WNT/B-catenin pathway, the expression of DkkZ and Wifl was
observed in eSZ cells expressing EWS-FLII (Figure 5B and Figure
6B). Dkk2 expression was comparable between parental eSZ and
eGP cells, and EWS-FLIT introduction induced upregulation of
Dkk2 only in eSZ cells (Figure 5B and Figure 6B). In contrast,
expression of DkRI, which is anragonistic to DKK2, remained
unaltered by EWS-FLIT introduction in eSZ cells. Higher Wifl
expression was observed in eSZ cells but not in eGP cells, and
the difference in expression between eSZ and eGP cells was pre-
served after EWS-FLII introduction. The WNT/f-catenin path-
way was not enriched when gene sets of nontransduced eSZ and
eGP cells were tested (data not shown). In addition, gene sets
for the EGF pathway and receptor protein kinase activity were
enriched (Figure 6B and Supplemental Figure 8). Prkcb1 is a gene
downstream from EWS-FLI1 (39) and is inherently expressed at
higher levels in eSZ cells than in eGP cells. Notably, its expres-
sion was increased to higher levels by introducing EWS-FLII
into eSZ cells. Flt4 (also known as VEGFR3) and Musk, which are
important in signaling of vascular and neuromuscular systems,
were also identified as EWS-FLI1-responsive genes (Figure 6B
and Supplemental Figure 8). Furthermore, IGF1R and IGF2R,
which are involved in IGF1 signaling and are attractive targets in
Ewing's sarcoma therapy (40, 41), were also identified by GSEA
(Supplemental Figure 8).

Dkk2 is a member of the dickkopf family of proteins. As modu-
lators of the WNT/f-catenin pathway, this family plays important
roles in the development and homeostasis of bone and cartilage
(42). A previous study showed that DKK2 was downregulated upon
EWS-FLII knockdown in Ewing’s sarcoma cells, while the opposite
response was observed in DKK1 (26). Although previous studies
suggested that DKK1 and DKK2 might have functions indepen-
dent of the canonical WNT/f-catenin pathway (43), possible roles
of WNT activation in human Ewing’s sarcoma were reported (44).

To confirm the involvement of the WNT/f-catenin pathway in
tumorigenesis of Ewing’s sarcoma, expression of 3-catenin pro-
tein was evaluated. -Catenin expression was increased by tran-
sient introduction of EWS-FLII into eSZ cells (Supplemental Fig-
ure 9A). As described above, murine Ewing’s sarcoma was serially
transplantable into syngeneic mice and showed high potency of
proliferation (Supplemental Figure 2C). In the invasive area of the
secondary tumor, increased expression of f3-catenin was frequently
observed (Supplemental Figure 9B). RNA interference-mediated
EWS-FLI1 knockdown resulted in decreased transcriptional activi-
ties of -catenin (Supplemental Figure 9C). Collectively, these data
indicate strong association between the upregulation of WNT/
B-catenin signaling and cell growth of Ewing’s sarcoma.

Inbibition of tumor growth by suppression of critical signals. The
result indicates that EWS-FLI1 and its downstream signals are
effective targerts for therapy. Indeed, gene knockdown exper-
iments showed that tumor cell proliferation was significantly
inhibited by siRNA treatments specific for Flil, Dkk2, Catnb,
Prkebl, Ezh2, or Igfl (Figure 6C). Knockdown of the same genes
in the human Ewing’s sarcoma cells showed similar suppres-
sion of cell proliferation (Supplemental Figure 10). Moreover,
suppression of the EGF/RAS/MAPK pathway by a MEK1 inhib-
itor (U0126) showed inhibition of tumor growth in vitro in a
dose-responsive manner (Figure 6D). These results demon-
strated the importance of the signaling pathways activated by
EWS-FLI1 in the progression of Ewing’s sarcoma and its poten-
tial as a novel target for clinical treatment.
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Use of the mouse model to test therapy targeted against Ewing’s sarcoma.
Animal models of human cancer provide platforms for evaluation
of novel therapies. Ideally, the phenotypes and developmental
mechanisms of the human and model systems should be similar.
In this context, specific inhibitors of the WNT/B-catenin pathway,
EZH2 and poly (ADP-ribose) polymerase 1 (PARP1), were tested
using the current model both in vitro and in vivo. The B-catenin
inhibitors, iCRT14 and PNU74654, showed marked growth sup-
pression of both mouse and human Ewing’s sarcoma, and an EZH2
inhibitor DZNeP showed modest but substantial growth suppres-
sion (Figure 7A and Table 3). Moreover, olaparib, a PARP1 inhibi-
tor reported to exhibit Ewing’s sarcoma-specific growth inhibition
(45), also inhibited both mouse and human Ewing’s sarcomas (Fig-
ure 7A and Table 3). Cell cycle analyses showed that iCRT14 and
DZNeP induced cell cycle arrest, as indicated by increased G, pop-
ulations and decreased G,/M populations (Figure 7B). PNU74654
and olaparib also increased a sub-G; population, indicating apop-
tosis induction (Figure 7B). These reagents also suppressed in vivo
growth of Ewing's sarcoma, with the greatest effect observed with
iCRT14, followed by olaparib, DZNeP, and PNU74654 (Figure 7C).
Thus, the current model provides an effective tool to explore and
evaluate novel therapeutic drugs both in vitro and in vivo.

