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ABSTRACT

Ewing tumors are a clinically heterogeneous group of child-
hood sarcomas that represent a paradigm for understanding solid
tumor biology, as they are the first group of sarcomas for which
a chromosome translocation has been characterized at the mo-
lecular level. However, the biologic organization of the tumor,
especially the processes that govern proliferation, differentiation,
and metastasis of primitive tumor stem cells is poorly under-
stood. Therefore, to develop a biologically relevant in vivo
model, five different Ewing tumor cell lines and primary tumor
cells from three patients were transplanted into immune-deficient
mice via intravenous injection. NOD/scid mice that carry a
complex immune deficiency and thus nearly completely lack the
ability to reject human cells were used as recipients. Overall, 26
of 52 mice (50%) transplanted with VH-64, WE-68, CADO-ESI1,
TC-71, and RM-82 cells and 4 of 10 mice (40%) transplanted
with primary tumor cells engrafted. Moreover, primary cells that
did not grow in vitro proliferated in mice. The pattern of metas-
tasis was similar to that in patients with frequent metastases in
lungs (62%), bone marrow (30%), and bone (23%). Using lim-
iting dilution experiments, the frequency of the engraftment unit
was estimated at 1 Ewing tumor-initiating cell in 3 X 10° VH-64
cells. These data demonstrate that we have been able to establish
an in vivo model that recapitulates many aspects of growth and

The family of Ewing tumors is a clinically heterogeneous
group of tumors including Ewing’s sarcoma of the bone, Askin
tumors of the thoracic wall, and PNET affecting children,
adolescents, and young adults. Despite this clinical heterogeneity,
Ewing tumors represent a paradigm for understanding the biology
of human solid tumors, as they are the first group of sarcomas for
which a chromosome translocation has been characterized at the
molecular level (1, 2). This translocation, t(11;22), leads to the
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progression of human Ewing tumors. For the first time, this
model provides the opportunity to identify and characterize
primitive in vivo clonogenic solid tumor stem cells. This model
will, therefore, be instrumental in studying many aspects of
tumor cell biology, including organ-selective metastasis and
tumor angiogenesis. (Pediatr Res 49: 332-341, 2001)

Abbreviations
APAAP method, alkaline phosphatase anti-alkaline
phosphatase method
CyChrome, phycoerythrin-cyanine
DTAPF, dichlorotrianzinylamino-fluorescein
ET-IC, Ewing tumor-initiating cell
H&E, hematoxylin and eosin
HLA, human leukocyte antigen
NOD/scid mice, nonobese diabetes/severe combined
immune-deficiency mice
PAS, periodic acid-Schiff reaction
PE, phycoerythrin
PNET, peripheral neuroectodermal tumor
VCAM, vascular adhesion molecule
VLA, very late activation antigen

fusion of the EWS gene at 22q12, encoding for a putative RNA
binding protein, to FLI/ at 11q24, an ETS-related gene coding for
a transcription factor. Different breakpoints occur with in-frame
fusion of EWS exons 7-10 to FLII exons 4-9 (3). The two most
common combinations are EWS exon 7/FLII exon 6 (termed type
1 fusion) and EWS exon 7/FLIl exon 5 (type 2 fusion). The
biologic relevance of the different breakpoints is indicated by two
retrospective analyses demonstrating that patients with nonmeta-
static disease and a type 1 fusion had a better clinical outcome
than patients with other exon combinations (4, 5). In another
5%—-10% of Ewing tumor patients, EWS is fused to others mem-
bers of the ETS family, most frequently £RG at 21g22 (6) or more
rarely ETVI1, EIAF and FEV (7-10). One of the target genes
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induced by EWS/FLII is manic fringe, a gene involved in somatic
development. Overexpression of manic fringe by itself transforms
NIH 3T3 cells (11). Another effect of EWS/FLII is suppression of
the putative tumor suppressor gene transforming growth factor
(TGF)-beta receptor II (12).

Despite these advances in the understanding of genetic
aberrations and consecutive gene dysregulations, we still do
not understand the biologic organization of the tumor, espe-
cially the processes that govern proliferation and differentiation
of in vivo clonogenic tumor stem cells. For a long time, it has
been known that only a portion of the cells in a tumor are
clonogenic in vitro (13). However, as has been shown for
normal and leukemic hematopoietic stem cells (14—16), clo-
nogenic assays do not detect the most primitive cells and thus
the relevance of these in vitro assays has been questioned. An
in vivo model is, therefore, needed that allows detection and
analysis of a primitive stem cell that can recapitulate the
original disease. Such an in vivo model will also be a valuable
tool to study many different biologic mechanisms involved in
tumor metastasis, including organ-selective homing and tumor
angiogenesis, and to develop and test new therapies.

So far, the majority of xenograft models for human solid
tumors, including Ewing’s sarcoma (17), have relied on sub-
cutaneous propagation of tumor cells in athymic nude mice.
However, this growth pattern does not recapitulate tumor cell
growth and progression in patients. Moreover, because of the
residual immune system in nude mice, not all tumor cell lines
grow, and it has usually been impossible to engraft primary
tumor cells. Therefore, nude mouse models, due to their lack of
sensitivity, have been of limited value for human stem cell
biology. Similar to the improvement of xenograft models for
human hematopoietic stem cells (18), an important milestone
in the development of xenograft models for human solid
tumors has been made possible by the use of more immune-
deficient mouse strains such as SCID mice (19-22). SCID
mice lack functional B and T lymphocytes as they are unable
to rearrange their immunoglobulin and T cell receptor genes.
The latest improvement in the development of immune-
deficient mouse strains are NOD/scid mice. By crossing the
scid mutation onto the NOD background, a mouse strain with
a complex immune-deficiency involving B and T lymphocytes,
NK cells, macrophages, and the complement system was cre-
ated (23). These mice, by their almost complete inability to
reject human xenotransplants, provide a more permissive en-
vironment for human cells than traditional nude mice.

