERG cells
were cultured in the absence or presence of tetracycline (Tey for the indicated periods and analyzed using the Afiymetrix 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 tetracycling: box
symhols indicate UETT-13 transtectants in the presence of tetracydline. (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 pe/ml of tetracycline for 72 h. mRNA levels were
determined with the Affymetrix human genome U133 Plus 2.0 array.

kinase 1 (IAK1) (49), keratin 18, and six-transmembrane epithe-
lial antigen of the prostate (STEAP) (22). The expression pattern
of these gencs (642 probes) in UET-13 transfectants in the ab-
sence or presence of tetracycline is shown in the gene cluster in
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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/FLII 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 transtectants following tetracycline-mediated EWS/ETS expression based on a PCA of 642 candidaie 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/FLIT (purple plots),
EWS/IRG (red plot), and EWS/ELAF (light green plot). The light blue circle with blue plots indicates NB cell lines. The yellow circle with an

AOQ: O orange plot indicates a 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 jugged-1 and

Jrizzled-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. CDO66 (carcinoembryonic antigen-related cell
adhesion molecule-1), and CDI102 (intercellular cell adhiesion
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 1o 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 10 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 10 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 aiteration 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/AITS in malignamt
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 <
0.03) for both UET-13TR-EWS/FLI1 (Fig. 8B) and UET-
I3TR-EWS/ERG (Fig. 8C) cells. The results indicated that
EWS/ETS expression can induce Matrigel invasion properties
in human MPCs.

DISCUSSION

In the presemt 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 celivlar 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 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/FLIL. whereas that of EWS/ERG is not yet to
be claritied. Therefore, it is noteworthy that our data demon-
strated that EWS/ERG could promote an EFT-like phenotype
in UET-13 cells simitarly 1o EWS/FLIL. Thus. EWS/ERG also
has the ability 1o induce an EFT-like phenotype in the human

EFFECTS OF EWSETS EXPRESSION IN HUMAN MPCs 11

A C
% o Ik P
L : EWSERG
*
o 8
5 0% 5
i @

Tet: — + Tet :

Tet: — +

I1G. 8. Effects of EWSITS expression on the Matrigel invasion
ability of UET-13 cells. UET-13TR (A), UET-13TR-EWS/FLI (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 fitter 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/AETS 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/FLII-expressing cells and EWS/
ERG-expressing cells. Further comparative studies of both the
EWS/FLII- and the EWS/ERG-mediated onset of EFT could
allow us 10 understand the common functions of EWS/FLI
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 [ICAM1]), 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
it addition, CD117 is detected in about 40% of patient samples
(17) and is negative in human primarv 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

—418—



AQ:L

[ zmb00708/zmb7387d08z | xppws | S=1 [ 2/5/08 | 4/C Fig: 3.4,7 | Art: 0740-07

12 MIYAGAWA ET AL.

(25). and it has been speculated that the expression of these
molecules in MPCs is induced in vivo via interaction with the
bone marrow microenvironmemt and that the necessary stimuli
are absent from ex vivo culture conditions. Therefore, the
immunophenotype of UET-13 cells might be rather related 10
that of ex vivo-expanded primary human MPCs. In addition, it
may be possible that EWS/ETS expression led 1o the reexpres-
sion of these disappeared markers in UET-13 cells without the
necessary stimuli. In this case, the maintenance of CD27]
expression outside of the bone marrow microenvironment
might be a characteristic of EFT. Thus, our results proved that
both EWS/FLIT 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 (o 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 aflects susceptibility
to the events following EWS/ETS expression. In murine MPCs,
retrovirally transduced EWS/FL11 has been reported to induce
the expression of CDY9, 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
CDY9 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 CD9Y 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 Matrigel invasion
ability in UET-13 cells. it did not promote migratory ability and
surface-independent growth, as assessed by migration assay
and soft agar colony formation assay (data not shown). We also
failed to develop EFT-like tumors by injecting EWS/ETS-in-
ducing 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 transforma-
tion in UET-13 cells, and other genetic abnormalities not reg-
ulated by EWS/ETS could stiil 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 geneiic 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 genes. Identification of these genes will greally improve
our understanding of the additional genetic lesions that occur
after EWS/ETS expression. The genes expressed in EFT cell

Mol CEeLL. BioL.

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
the development of EFT in MPCs. In our system, the chimeric
genes alone are sufficient to confer EFT-like phenotypes, EFT-
specific gene expression patiern. 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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B FE /NBEEESEOSFEYE (Z0 3) : ZEHOHE mmmmmum i,

Ewing HIE7 7 3 Y — BB THY¥
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t(2;16) FUS-FEV Ih

DREEDEV2—h—TH 505, VY FHHEY
YRR IEL O LT B Eo/NIEMEERIC B
THHEMEE L2 by, ERZH L, EE
LERD B,

I. 3 FEERFRIHH

ESFT D#J 80% i R0y 20 LA (R BR E (115
22) BEEL, BEIC X 3@E&EEF EWS/FLII
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-HEchh, BEEGRTFREELEERFLL
TERT3EEZONTV S, 51, B,
EWS/ETS BA&BEFICMZ, TET 773U —D
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The Ewing’s sarcoma family of tumors (ESFT) are bone and soft tissue sarcomas
that occur in children and young adults. Specific chromosomal translocations found in
ESFT cause EWS to fuse to a subset of ets transcription factor genes (ETS), generat-
ing chimeric EWS/ETS proteins. These proteins are believed to act as an aberrant
transcriptional regulator and play a crucial role in the development of ESFT. The
mechanisms responsible for the EWS/ETS-mediated tumorigenesis are well studied
but remain uncertain. This review highlights recent advances in the molecular biology

of ESFT.
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