Discussion
Here, we demonstrate efficient and specific induction of a mouse
equivalent of human Ewing’s sarcoma. We showed that the origin
of the tumor is closely related to embryonic osteochondrogenic pro-
genitor cells. Selection of a PTHLH-expressing cellular fraction in
eSZ enabled us ro obrain substantially higher efficiency and greater
specificity and consistency of tumor formation than previously
reported investigations using bone marrow-derived mesenchymal
stem/progenitor cells (9, 10). In addition, EWS-FLI1 expression
induced apoptosis and growth arrest in several cell types, including
embryonic fibroblasts (46, 47). These data indicate that induction
of Ewing’s sarcoma by EWS-ETS fusion genes is much more effec-
tive for progenitor cells of a certain cell lineage, including the osteo-
chondrogenic axis, especially in developing bone. A previous study
indicated that EWS-FLII induces cancer stem cell properties in pedi-
atric MSCs but not in adult MSCs (48). The plasticity for cellular
differentiation in embryonic and pediatric precursor cells might be
important for Ewing’s sarcoma development in younger patients.
Moreover, EWS-ETS might induce the development of small round
cells and neuroectoderm-like phenotypes.

Ewing’s sarcoma is a rather rare neoplasm thac affects children
and adolescents with an incidence of 2.1 cases per million children
(49). The low incidence of disease is also observed in other translo-
cation-related sarcomas affecting young people, such as alveolar
rhabdomyosarcoma, clear cell sarcoma, synovial sarcoma, or myx-
oid liposarcoma (50). This is in contrast to acute myeloid leukemia
(AML), which is also characterized by gene fusion. It is likely that
the difference in frequencies between sarcomas and AMLs is due
to the rarity of progenitor cell populations in which chromatin
conditions necessary for the oncogenic action of EWS-ETS are
present. Such a narrow window of target cell emergence reflects
the difficulty of inducing tumor in vivo models.

Once the EWS-FLI1 fusion occurs in an eSZ cell during the perinatal
period or even in utero, the cell survives with acquired growth advan-
tages. After a decade of incubation that allows additional genetic/
epigenetic events in the mutated eSZ cell, Ewing’s sarcoma eventually
emerges in the bone as a highly aggressive tumor in human child-
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Figure 4

Clustering analysis of murine and human sarcomas. (A) Supervised clustering of gene expression profiles of 10 samples of murine Ewing’s
sarcomas (MES), 32 cases of human Ewing’s sarcomas (ES), 21 malignant fibrous histiocytomas (MFH), 20 myxoid liposarcomas (MLS),
16 synovial sarcomas (SS), 11 osteosarcomas (OS), 10 neuroblastomas (NB) and 7 chondrosarcomas (CS). (B) Gene expression pro-
files of mouse and human Ewing’s sarcoma (hES) were compared with those of other small round cell tumors of the other species. The
frequencies of matched genes in 2,000 gene sets are indicated. Expression profiles of 6 human poorly differentiated synovial sarcoma
(hPDSS) cases, 14 cases of human malignant lymphoma, 5 samples of murine synovial sarcoma, 7 murine neuroblastomas, and 6 murine
malignant lymphoma were examined. (C) Quantitative RT-PCR for upregulated genes common between eSZ cells with EWS-FL/7 (EF) and
murine Ewing’s sarcomas. The numbers listed above “mES” denote tumor IDs. The mean + SEM of 3 independent experiments are shown.
*P < 0.001 vs. hES; **P < 0.01 vs. mES.
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Figure 5