In the present study, a novel approach was chosen to develop
a biologically relevant xenograft model for human Ewing
tumors. The natural course of untreated Ewing tumors leads to
hematogenic metastasis in more than 90% of patients (24).
Therefore, single-cell suspensions of human Ewing tumor cell
lines and primary tumor cells were transplanted via intravenous
injection onto highly immune-deficient NOD/scid mice. Using
this approach, we demonstrate that not only Ewing tumor cell
lines but also primary Ewing tumor cells that are unable to
proliferate as a cell line in vitro are able to engraft NOD/scid
mice. Transplanted mice develop a metastatic pattern similar to
human patients including lung and bone tumors and a diffuse
infiltration of the bone marrow. Analysis of integrins, i.e.
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adhesion molecules known to mediate homing and metastasis
through cell-cell and cell-matrix interactions, showed that all
Ewing tumor cell lines expressed the integrin a,5, (VLA-4).
ayp; is known to be involved in targeting different cell types to
the bone marrow and bone (25, 26). We have, therefore, been
successful in establishing an in vivo model for human Ewing
tumor cells that recapitulates many aspects of the growth and
progression pattern of Ewing tumors in patients.

METHODS

Cell culture. The human Ewing tumor cell lines VH-64,
WE-68, and RM-82 were originally established by F.v.V. (27).
VH-64 was isolated from a malignant pleural effusion (28) in
a patient with Ewing’s sarcoma of the metatarsal bone. WE-68
was cultured from a Ewing’s sarcoma of the fibula with
primary metastases to the lung (29). RM-82 was established
from a Ewing’s sarcoma of the femur with primary metastases
to the tibia (29). TC-71 originates from a local Ewing’s
sarcoma relapse of the humerus (30) and was provided by Prof.
T.J. Triche (Department of Pathology, Children’s Hospital Los
Angeles). CADO-ES1 cells (31) were purchased from the
American Type Culture Collection (ATCC) (Rockville, MD,
U.S.A.). CADO-ESI cells were originally established from a
malignant pleural effusion (31). These cell lines express the
following EWS fusion transcripts: WE-68—EWS exon 7/FLI1
exon 6 (type 1), VH-64 and TC-71-EWS exon 7/FLII exon 5
(type 2), CADO-ES1 and RM-82—-EWS exon 7/ERG exon 6.
The cells were propagated on collagen-coated tissue culture
flasks in RPMI medium containing 10% FCS, 2 mM glu-
tamine, and 100 U/mL penicillin and 100 pg/mL streptomycin
at 37°C in a humidified atmosphere with 5% CO,. The cell
lines were screened monthly for mycoplasma contamination
using a DNA staining kit (Biochrom KG Seromed, Berlin,
Germany).

Flow cytometric analysis of the expression of adhesion
molecules. Cultured TC-71, VH-64, WE-68, CADO-ES1, and
RM-82 Ewing tumor cells were removed from collagen-coated
culture flasks using 5 mM EDTA in PBS and washed twice
with PBS at room temperature. A total of 5 X 10° cells in 20
nL aliquots were incubated for 15 min at room temperature at
a concentration of 20 ug/mL of the following primary MAb:
mouse anti-human integrin «; (FB12), a, (P1E6), a5 (P1B5),
as (P1D6), rat anti-human integrin o« (NKI-GoH3) (Chemi-
con, Temecula, CA, U.S.A.), mouse anti-human integrin oy
(44H6), and B, (TDM29) (Dianova, Hamburg, Germany).
Subsequently, cells were washed with PBS at room tempera-
ture and 20 puL of a 1:50 dilution of F(ab'), fragment goat
anti-mouse IgG FITC/PE conjugates or anti-rat IgG DTAF
conjugates were added (Dianova, Hamburg, Germany, and
Immunotech, Marseille, France, respectively). After an incu-
bation period of 15 min at room temperature, cells were
washed again and each sample was resuspended after addition
of 100 wL PBS. Isotype antibodies served as controls (mouse
IgG1 and rat 1gG2a, Immunotech, Marseille, France; mouse
1gG3, Dianova, Hamburg, Germany). The cells were analyzed
using a FACSCalibur flow cytometer and Cell-Quest software
(Becton-Dickinson, Heidelberg, Germany).
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Transplantation of human Ewing tumor cells onto im-
muno-deficient mice. NOD/scid mice (Jax® mice stock name:
NOD/LtSz-Prkdc****/J mice) were provided by Prof. John E.
Dick (Toronto, Ontario, Canada), with permission from Dr.
Len Shultz (Jackson Laboratories, Bar Harbor, ME, U.S.A.).
The NOD/scid mice (23) were bred and maintained under
defined flora conditions in individually ventilated microisolator
cages (Lab Products, Maywood, NJ, U.S.A.) at the University
of Miinster as previously described (32). In addition to the scid
mutation, NOD/scid mice have a very low natural killer cell
activity, a deficiency in the C5 component of the complement
system and a functional macrophage defect (23). Eight- to
16-wk-old NOD/scid mice were irradiated with a single dose of
3.5 Gy from a cobalt 60-unit 1 d before transplantation. For
transplantation, the tumor cells were recovered from the tissue
culture flask using PBS buffer containing 5 mM EDTA. Into
the tail vein of each mouse, 1-5 X 10° cells as single-cell
suspension in 0.5 mL RPMI were injected. Fresh tumor sam-
ples were cut into small pieces under sterile conditions and
carefully minced through 40-um nylon cell strainers (Becton
Dickinson). To exclude clumping of tumor cells, cell suspen-
sions were microscopically checked before transplantation.
Mice that died within 3 wk after transplantation due to trans-
plant-related toxicity (n = 6), such as infections, and those that
died unexpectedly (n = 3) had to be excluded from the
analysis. Animals were killed immediately when they devel-
oped clinical signs of tumor development. The mice were
carefully dissected and macroscopically screened for tumor
formation. All experimental manipulations with the mice were
performed under sterile conditions in a laminar flow hood. The
animal experiments were approved by the animal care com-
mittee of the local government (Bezirksregierung Miinster,
Aktenzeichen 23.0835.1.0 (73/95)).

