Grem1-Induced Cardiogenesis

Grem1 and DMSO were most effective at the early stage
(days 1-3) of CL6 differentiation

To determine if Grem1 (125 ng/ml) functions during the early
or the late stage of differentiation, CL6 cells were treated with
Grem! for different time periods (Fig. 3A). Grem! and DMSO
were most effective on CL6 differentiation ar 1-3 days (Fig. 3B, C)
as assessed by percentages of MF20-positive arca and beating arca.
Since Greml inhibits BMPs through direct binding [24], we
hypothesized that BMP signaling is inhibitory to CL6 cardiomyo-
genesis during days 1-3. To confirm this hypothesis, RT-PCR
analysis was performed to determine expression of the ecarly
mesodermal marker (Brachyury T and Thx6), cardiomyocyte-specific
transcription factors (Csx/Nkx2.53), structural genes (fi-MyHC), and
Gapdh (Fig. 4A). DMSO induced the BrachyuryT and Thx6 genes,
and their expressions peaked at 3 days and then decreased; BMP2
down-regulated expression of these genes at 3-7 days. The Cix/
Nix2.5 and i-MyHC genes started to be expressed at days 3 and 5,
respectively, and their expression increased up to 14 days, at which
time the timeframe lysis was termi 1. BMP2 clearly
inhibited expression of the Co/Mx2.5 and f-MyHC genes
(Fig. 4A, lanes 1-7 versus lanes 8-14).

To examine cardiomyogenic differentiation, immunocytochem-
ical analysis was performed on CL6 cells treated with the inducers.
CLS6 cells treated with DMSO and BMP2 for the first 3 days were
negative for sarcomeric myosin (MF20) at 14 days, but became
positive for sarcomeric myosin, following exposure to DMSO
alone during days 1-3 (Fig. 4B). To determine if DMSO induces
BMP production in CL6 cells, expression levels of Bmp2 and Bmp4
were determined by quantitative real-time RT-PCR analysis
(Fig. 4C). DMSO clearly induced the Bmp2 and Bmp4 genes, and
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Table 1. cont.
Group Title Description GSM
0 Cord blood, primary UCB40BE7-32 £7, hTERT, cord blood GSM210408
2 Fetal fibroblast, primary HFDPC cont. Normal follicular dermal papillar cell, primary GSM210409
PLI2 Placenta, primary GSM210410
HF7-3 Fetal fibroblast, primary GSM210411
Bone marfow cell, primary 370664 ‘Bone marrow cell (commercial item), primary GSM201145.
BM-MSC Bone derived chymal stem cells G5M38627
23 ES cellderived mesenchymal cell H1 clone 2 ES cellderived mesenchymal precursor GSM38628
H9 clone 1 ES cell-derived mesenchymal precursor G5M38629
24 Endometrial cell EPCI00 E6. E7, hTERT, endometrial cell G5M210413
FL] Bone marrow cell, primary Yub10F Bone marrow cell, primary GSM210414
% Endometrial cell EPC hTERT+2 E6, E7, hTERT, endometrial cell GSM210415
EPC Control E6, E7, hTERT, endometrial GSM210416
27 Endomewial cell EPC214 6, E7, hTERT, endometrial cell GSM210417
b} Menstruation blood-derived mesenchymal #E4 Menstruation blood, primary GSM210418
cell, primary
#ESHRF Menstruation blood, HRF treatment, primary G5SM210420
& e v R 456 TR e
#EGHRF GSM210422
30 Menstruation blood-derived mesenchymal  #ES GSM210423
cell, primary
doi:10.1371/Joumal.pone.0002407.1001

DMSO-induction was inhibited by BMP2 protein. ‘The expression
level of Bmp2 was highest during days 7-10 (Fig. 4C: BmpZ)
DMSO-induced CL6 cells, and that of Bmp# was highest during
days 5-7 (Fig. 4C: Bmp),

To investigate BMP signaling on cardiomyogenic differentartion,
we used the [d] promoter-Lux plasmid that includes the luciferase
gene driven by the /d] promoter, known as a BMP target promoter
(Fig. 4D). DMSO increased BMP signaling activity that peaked at 5
days (Fig, 4D, open square), BMP2 protein increased BMP signaling
actvity at 3 days (Fig. 4D, closed square), but lost BMP signaling
activity at 5 days and later, implying that this loss of BMP signaling
leads to lack of cardiomyogenic induction.