Differences in gene expression between eSZ and eGP cells. (A) Comparison of gene expression profiles between eSZ/EWS-FLI1 and eSZ and
eSZ/EWS-FLIT and eGP/EWS-FLIT 48 hours after introduction. Scatter plots of eSZ with (vertical axis) or without EWS-FLI1 (horizontal axis) and
eSZ with EWS-FLI1 (vertical axis) or eGP with EWS-FLIT (horizontal axis) are shown. Red dots indicate probes of present call, and green dots
indicate those of absent call. The threshold lines above and below the diagonal indicate y = 2x (2-fold increase) and y = 0.5x (2-fold decrease),
respectively. (B) Expression patterns of Dkk2, Prkcb1, and Ezh2 were validated by quantitative RT-PCR. The mean + SEM of 3 independent
experiments are shown. (C) ChIP-PCR for histone modification at Dkk2, Prkcb1, and Ezh2 promoter regions in eSZ, eGP, and murine Ewing’s
sarcomas. Rp/30 and FoxaZ2 were used as controls for active and repressive histone marks, respectively. The mean + SEM of 3 independent

experiments are shown.

hood. This scenario explains why the location of Ewing’s sarcoma is
different from that of osteosarcoma, which is frequently observed in
the metaphysis of long bones. There is a variant of human Ewing’s
sarcoma that develops in the soft tissue and is also characterized by
the invariable EWS-ETS fusion. As the origin of Ewing’s sarcoma in
the soft tissue remains to be clarified, the relatively late onset of the
tumor suggests that dysregulation of the differentiation program in
the mesenc 1ym1l system might play some role in its tumorigenesis.
Upregulation of the WNT/B-catenin pathway is a direct effect
of EWS-ETS expression in preneoplastic and sarcoma cells,
at least in part. However, rather mild -catenin induction by
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EWS-FLI1 in the eSZ (Supplemental Figure 9A) suggests that
additional genetic events might be required for constitutive
activation of the pathway. Pathways involving receptor tyrosine
kinases are also important in Ewing’s sarcoma (40, 51), as was
indicated in our model. Indeed, potential clinical benefits from
the use of pazopanib, a multikinase inhibitor, for the treatment
of childhood sarcoma, including Ewing’s sarcoma, have been
reported recently (52).

Tumor formation in our mouse model of Ewing’s sarcoma was
EWS-ETS dependent, as was clearly exhibited by Cre/loxP-mediated
knockout experiments. This finding suggests that therapeutic
Volume 124 3069
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Figure 6

Modulation of gene expression and growth suppression of tumor cells by gene silencing. (A) GSEA of eSZ and eGP cells with EWS-FLIT (left
and central panels) and between eSZ/EWS-FLIT and eGP, eSZ, and eGP/EWS-FLI1 (right) resulted in enrichment of the WNT/p-catenin path-
way, the EGF pathway, and receptor tyrosine kinase activities. (B) Real-time quantitative RT-PCR for Dkk2, Dkk1, Wif1, Prkcb1, Fit4, and Musk
in eSZ or eGP cells with/without EWS-FLIT at 0 or 48 hours after introduction. The mean + SEM of 3 independent experiments are shown. (C)
Inhibition of cell proliferation by knockdown of EWS-FLI1 and genes of the pathways specified in A. Relative growth of tumor cells 48 hours after
siRNA treatment was calculated by comparing each cell number to cells treated with control siRNA. The symbols of siRNA used are indicated.
Dkk1 was tested as a negative control. Gene knockdown was confirmed by immunoblotting (Fli1, Catnb, Ezh2, and Prkcb1) or RT-PCR (Dkk2
and /gf1). The experiment was repeated 3 times, and representative results are shown. (D) Effect of MAPK pathway inhibition on tumor growth.
Erk phosphorylation was inhibited by a MEK1/2 inhibitor U0126 (10 uM) (top), and tumor proliferation was inhibited in a dose-dependent manner
48 hours after treatment (bottom). The mean + SEM of 3 independent experiments are shown. *P < 0.01; **P < 0.02.