Light microscopic examination of transplanted mice.
Brain, lungs, kidneys, liver, and spleen were routinely exam-
ined in all mice. These organs and macroscopically detected
tumors were fixed in 4% buffered formalin, processed, and
embedded in paraffin. Three-micrometer sections were cut and
stained with H&E and PAS.

Immunohistochemistry. Four-micrometer sections were
prepared from formalin-fixed and paraffin-embedded material
and mounted onto silane-coated slides. The sections were
stained for huCD99 with a MAb (O13, Signet Laboratories,
Dedham, MA, U.S.A.) using a standard APAAP protocol.

RT-PCR for EWS/FLII1 and EWS/ERG fusion transcripts.
To detect human Ewing tumor cells in transplanted mice, RNA
was extracted from suspected tumors and the murine bone
marrow. Total RNA was converted to cDNA using a first
strand cDNA synthesis kit according to the manufacturer’s
protocol (Pharmacia Biotech, Freiburg, Germany). In this pro-
cedure an oligo(dT) primer and a FL/I/ERG sequence-specific
primer (5'GAAGGGTACTTGTACA3') were used for gener-
ating the first strand cDNA in a final reaction mix of 15 uL. A
1-4 pL sample of the first strand synthesis reaction was used
for amplification in a 50-uL standard PCR reaction employing
the primers Al 5'CCA CTA GTT ACC CAC CCC AAA C3'
(EWS) and A2 5'AAC TCC CCG TTG GTS CCY TCC3'
(consensus oligonucleotide FLII/ERG). A “nested PCR” was
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added using the internal primers B1 5'TCC TAC AGC CAA
GCT CCA AGT C3' (EWS (1),) and B2 5'GAA TTG CCA
CAG CTG GAT CTG C3' (FLII) or Bl and B3 5GAG TTG
GAG CTG TCC GAC AGG3' (ERG), respectively (33). Am-
plification was achieved by 30 cycles with denaturation at
94°C for 30 s, annealing of primers at 65°C for 30 s, and
extending at 72°C for 45 s. The suitability of the extracted
RNA was tested by reverse-transcriptase PCR (RT-PCR) am-
plification of a 495 bp fragment of the human -actin cDNA.
Negative controls were included using RNA from cytogeneti-
cally t(11;22)-negative cell lines.

Flow cytometric analysis of the murine bone marrow. To
quantify and characterize human Ewing tumor cells infiltrating
the murine marrow, two- and three-color flow cytometry was
performed according to standard procedures (34, 35). In short,
bone marrow cells were incubated with saturating amounts of
FITC-, PE-, and CyChrome-conjugated antibodies for 20 min at
room temperature. Subsequently, the erythrocytes were lysed
(FACS Lysing Solution, Becton Dickinson, Heidelberg,
Germany) and the cells analyzed on a FACSCalibur (Becton
Dickinson). Human cell were detected by anti-huHLA-
ABC-FITC (B9.12.1, Immunotech, Hamburg, Germany),
Ewing tumor cells by anti-huCD99 (MIC-2) (TU 12, PharM-
ingen, Hamburg, Germany) and murine hematopoietic cells
by anti-muCD45-CyChrome (30-F11, PharMingen).
Matched isotype controls were included in each experiment.
As the anti-huHLA-ABC and anti-huCD99 antibodies, un-
like the isotype controls, produce low levels of background
staining in the murine bone marrow (most likely due to
cross-reactivity with murine antigens) anti-muCDA45 anti-
body was used to gate out murine hematopoietic cells. Data
acquisition and analysis was performed with Cell-Quest and
Paint-a-Gate software (Becton Dickinson).

X-ray analysis. X-ray analysis of killed mice was performed
using a FeinFocus x-ray machine. Two standard x-ray films
(Kodak X-OMAT, Kodak, Stuttgart, Germany) were exposed
at 25-30 KV for 7 and 9 s and automatically developed.

Quantitation of the engraftment unit. The statistical anal-
ysis is based on the assumption that only a fraction of the
Ewing tumor cells is capable of engrafting the immune-
deficient mice and that a single cell, i.e. one engraftment unit,
is sufficient to reestablish tumor growth in transplanted ani-
mals. In analogy to the hematopoietic system, we operationally
call this engraftment unit ET-IC. Pooled data from the limiting
dilution experiments with VH-64 cells were analyzed with a
five-digit accuracy (36). ET-IC, variance, SE, and 95% confi-
dence interval were determined by maximum likelihood and
minimum x> estimation. Both maximum likelihood and mini-
mum X° estimation are based on a Poisson probability distri-
bution and estimate the probability that y of x transplanted mice
develop a tumor. These estimators are designed to calculate the
fraction of ET-IC in a manner so that the results observed are
the most probable according to mathematical statistics. If the
estimations yielded by maximum likelihood and minimum x?
estimation do not differ more than 10%, the results from the
minimum )? estimation are accepted.
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RESULTS

Engraftment and metastasis of Ewing tumor cell lines in
immune-deficient NOD/scid mice. To establish an in vivo
metastasis model for human Ewing tumors, 0.1-5 X 10° cells
from the Ewing tumor cell lines VH-64, WE-68, CADO-ES1,
TC-71, and RM-82 were transplanted via intravenous injection
into immune-deficient NOD/scid mice. Overall, 26 of 52 mice
(50%) transplanted with these cell lines developed macro-
scopic tumors (Table 14).