approaches should pursue the direct targeting of EWS-ETS as well
as related pathways. Gene knockdown experiments and screening
of inhibitory drugs in our model should prove valuable. Unlike the
xenograft model of human cancer cells, the present mouse model
excludes the unexpected bias caused by rather low penetrance of
transplantation, an altered relationship between tumor cells and the
microenvironment, and defects in certain signaling pathways due to
differences in species-dependent binding affinities between ligands
and receptors. Thus, our platform will allow us to explore and evalu-
ate novel targeted therapies in combination with tests using human
Ewing’s sarcoma cell lines.
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In summary, purification of the targets of primary oncogenic
stimuli permitted us to establish a mouse model that closely
recapitulates important characteristics of human Ewing’s sar-
coma. Taken together, the efficiency of tumor induction and the
gene expression analyses of both the very limited cell population
obtained by laser microdissection and the early neoplastic lesion
strongly suggest that the cell of origin of Ewing’s sarcoma is
enriched in the eSZ cells. The present ex vivo method could be use-
ful for generating other important animal models for human can-
cers, particularly when conventional transgenic models are driven
by a gene expression-based method that is not always successful at
Valume 124
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targeting exact cell types. The plasticity of precursor cells as well as
their oncogenic potency due to chimeric transcription factors can
be evaluated by the present approach and constitutes a useful tool
for clarifying oncogenic mechanisms of childhood cancer.

Methods
Purification of eSZ cells. Femoral and humeral bones of BALB/c mouse embryos
were removed aseptically on 18.5 dpc, and they were microdissected into eSZ,
eGP, and eSyR under a stereomicroscope (Zeiss Stemi 2000-C, Carl Zeiss
Microlmaging). Embryonic mesenchymal cells of the head or trunk were also
prepared from the same embryos during each experiment. Each region was
minced and gently digested with 2 mg/ml collagenase (Wako Pure Chemi-
cal) at 37°C for 2 hours. They were cultured in growth medium composed
of Iscove’s Modified Dulbecco’s Medium (Invitrogen) supplemented with
15% fetal bovine serum and subjected immediately to retroviral infection.
Fractionation of PTHLH" and PTHLH- eSZ populations was achieved using
a rabbit anti-PTHLH (Abcam) and a CELLection Biotin Binder Kit (Dynal)
according to the manufacturer’s protocol. The frequency of the PTHLH" cells
reached 8.3% of total eSZ cells (12-fold enrichment).

Retroviral infection and transplantation. N-terminal FLAG-tagged EWS-FLI1
and EWS-ERG were introduced into the pMYs-IRES-GFP or pMYs-IRES-
Neo vectors. The full-length EWS-FLIT cDNA was a gift from Susanne
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sured every other day. Mean tumor volumes + SD for 5 mice of each
group are plotted. *P < 0.01; **P < 0.03.

Baker (St. Jude Children’s Research Hospital, Memphis, Tennessee, USA),
and EWS-ERG was cloned from a human Ewing’s sarcoma case. Retroviral
infections of eSZ, eGP, or shaft cells were performed as described previ-
ously (53). Infection efficiency was examined using a FACSCalibur flow
cytometer (Becton Dickinson). After 48 hours of spin infection, the cells
were mixed with growth factor-reduced Matrigel (Becton Dickinson)
and were transplanted subcutaneously to BALB/c nude mice. The mice
were observed daily to check for tumor formation and general condition.
Tumors were resected and subjected to further examination when subcuta-
neous masses reached 15 mm in diameter. Some tumors (1 x 10° cells) were
serially cransplanced subcurtaneously or injected into the tail veins (1 x 10°
cells) of nude mice to confirm tumorigenicity and metastatic activities.
Histopathology and immunobistochemistry. Formaldehyde- or paraform-
aldehyde-fixed tumor tissues were embedded in paraffin, and sections
were stained with hemartoxylin and eosin using standard techniques. Bro-
modeoxyuridine (BrdU) labeling was achieved by intraperitoneal injection
of 1 mg/ml BrdU 30 minutes before sacrifice. eSZ cells were cultured on
chamber slides and were fixed with 100% methanol. EWS-FLI1 and EWS
-ERG antigens were detected using a polyclonal rabbit anti-FLAG antibody
(Sigma-Aldrich) in conjunction with the VECTOR M.O.M. Immunodetec-
tion Kit (Vector Laboratories) or FITC-conjugated anti-rabbit immunoglob-
ulin. The following primary antibodies were used: anti-BrdU (Molecular
Volume 124 Number 7
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Table 3
ICsq values of inhibitors

database (hoeps://www.oncomine.org/) were

accessed in June 2011, Five microarray studies

Inhibitors
Tumor cells iCRT14 (uM) PNU74654 (uM) DZNeP (uM)
mES #1 5.90 2.08 0.68
mES #5 5.61 6.79 10.30
mES #33 0.76 1.96 10.95
hES_EWS 1.71 2.98 13.46
hES_KH 7.41 6.05 15.87
hCGS_KAS 2.16 3.16 16.58
14,79

h0S_U208 3.42 19.33

Probes), anti-mouse CD99 (a gift of Dietmar Vestweber, Max Planck Inso-
tute for Molecular Biomedicine, Muenster, Germany), anti-COL2A (Mil-
lipore), anti-S 100 (Dako), anti-COL10 (SLS), anti-CD37 (Sigma-Aldrich),
anti-NGFR (Millipore), anti-fi-catenin (Becron Dickinson), ant-nestin
(Chemicon), and anti-myosin (Nichirei), Immunofluorescent images were
photographed with a Zeiss LSM 710 laser scanning microscope with a x40
objective {Zeiss) and LSM Software ZEN 2009 (Zeiss).

Western blotting. Western blot analysis was performed using lysates of

whole tumor tissues as described previously (54).

RT-PCR and real-time quantitative RT-PCR. Total RNA extraction, reverse
rranscription, and RNA quantification were performed according to meth-
ods described previously (54). Conventional RT-PCR and real-time quan-
titative RT-PCR were performed by using a Gene Amp 9700 chermal cyeler
(Applied Biosystems) and a 7500 Fast Real-Time PCR System (Applied Bio-
systems), respectively. The sequences of the oligonucleotide primers are
shown in Supplemental Excel File 6.

Luciferase assay. A 1,340-bp genomic DNA fragment upstream from
the murine Gdf$ exon | was amplified by PCR using the following
primers: forward (5" TTCTATAATCCTACTCTGTAG-3") and reverse
(5"-CTGAAAATAACTCGTTCTTG-3"). The fragment was inserted into
the pGL4.10 vector (Promega) and transfecred into €SZ, eGP, eSyR, or

rrunk cells using Lipofectamine 2000 (Invitrogen). Luciferase assays were
performed as described previously (54).

In vitro differentiation assay. Cells were plated at 2 x 10° cells per well in
6-well plates and culrured in growth medium. Adipogenic, chondrogenic,
osteogenic, myogenic, and neurogenic differentiation assays were con-
ducted according to the methods previously described (55-57).

Microarray analysis. GeneChip analysis was conducted to determine gene
expression profiles. A per cell normalization method was applied to ¢SZ
and eGP samples (58). Briefly, cellular lysates were prepared with RLT buf-
fer (QIAGEN). After RNA cockrails were added to the cell lysates accord-
ing to the amount of DNA, total RNA was extracted using the RNeasy
Mini Kit (QIAGEN). The murine Genome 430 2.0 Array (Affymetrix)
was hybridized with aRNA probes generated from eSZ and eGP cells and
murine Ewing’s sarcoma tissue. After staining with strepravidin-phyco-
erychrin conjugates, arrays were scanned using an Affymetrix GeneChip
Scanner 3000 and analyzed using Affymertrix GeneChip Command Con-
sole Software (Affymetrix) and GeneSpring GX 11.0.2 (Agilent Technol-
ogies) as described previously (59). The expression darta for eSZ and eGP
cells were converted co mRNA copy numbers per cell by che Percellome
method, quality controlled, and analyzed using Percellome software (58).
GSEA was performed using GSEA-P 2.0 software (60).