The initial experiments were carried out with VH-64 cells.
Thirteen out of 27 mice (48%) transplanted with 0.1-5 X 10°
VH-64 cells developed tumors within 22—160 d after injection
(Table 1A). On dissection and histologic and molecular anal-
ysis, engrafted mice had lung (77% of engrafted mice) (Fig.
1C), kidney (46%) (Fig. 1E), bone (31%) (Fig. 14) and sub-
cutaneous tumors (8%), and an infiltration of the bone marrow
(44%) (Table 1B). In addition, female mice developed ovarian
metastases at high frequency (80%). Similar results were ob-
served after transplantation of 2-5 X 10° WE-68, CADO-ES],
TC-71, and RM-82 cells (Table 1A/B). Overall, 62% of en-
grafted mice developed lung, 46% kidney, 23% bone, 11%
subcutaneous metastases and 30% a bone marrow infiltration
as detected by RT-PCR (Table 1B). On H&E staining of the
different tissue sections, the Ewing tumors in the mice showed
the characteristic small blue round cell morphology typical for
this tumor entity (Fig. 1, 4-C and E). The bone marrow
infiltration was assessed by RT-PCR analysis of EWS fusion
transcripts in RNA extracted from the murine bone marrow as
described in “Methods” and the legend of Figure 2. Mice
#2.7.1 and #4.16.3 are presented as typical examples (Fig. 2).
A RT-PCR product of the same size could be amplified from
RNA extracted from the original Ewing tumor cell lines
(VH-64 and WE-68) and the bone marrow of the transplanted
mice (Fig. 24). The specificity of the RT-PCR products is
demonstrated by hybridization with EWS exon 7- and FLI-1
exon 8-specific probes (Fig. 2B). The tumors were highly
vascularized demonstrating that human Ewing tumor cells
were able to induce angiogenesis in the murine environment
(data not shown).
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Immunohistochemical and molecular identification of hu-
man Ewing tumor cells. To confirm that the tumors in the mice
originated from the transplanted Ewing tumor cells, histologic
sections of different tissues were stained for H&E, PAS, and
huCD99, an antigen known to be expressed on Ewing tumors.
Lung and bone metastases were PAS-positive (data not shown)
and clearly expressed huCD99 as seen by the red APAAP
staining of the tumor cell membranes (Fig. 1D). The same
membrane-bound expression of huCD99 was seen in metasta-
ses in other organs, such as ovarian, kidney (Fig. 1F), and
subcutaneous metastases.

In addition, RNA was extracted from the different organs
and individual tumor nodules. RT-PCR analysis for EWS-
fusion transcripts detected the same EWS/FLII, respectively
EWS/ERG fusion transcripts in RNA extracted from the tumors
and the bone marrow of transplanted mice and the transplanted
cell lines. A representative analysis of six tumors from four
different mice (mouse #2.7.1 transplanted with VH-64 cells,
mouse #4.16.3 transplanted with WE-68 cells, mouse #5.29.7
transplanted with CADO-ESI cells, and mouse #8.26.2 trans-
planted with primary tumor cells from patient UPN#1) is
shown in Figure 2. RT-PCR products of the same size could be
amplified from RNA extracted from the original Ewing tumor
cell lines (VH-64, WE-68, CADO-ES1) or the primary tumor
from patient UPN#1 and RNA extracted from tumors of the
transplanted mice (Fig. 24). The specificity of the RT-PCR
products was demonstrated by hybridization with EWS exon 7-
and FLI-1 exon 8-, respectively. ERG exon 8-specific probes
(Fig. 2B). These results prove that human Ewing tumor cells
engraft and proliferate in NOD/scid mice.

Bone marrow infiltration and bone tumor formation. One
of the characteristic features of Ewing tumors is the high
frequency of bone marrow involvement. Consistent with this
clinical observation, 6 out of 20 tumor-bearing mice (30%)
from which high-quality RNA was available showed a bone
marrow involvement as detected by RT-PCR for EWS-fusion
transcripts (Table 1B and Fig. 2). The presence of human cells
in the murine marrow was also confirmed by Southern blot
analysis and genomic PCR specific for human muscular dys-

Table 14. Ewing tumor formation in transplanted NOD/scid mice

Transplanted Time to Tumor
Mouse numbers number of cells disease (d) formation
Cell lines
VH-64 1.7.4, 1.7.5, 1.7.6 1 X10° >150 0% (0/3)
2.7.1,2.7.2,2.7.3,2.152,2.153,2.15.4, 2.15.5, 2.15.6, 1-2 X 10° 36-160 29% (4/14)
2.20.4, 2.20.5, 2.20.6, 2.30.1, 2.30.2, 2.30.3
3.22.1, 3.30.4, 3.30.5, 3.30.6, 3.33.6, 3.33.7, 3.35.5, 3.35.6, 5% 10° 22-49 90% (9/10)
3.35.7,3.35.8
WE-68 4.16.1,4.16.2, 4.16.3, 4.23.1, 4.23.2 2% 100 70-256 40% (2/5)
CADO-ESI 5.29.1, 5.29.2, 5.29.3, 5.29.4, 5.29.5, 5.29.6, 5.29.7, 5.29.8, 2 X 10° 34-155 70% (7/10)
5.29.9, 5.29.10
TC-71 6.37.1, 6.37.2, 6.37.3, 6.39.1, 6.41.1, 6.41.3 4.5-5 % 10° 31-155 33% (2/6)
RM-82 7.36.1, 7.36.2, 7.36.3, 7.36.4 4.5 X 10° 40-181 50% (2/4)
Total number 50% (26/52)
Primary tumor cells
UPN #1 8.26.1, 8.26.2, 8.26.3, 8.26.4 5% 10° 138-267 75% (3/4)
UPN #2 9.25.1,9.252,9.254 4-5x10° 116 33% (1/3)
UPN #3 10.27.1, 10.27.2, 10.27.3 6 X 10° >125 0% (0/3)

Total number

40% (4/10)
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Table 1B. Pattern of metastasis in tumor-bearing NOD/scid mice

Bone Subcutaneous
No. mice with tumor formation Lung marrow* Bone Kidney Ovaryt tumor
Cell lines
VH-64 total 2.7.1,2.7.2,2.30.1, 2.30.2, 3.22.1, 3.30.4, 3.30.5, 10/13 4/9 4/13 6/13 5/8 /13
3.30.6, 3.33.6, 3.33.8, 3.35.5, 3.35.6, 3.35.7 (77%) (44%) (31%) (46%) (63%) (8%)
WE-68 4.16.2, 4.16.3 12 12 0/2 0/2 — 12
CADO-ESI1 5.29.1, 5.29.2, 5.29.3, 5.29.4, 5.29.5, 5.29.7, 5.29.9 2/7 0/6 1/7 5/7 3/6 1/7
(29%) (0%) (14%) (71%) (50%) (14%)
TC-71 6.37.2, 6.41.1 2/2 12 12 0/2 0/1 0/2
RM-82 7.36.1, 7.36.3 172 0/1 0/2 12 — 0/2
Total number 16/26 6/20 6/26 12/26 8/15 3/26
(62%) (30%) (23%) (46%) (53%) (11%)
Primary tumor cells
UPN #1 8.26.2, 8.26.3, 8.26.4 1/3 0/3 1/3 0/3 — 3/3
UPN #2 9.25.1 1/1 0/1 0/1 0/1 — 0/1
Total number 2/4 0/4 1/4 0/4 — 3/4

* The presence of human Ewing tumor cells was analyzed by RT-PCR for the EWS/FLII or EWS/ERG fusion transcript. Only mice from which high-quality

RNA was available (as judged by a positive B-actin RT-PCR) were included.
1 Only female mice were analyzed.

trophy gene sequences (data not shown). In the marrow of two
of these six mice, the levels of human cells in the murine
marrow were high enough (0.6%-3.5%) to be detected by flow
cytometry. For flow cytometry, single-cell suspensions of the
transplanted Ewing tumor cell line (positive control), bone
marrow from transplanted mice and bone marrow from un-
transplanted mice (negative control) were incubated with
FITC-labeled antibodies recognizing human HLA class I mol-
ecules, PE-labeled antibodies binding to human CD99, and
CyChrome-labeled antibodies detecting murine CD45
(muCD45) and subsequently analyzed with a flow cytometer as
described in “Methods.” The analysis of the bone marrow from
mouse #3.30.4 transplanted with VH-64 Ewing tumor cells is
shown in Figure 3. To reduce background, the majority of
murine hematopoietic cells were excluded from the analysis by
gating (gate R1) for cells with absent of low expression of
murine CD45. Using this gating strategy, a small population of
human Ewing tumor cells (0.6% of all analyzed events) that
had a comparable expression pattern for human class I antigens
and huCD99 as the transplanted cell line could be detected in
the bone marrow of this mouse. Thus, these results show that
human Ewing tumor cells cause an infiltration in murine
marrow similar to that seen in patients’ marrow.

In correlation with the frequent tumor infiltration of the
murine marrow, a significant percentage of transplanted mice
also developed bone tumors, i.e. 6 of 26 (23%) of tumor-
bearing mice presented with bone metastases (Table 1B). This
was proven by histology (Fig. 14), immunohistochemistry, and
RT-PCR (Fig. 2). Moreover, x-ray analysis of one of these
bone tumors demonstrated a characteristic appearance with
osteolytic lesions, destruction of the cortex, and infiltration of
the surrounding soft tissue (Fig. 4).

Pattern of metastasis and integrin expression. Several ob-
servations suggested that the pattern of metastasis of human
Ewing tumor cells in the NOD/scid mice was tumor- and not
host-specific: the high frequencies of lung and bone tumors and
of bone marrow infiltration were similar to those seen in

F

Figure 1. Light microscopic and immunohistochemical examination of trans-
planted NOD/scid mice. (4) H&E-stained small blue round cell tumor of the
femur from mouse #2.7.1, transplanted with 1 X 10° VH-64 cells (Tu, tumor
tissue; B, normal bone). (B) H&E-stained lung metastasis from mouse #9.25.1,
transplanted with 5 X 10° tumor cells from patient UPN #2 (Met, metastasis;
Lu, normal lung). (C) Two H&E-stained lung metastases from mouse #2.30.1,
transplanted with 2 X 10° VH-64 cells. (D) Typical tumor cell membrane
staining for huCD99 (red, APAAP method) of a lung metastasis from mouse
#2.30.1. (E) H&E-stained kidney tumor from mouse #3.30.4 transplanted with
5 X 10° VH-64 cells (Tu, tumor tissue; Kid, normal kidney). (F) huCD99
staining (red) of the kidney tumor from mouse #3.30.4.
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Figure 2. Detection of EWS fusion transcripts. (4) RT-PCR for EWS fusion
transcripts in samples derived from engrafted mice. Using EWS/FLII, respec-
tively EWS/ERG specific primer pairs, the same PCR product could be
generated in the transplanted Ewing tumor cells and tissues from engrafted
NOD/scid mice: in the cell line VH-64 and in a tumor (7umor) of the femur
and the bone marrow (BM) of mouse #2.7.1, transplanted with 1 X 10° VH-64
cells; in the cell line WE-68 and a subcutaneous neck tumor and the bone
marrow of mouse #4.16.3, transplanted with 2 X 10° WE-68 cells; in the cell
line CADO-ESI and two bone tumors (shoulder and rip cage) but not the bone
marrow of mouse #5.29.7; the primary scapula tumor of patient #1 (UPN1) and
in the subcutaneous and lung tumor of mouse #8.26.2, transplanted with 6 X
10° cells from this patient. Haelll-digested PhiX 174 DNA was included as a
size marker. DNA was separated by nondenaturing PAGE and detected by
silver staining. (B) The specificity of the amplified fragments for the translo-
cation junctions was confirmed by Southern blotting of the amplified DNA
using oligonucleotides corresponding to EWS exon 7, FLII exon 8, and ERG
exon 8 as hybridization probes. Samples derived from cell lines VH-64,
WE-68, and the tumor from patient #1 show specific signals using EWS and
FLII oligonucleotides indicating a t(11;22)-translocation. In the CADO-ES1
cell line and the subcutaneous and lung tumors in mouse #5.29.7, ERG is fused
to EWS corresponding to a t(21;22)-translocation.