Data comparisons and clustering between wnurine and human microarray data
sets. The microarray data from 10 murine Ewing’s sarcoma samples were
compared with human microarray dara sets. Data from the ONCOMINE
3072
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containing 117 tumor samples thac were analyzed
using Human Genome UI33A Array (Affymetrix)
were queried for gene expression. CEL files from
E-MEXP-355 (61), E-MEXP-1142 (62), GSE6481

;gé (63), GSE7529 (64), GSE21122 (65), GSEGA61 (66},
1750 GSE4A2548 (67), GSE23972 (68), GSE20196 {69),
0.86 and GSE10172 (70) were downloaded. The probe
2.70 sets of the human U133A array were translared into
28.85 23,860 murine 430 2.0 arrays by the translarion

function of GeneSpring using Entrez Gene ID o

malke a novel common placform. Hierarchical clus-
tering was achieved using log-transformed dara and
the following procedure. For the initial statistical
analysis, 13,026 genes that showed a “present” or “marginal” call 10 ac
least 24 of a rotal of 32 human Ewing’s sarcoma samples were selecred.
Then, 12,340 probes were selected by 1-way ANOVA (P < 0.05) analysis.
Finally, 1,819 probes that showed >2-fold differences of expression in
at least 3 tumor types were selected. With these 1,819 probes, hierarchi-
cal clustering was performed using the average linkage method and the
Pearson’s centered measurements. In additon, a probe set consistng of
the 2,000 sequences that were the most altered in expression in human
and mouse round cell tumors (Ewing’s sarcoma, neuroblastoma, poorly
differentiated synovial sarcoma, and malignant lymphoma) was used
to distinguish each tumor from the other 3 using a fold-change analy-
sis. Then, the frequencies of these 2,000 probes were compared between
mouse Ewing's sarcoma and 4 human tumor types and berween human
Ewing’s sarcoma and 4 mouse tumor types to find che closest cumor type
using simular entites from GeneSpring,

ChIP. A votal of 5 x 10° cells per immunoprecipitation were cross-
linked with 10% formaldehyde for 10 minutes at room temperature.
Histone immunoprecipitation was performed with anti-histone anti-
bodies targeted against H3K9/K14Ac, H3K4/me3, H3K27/me3, rotal
H3 (Cell Signaling Technologies), or H3K9/me3 (Millipore) precon-
jugated to protein G magnetic beads. Immunoprecipitated DNA was
amplified with primers specific for each region. Sequences are shown
in Supplemental Excel File 6.

Cre/loxP-mediated gene silencing, eSZ cells were transduced with a floxed
EWS-FLIT retrovirus, and Ewing’s sarcoma cells were obtained from a sub-
cutaneous tumor developed in a nude mouse. Tumor cells were transduced
with pMSCV-Cre-puro retrovirus in vitro. Senescence-associated p-galac-
tosidase expression was detected using a Senescence Derection Kit {Biovi-
sion) 4 days after rransduction of che recrovirus.

siRNA interference studies. For knockdown of FLIT, Dkk2, Catnb, Prkcbl,
FEzh2, Igfl, Dkk1, and Erg, siRNAs were purchased from QIAGEN. The list
of siRNAs is shown in Supplemental Excel File 7. siRNAs were introduced
into mouse Ewing’s sarcoma cells according to the manufacturer’s pro-
tocol. Knockdown efficiencies were confirmed by Western blotting using
anti-FLAG (Sigma-Aldrich), anti-ERG and anti-PKC B1 (Santa Cruz Bio-
technology), anti-B-catenin (Becron Dickinson), and anti-EZH2 (Cell Sig-
naling Technologies) or RT-PCR.

Pharmacological experiments with specific inhibitors. Mouse Ewing’s
sarcoma cells were treated with MEK1 inhibitor U0126 (Cell Signal-
ing Technologies) in vitro. Boch mouse and human Ewing’s sarcoma
cell lines were treated with WNT/p-catenin inhibitors, iCRT14 and
PNU74654 (Tocris Bioscience); an EZH2 inhibitor, DZNeP (Cayman
Chemical); or a PARP1 inhibiror, olaparib (Selleckchem), both in vitro
and in vivo. Inhibition of ERG phosphorylation was examined by West-
ern blotting using anti-P-ERK1/2 and anti-ERK1/2 (Cell Signaling
Volume 124
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Technologies). For in vivo experiments, 1 x 10° tumor cells were trans-
planted subcutaneously into nude mice, and the mice were treated with
specific inhibitors when the tumor diamerter reached 5 mm. All the
inhibitors were dissolved in 0.2% DMSO, and they were administered by
intraperitoneal injection 3 times per week.