patients. No metastasis to other organs such as liver, spleen and
brain could be detected in any tumor-bearing mice, and the
pattern of metastasis in the immune-deficient mice was differ-
ent to what has been described for other tumor cell types, such
as neuroblastoma (19).

Organ-selective homing and metastasis is known to be me-
diated by adhesion molecules, particularly (3,-integrins (VLA
family) (37). Integrins are heterodimeric molecules that are
composed of a- and B-chains. Expression of the (3;-integrins
was analyzed on the transplanted Ewing tumor cell lines (Fig.
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Figure 3. Flow cytometric analysis of bone marrow-infiltrating Ewing tumor
cells in NOD/scid mice. Upper two plots: analysis of the original cell line
VH-64. Middle two plots: the bone marrow of mouse #3.30.4, that was
transplanted with 5 X 10° VH-64 cells. Lower two plots: the bone marrow of
a nontransplanted control mouse. Histograms on the lefi: for this analysis, a
gate (R1) was set on all events that were negative for murine CD45 (muCD45
CyChrome). Dot plots on the right: the events in the right upper quadrant
represent huCD99+HLA-ABC+ human Ewing tumor cells.

Figure 4. X-ray analysis of a tibia tumor of mouse #6.41.1 with osteolytic
areas, destruction of the osseous cortex, elevation of the periosteum, and
infiltration of the surrounding soft tissue. By histologic and molecular analysis
this tumor was proven to be a Ewing tumor metastasis.

5) and was correlated with the pattern of metastasis. Interest-
ingly, and in correlation with the high frequency of bone
marrow Infiltration and the formation of bone tumors, all
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Ewing tumor cell lines expressed a3, (VLA-4), an integrin
that is involved in targeting different cell types to bone and
bone marrow (25, 26). A similar expression pattern was seen
for the fibronectin receptor asf3; (VLA-5), an integrin that is
expressed on primitive hematopoietic stem cells and thought to
be important for the interaction of hematopoietic stem cells
with the bone marrow microenvironment (38). With the ex-
ception of CADO-ESI cells, all Ewing tumor cell lines ex-
pressed the collagen receptor «,f3,, whereas a heterogeneous
expression was detected for the integrin «, 3, and only low to
zero expression for the integrins a;f3; and a4, (Fig. 5).

To facilitate comparisons of different cell lines, higher num-
bers of mice were transplanted with VH-64 and CADO-ES1
cells. These two cell lines differ in many aspects. VH-64 carry
the classical t(11;22) with an EWS-FLI1 fusion transcript while
CADO-ESI has a variant t(21;22) with an EWS-ERG fusion
transcript. Moreover, both cell lines differ in their expression of
B,-integrins as CADO-ES1 unlike VH-64 cells lack «,3, and
a,3,. Interestingly, both cell lines also show a different pattern
of metastasis with CADO-ES1-transplanted mice having fewer
lung tumors, no detectable bone marrow infiltration, but a
higher frequency of tumors in internal organs.

This pattern of integrin expression may be involved in
organ-selective metastasis of Ewing tumor cells in NOD/scid
mice as well as in patients. Therefore, tumor cell homing,
including the role of different integrins, can now be studied in
this Ewing tumor-NOD/scid mouse model.

Quantitative analysis of the engraftment unit. To test if the
described transplantation assay represents a quantitative assay
for in vivo clonogenic tumor cells capable of reestablishing the
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disease in mice, VH-64 cells were transplanted at increasing
cell doses. Rates of engraftment were as follows: none of 3
mice (0%) transplanted with 0.1 X 10° cells, 4 of 14 mice
(29%) transplanted with 1-2 X 10° cells, and 9 of 10 mice
(90%) transplanted with 5 X 10° cells (Table 14). Time to
engraftment was also cell dose-dependent with mice trans-
planted at the higher cell dose of 5 X 10° developing macro-
scopic disease faster, i.e. within 22—49 d, compared with mice
transplanted with 1-2 X 10° tumor cells, i.e. within 36160 d.

Pooled data from these limiting dilution experiments were
statistically analyzed according to standard methods (36). In
short, minimal y* estimation was used to calculate the fre-
quency of the engraftment unit, i.e. the frequency of the cell
engrafting in the transplanted animals. This engraftment unit is
operationally called ET-IC. Maximum likelihood estimation is
only applied as a statistical control method, and if the estima-
tions yielded by maximum likelihood and minimum x* esti-
mation do not differ by more than 10%, the results from the
minimum )? estimation are accepted.

The minimal x> estimation of the above data calculated a
fraction of ET-IC of 3.2019 X 1077 in the total population of
transplanted VH-64 cells (i.e. 1 ET-IC in 3.123 X 10° tumor
cells) with a SE of 1.0503 X 1077 and a 95% confidence
interval of 1.1433-5.2606 X 1077 (1 ET-IC in 1.905-8.747 X
10° tumor cells). As the results of the maximum likelihood

estimation (ET-IC fraction of 3.2771 X 1077, i.e. 1 ET-IC in
3.051 X 10° VH-64 cells) differed only by 2.3% the results
from the minimal y* estimation were accepted. Thus, by
statistical analysis, only 1 cell out of 3 X 10° transplanted
VH-64 tumor cells engrafted the mice.
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Figure 5. Expression of VLA integrin subunits on Ewing tumor cell lines analyzed by flow cytometry. TC-71, VH-64, WE-68, CADO-ES1, and RM-82 Ewing
tumor cells were stained with anti-a; (FB12), -a, (P1E6), -5 (P1BS), -, (44H6), -a5 (P1D6), -y (NKI-GoH3), and -, (TDM29) MAD and respective
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Engraftment of primary tumor cells. Cell lines may not
reflect all aspects of primary tumors as they have acquired
many additional genetic changes during immortalization and
during cell culture over time. This is also exemplified by the
observation that patients from whom a cell line can be estab-
lished have a dismal prognosis (27). These difficulties to grow
primary tumor cells in vitro demonstrate that the signals, such
as growth factors, stromal elements and cell-cell interactions,
that Ewing tumor cells need to survive and proliferate are
poorly understood. Because of the importance to study primary
tumor cells it was tested if the in vivo microenvironment in
NOD/scid mice is able to support growth and survival of
primary Ewing tumor cells. Single-cell suspensions from tu-
mors of three different patients were transplanted into NOD/
scid mice. Transplantation of 4—6 X 10° cells of two of the
patients (UPN #1 and #2) led to tumor formation in four out of
seven mice (57%) (Table 14). The first patient (UPN #1) had
a primary scapula tumor and isolated lung metastases. The
tumor material was taken from the initial diagnostic biopsy of
the scapula tumor. By molecular analysis, the tumor cells were
shown to carry a type 1 EWS/FLII fusion transcript. Compared
with the experiments with cell lines in which tumor formation
in transplanted mice occurred after 1—6 mo, the primary tumor
cells needed 4—9 mo to cause macroscopic disease. During this
time interval, the mice developed lung and subcutaneous me-
tastases. As in the patient, no infiltration of the murine marrow
could be detected by RT-PCR analysis (Fig. 2). Interestingly,
primary cells from the same sample did not grow as a cell line
in vitro. Cells from the second patient (UPN #2) with a local
Ewing tumor relapse led to the development of a lung metas-
tasis (Fig. 1B) in one out of three transplanted mice. These cells
also grew as a cell line in vitro. Cells from the third patient
(UPN #3) did not engraft. Although based on small numbers of
patients due to the limited availability of primary tumor sam-
ples, these data prove that the in vivo microenvironment in
NOD/scid mice is more permissive for the survival and growth
of primary Ewing tumor cells than current culture conditions in
vitro.

DISCUSSION

In this study we have been able to establish a novel in vivo
model for human Ewing tumor cells that recapitulates many
aspects of growth and progression of Ewing tumors in patients.
This xenograft model is based on two important improvements
compared with classical nude mouse models for solid tumors.
First, and in accordance with the hematogenic spread of Ewing
tumors, single-cell suspensions of the tumor were transplanted
via intravenous injection. Secondly, an improved mouse strain,
i.e. NOD/scid mice, was used as recipient that nearly com-
pletely lacks the ability to reject human cells. NOD/scid mice
carry a complex immune deficiency involving B and T lym-
phocytes, NK cells, macrophages, and the complement system
(23).

In accordance with the profound immune deficiency of the
recipient mice, primary Ewing tumor cells engrafted. More
importantly, tumor cells from patient UPN#1 that engrafted the
mice did not grow in vitro. This is of particular importance as
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only few primary Ewing tumors grow in vitro. The ability to
generate a cell line from a patient correlates with a dismal
prognosis. This indicates that Ewing tumor cells need addi-
tional genetic alterations to grow in vitro that are different from
the primary events leading to the malignant transformation.
Thus, as has been shown for neuroblastoma (19) and prostate
cancer cells (20), these data confirm that immune deficient scid
and NOD/scid mice offer a suitable microenvironment for
primary human tumor cells that cannot be provided by current
in vitro assays.

A small fraction of primitive tumor stem cells is assumed to
maintain the malignant cell clone in vivo (13, 39), however, so
far no suitable in vivo assays for solid tumor stem cells have
been available. Therefore, to characterize and quantitate those
Ewing tumor cells capable of engrafting and proliferating in
immune-deficient mice, NOD/scid mice were transplanted with
increasing cell doses of VH-64. Our experiments established
that Ewing tumor cell engraftment was cell dose-dependent
(Table 14) and the frequency of the engraftment unit, termed
the ET-IC, was 1 in 3 X 10° VH-64 cells. However, this
statistical analysis underestimates the actual frequency of
ET-IC as not every cell that is capable of engrafting the mice
engrafts. Quantitative analysis has shown that the seeding
efficiency of primitive human hematopoietic cells in NOD/scid
mice in different organs varies between 2.3% and 8.7% (40).
Assuming a similar seeding efficiency for solid tumor cells of
5%-10%, this means that approximately 1 in 1.5-3 X 10°
VH-64 Ewing tumor cells is capable of engrafting and prolif-
erating in NOD/scid mice.