Cell cycle assay. Single-cell suspensions were permeabilized with 0.1% Tri-
ton X-100 in PBS, and 50 mg/ml propidium iodide and 1 mg/ml RNAse A
were added. The cell suspensions were then analyzed by using a FACSCali-
bur flow cytometer and ModFit software (Becton Dickinson).

Cloning retrovival integration sites. Retroviral integration sites of individ-
ual mouse Ewing’s sarcoma were isolated by inverse PCR, sequenced, and
mapped as described previously (71).

Accession numbers. The microarray data sets are accessible through the
NCBI Gene Expression Omnibus (GEO) database (heep://www.nebinlm.
nih.gov/geo), with accession numbers GSE32615 and GSE32618.

Statistics. Continuous distributions were compared wich 2-railed Stu-
dent’s 7 test. Survival analysis was performed using the Kaplan-Meier life
table method, and survival berween groups was compared wich the log-
rank test. The 2-proportion z test was used to evaluate the significance of
differences in the matched probe sets between 2 tumor types. All P values

were 2 sided, and a P value of less than 0.05 was considered significant.
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COMMENT

Integrative knowledge management
to enhance pharmaceutical R&D

The explosion in the accumulation of biomedical data
resulting from technological advances such as next-
generation sequencing, coupled with progress in infor-
mation technologies, offers new opportunities to use such
information for pharmaceutical R&D. In parallel, the
increasingly collaborative nature of many R&D projects
has highlighted the importance of effective information
sharing between project partners and, from a wider
perspective, with the overall biomedical community.

Initiatives such as the European Innovative Medicines
Initiative (IMI) are supporting the development of strat-
egies aimed at improving translational knowledge man-
agement in biomedical sciences, as well as overcoming
barriers in information sharing. In this article, we highlight
the key points emerging from a debate on “Translational
Knowledge Management in Pharmaceutical R&D;, held
in Brussels in July 2013, that involved representatives
from a range of collaborative projects in the field, along
with other experts and stakeholders (see Supplementary
information S1 (box) for details). Challenges that were
discussed include the complexity and heterogeneity of
biomedical data, the need to establish relevant, widely
accepted and openly available data standards and the lack
of integration of knowledge from different disciplines and
stages of the R&D process.

Key issues and challenges

Data evaluation and integration. Given the complexity
of most biological questions, combining data from
multiple levels (molecular, cellular, tissue and others),
disciplines (molecular and systems biology, medicinal
chemistry, preclinical and clinical pharmacology, and
others) and sources may be needed to develop informa-
tion resources and computational models that are useful
for addressing pharmaceutical R&D questions effec-
tively. Indeed, the issue of managing data arising from
different sources is becoming increasingly important as

Maria Marti-Solano, Ewan Birney, Antoine Bril, Oscar Della Pasqua, Hiroaki Kitano,
Barend Mons, loannis Xenarios and Ferran Sanz

Information technologies already have a key role in pharmaceutical research and
development (R&D), but achieving substantial advances in their use and effectiveness will
depend on overcoming current challenges in sharing, integrating and jointly analysing the
range of data generated at different stages of the R&D process.

changes in the R&D ecosystem mean that information
is not necessarily generated in-house by large pharma-
ceutical companies but is derived from external organi-
zations such as academic institutions, biotechnology
companies or contract research organizations.

The heterogeneity of biomedical data is a major
challenge. In many cases, a key determinant of data use-
fulness and reusability is the availability of additional
information to evaluate the relevance and quality of a
particular data set. Being able to track the data source
and to retrieve information on the context in which the
data were generated (for example, experimental condi-
tions and the model organisms used) is crucial to assess
whether the data are suitable to address a particular
research question and, moreover, whether data from dif-
ferent sources can be meaningfully combined. In addition,
to perform large-scale statistical analyses and generate
useful models from biomedical data, it is necessary to
have not only information on the positive results but also
on the negative or discarded ones.

Ontologies and standards. Developing, disseminating
and promoting the wide-scale adoption of appropriate
biomedical ontologies and data standards is also crucial
in allowing data integration. The definition and usage of
standards for the characterization of experimental assays,
for the collection of clinical information, for model
description and, in general, for the representation of dif-
ferent types of metadata, will facilitate true data inter-
operability — that is, a meaningful and accurate exchange,
integration and joint exploitation of biomedical data'.
In order to promote the broad adoption of such standards,
it is important that they are open and reasonably flexible,
and that key stakeholders and user communities are
engaged with their development. In some areas, these
aims may be best served by a bottom-up approach, whereas
others will require a coordinated top-down initiative.
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An example of a high-impact top-down initiative is
the recent commitment by the European Medicines
Agency (EMA), the Japanese Pharmaceutical & Medical
Devices Agency (PMDA) and the US Food and Drug
Administration (FDA) to require data standards developed
by the Clinical Data Interchange Standards Consortium
(CDISC).

Data and information sharing. Another of the major
challenges for the effective integration of data relevant to
pharmaceutical R&D is that data, associated information
and knowledge often remain siloed’. Moreover, there are
communication barriers between researchers from dif-
ferent disciplines. So, not only the data but also relevant
details about it need to be shared. This requires assess-
ment of the relevance of data, taking into account the
underlying clinical or biomedical research question and
adapting the information to suit its use across different
areas of expertise. This could be achieved by identifying
the crucial information and tailoring the key messages
that are required for decision-making at different stages
of drug discovery and development, while promoting the
traceability of data. This is helped by training and involv-
ing specific professionals (knowledge engineers and data
scientists) who are capable of bridging information silos
and facilitating communication and collaboration’.
Active involvement of the community is the basis for
successful integrative knowledge management in R&D.
This may require the creation of regulations to generate
confidence about data sharing and the promotion of infor-
mation formats that facilitate it. It is possible to harness the
know-how of the research community by throwing down
scientific challenges, involving the community in knowl-
edge extraction, annotation and filtering'. Furthermore,
the availability of novel communication channels (such as
social networks) and the increasing availability of individual
genetic information owing to the decrease in sequencing
costs will affect current research models and could make
patient participation in the R&D process more active.

Data sustainability. Ensuring sustainability of data reposi-
tories in the long term — including their maintenance as
well as their updating and evolution in a changing envi-
ronment — should be a key component of collaborative
projects. Making data accessible to a wider community
and enabling their reuse beyond the project that gener-
ates them will be crucial to optimize the use of resources
by minimizing replication. We therefore believe that
data sharing should become a requirement when public
funding is involved. However, to empower the scientific
community to effectively reuse data, it has to be enriched
with relevant metadata, and published data should be con-
verted into appropriate formats for integrative knowledge
management’. Similarly, computational models that are
developed to enable data representation must be main-
tained and updated, as well as systematically characterized
by appropriate metadata that allow further appraisal of
their predictive performance and possible biases.

Recommendations

To maximize the effectiveness of efforts to integrate data
in pharmaceutical R&D, it is vital to develop strategies
and processes to ensure that:

* Protocol design and data collection focus on questions
that are relevant for decision-making at the different
stages of pharmaceutical R&D
Relevant standards for the characterization of data,
methods and models are identified (or developed if
unavailable) and their use is promoted and facilitated
by dissemination and training
Data and models are annotated with enough detail
regarding their provenance and quality to allow a
critical assessment of their suitability for reuse
Data sharing is understood as a responsibility (espe-
cially when data are derived from public funding),
and the community participates in the promotion and
recognition of data sharing, as well as in knowledge
extraction and management
Sustainability of data collections is considered a key
component in the life cycle of collaborative projects

The dissemination and adoption of these principles
among stakeholders — and in particular across the
scientific community, clinical researchers and policy
makers — is essential to establish knowledge manage-
ment strategies in pharmaceutical R&D that efficiently
exploit the increasing availability of novel biomedical
data and learn from previous experience, thus enabling
a more efficient search for innovative, effective and safe
medicines.
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