As the clonogenic frequency in vivo was significantly lower
than the clonogenic frequency in vitro (57% = 6.5% of VH-64
cells from spheroid colonies in a methylcellulose assay), these
data are compatible with the hypothesis that a similar hierarchy
exists within the malignant cell clone of solid tumors as has
been characterized for leukemias (14, 15, 41): most Ewing
tumor cells have a limited proliferative capacity whereas only
a small population of malignant stem cells with a basically
indefinite proliferative and self-renewal capacity maintains the
malignant cell clone in vivo. According to this stem cell
concept of solid tumors, the malignant transformation occurs in
a normal tissue stem cell responsible for tissue regeneration.
Ewing tumors, in particular, are thought to arise from an
embryonic stem cell, which is hypothesized to be of neuroec-
todermal origin (42, 43) but has yet to be identified. Although
still controversial, this concept of a ubiquitous pluripotent
embryonic neuroectodermal stem cell may explain the hetero-
geneity in Ewing tumor differentiation, i.e. peripheral neuro-
ectodermal tumors versus classical Ewing’s sarcoma, and the
heterogeneity in localization, i.e. bone versus extraskeletal
tumors. These open questions concerning the origin of embry-
onic mesenchymal tumors highlight the importance of an in
vivo model for solid tumor stem cell biology.

Engrafted mice developed lung, kidney, ovary, bone, and
subcutaneous tumors as well as a diffuse bone marrow infil-
tration (Table 14). The formation of bone tumors and bone
marrow infiltration together with the high frequency of lung
metastases resembles many aspects of disease progression in
patients. The time frame of tumor formation in the mice was
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also comparable to that observed in human patients. Cell lines
took 1-6 mo and primary tumor cells 4-9 mo to cause
macroscopic disease in transplanted mice. In patients, relapse
usually occurs within 1 y after completion of therapy (44),
indicating that low numbers of Ewing tumor cells escaping
primary therapy need several months to grow up to clinically
detectable metastases.

In contrast to the clinical setting, Ewing tumor cells trans-
planted into immune-deficient NOD/scid mice more frequently
metastasize to kidneys and ovaries. In human patients, metas-
tases of the kidneys are rare, but with more widespread use of
immunohistochemistry and molecular techniques for patho-
logic diagnosis, primary Ewing tumors of the kidney are
increasingly diagnosed (45—47). Human tumor metastases to
murine ovaries appears to be a common phenomenon (19) and
may be host specific. However, Ewing tumor metastases to the
ovaries have also been described in individual patients (48—
50). Thus, the overall growth and metastasis pattern in the mice
is surprisingly similar to that in patients. In addition, and also
in accordance with naturally occurring Ewing tumors, no
metastases to liver, spleen, or brain were detected in any
transplanted mice.

Tumor cell metastasis is a complex process. The described
Ewing tumor-NOD/scid mouse model represents the late stages
of metastasis after the tumor cells have managed to disaggre-
gate from the primary tumor and invade the blood stream.
These late stages of tumor cell metastasis include tumor cell
adhesion to the endothelial wall, transendothelial migration
and tissue invasion (chemotaxis), the proliferative and self-
renewal potential of individual tumor cells, and induction of
angiogenesis.

To gain insight into the mechanisms of organ-selective
metastasis of Ewing tumor cells in vivo, expression of integrins
was analyzed on the transplanted cell lines. Integrins are
involved in cell-cell and cell-matrix interactions and play a
central role in homing and metastasis. It has been demonstrated
that Chinese hamster ovary (CHO) cells transfected with the
integrin o3, (VLA-4), unlike parental CHO cells, metastasize
to the murine bone (26). o,B, has also been shown to be
involved in homing of hematopoietic stem cell to the bone
marrow (25). In accordance with these published results and
with the high frequency of bone marrow and bone metastasis in
the mice, all Ewing tumor cell lines expressed a,f3;. All Ewing
tumor cell lines also expressed the fibronectin receptor asf3;
(VLA-5), which is thought to be involved in the interaction of
hematopoietic stem cells with the bone marrow microenviron-
ment (38). In vitro studies demonstrated that o, 3, and as3, are
functional and mediate adhesion and migration of Ewing tumor
cells to endothelial VCAM-1 and the extracellular matrix
component fibronectin, respectively (Decker ef al., manuscript
in preparation). Thus, Ewing tumor cells may use similar
mechanisms as primitive hematopoietic cells for homing to the
bone marrow. In addition to the described adhesion molecules
that mediate interaction of the tumor cells with the endothelial
wall and extracellular matrix, we have also been able to show
that Ewing tumor cells express the chemokine receptor CXCR4
and the angiogenic vascular endothelial growth factor (VEGF)
(Hotfilder et al., unpublished results). For the first time, this
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Ewing tumor-NOD/scid mouse model provides a tool to study
the complex interactions of metastasizing Ewing tumor cells
with the microenvironment of the target tissue in vivo, includ-
ing tumor cell homing, migration, growth, and angiogenesis.

Finally, tumor cells with a wide spectrum of different EWS
fusion transcripts engrafted. Interestingly, VH-64 cells with a
EWS exon 7/FLII exon 5 (type 2) fusion transcript produced a
different pattern of metastasis in the mice as compared with
CADO-ESI cells that carry an EWS exon 7/ERG exon 6 fusion
transcript. This may be explained by expression of different
integrins (see above) and/or differences in the underlying ge-
netic aberrations. As clinical trials suggested a biologic rele-
vance of different EWS fusion transcripts, an in vivo model
such as the described Ewing tumor-NOD/scid mouse model
will be fundamental to elucidate the role of these different
genetic aberrations.

In conclusion, using severely immune-deficient NOD/scid
mice as recipients and choosing an intravenous transplantation
approach, it has been possible to establish an in vivo model that
recapitulates many aspects of growth and progression of hu-
man Ewing tumors.
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