Since Wnt/ fcatenin signaling is involved in CL6 cardiomyo-
genesis [23,25], we hypothesized that the BMP effect on CL6
cardiomyogencsis is mediated through Wnt/f-catenin signaling.
Expression of Wnit3a, an activator of canonical Wnt signaling, was
indeed detected in CL6 cells exposed to DMSO, and BMP2
significantly down-regulated WntJa expression at day 3 (Fig. 4E).
By using the TOPflash plasmid [23] which includes the luciferase
gene driven by two sets of three copies of the TCF recognition site,
Wnt/p-catenin signaling was assessed to investigate the effect of
BMP2. Wnt/B-catenin signaling activity increased at 48 h after
treatment with DMSO. Activity was increased by DMSO
treatment but decreased by BMP?2 (Fig. 4F). Time course analysis
revealed that Wnt/B-catenin activity peaked at 5 days after
DMSO treatment, and decreased thereafier (Fig. 4G). BMP2
inhibited DMSO-induced Wnt/f-catenin activity throughout the
experimental period (up to 14 days). These results imply that BMP
signaling inhibits CL6 cardiomyogenesis at the carly stage through
nhibition of Wt/ f-catenin signaling.
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Figure 2. Grem1 enhanced cardiomyogenic differentiation in DMSO-induced CL6 cells. (A) Phase contrast micrograph of CL6 cells with
exposure to DMSO alone (a), Grem1 (125 ng/ml) and DMSO (b) for 14 days. The medium, including Grem1 and DMSO, was changed every day, CL6 cells
exhibited apparent spontaneous beating between days 9-11. Beating CL6 cell colonies are outlined by white lines. (B) Percentage of beating area in
differentiated CL6 cells. CL6 cell treated with Grem1 (125 ng/mi) and DMSO exhibited the strongest contraction. (C) RT-PCR analysis of the genes
encoding cardiac-specific transcriptional factors (CoxNix2.5, Gatad, Mef2c, Hand2), circulating hormone (ANP, BNF), cardiac-specific proteins (MyLC-2a,
MyLC-2v, f-MyHQO), cytokines (Bmp2, Bmp4, Fgf8, Grem1, Wnt1, Wnt3a, WntSa, Wnt7a, Wnt11), SM-MyHC, and Gapdh (From top to bottom). Mouse total
heart RNA for the Csx/Nkx2.5, Gata4, Mef2c, Hand2, ANP, BNP, MyLC-2a, MyLC-2v, fi-MyHC, Bmp2, Bmp4, Grem1, Wnt11, SM-MyHC, and Gapdh genes, mouse
embryonic stem cell RNA for the Fgf8 gene, and mouse total skeletal muscle RNA for the Wnt1, Wnt3g, WntSa, and Wnt7a genes were used for positive
controls, H;0 (without RNA) served as a negative control. (D) Immunocytochemistry of CL6 cells 14 days after exposure to Grem1 (125 ng/ml) and DMSO
with MF20 and cTnT (a), and a-actinin (b). Cell nuclei are stained with DAPL Clear striations are evident. (E) Immunocytochemistry of CL6 cells 14 days after
exposure to Grem and DMSO with cardiac troponin T (cTnT) and sarcomeric myosin (MF20). CL6 cells treated with Grem1 (125 ng/ml) and DMSO (a), and
DMSO alone (b) stained positive for cTnT and MF20. Untreated CL6 cells, i.e, not exposed to Grem1(125 ng/ml) or DMSO, stained negative for cTnT and
MF20. Cell nuclei were stained with DAPI, (F) Percentage of MF20- and cTnT-double positive area.

doi:10.1371/journal.pone.0002407.g002
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Figure 3. Percentage of myogenic differentiation by period of treatment with Grem1 in CL6 cells. (A) Protocol for treatment of Grem1
and DMSO. CL6 cells were passaged at 1.8x10° cells in 6-well plate on Day 0. CL6 cells were exposed to Grem1 (125 ng/mi) and/or DMSO on the
indicated day. Day when the cells were exposed to the inducers is shown by “+" (in gray calls for clarity). The medium including Grem1 and DMSO

was changed every day. On day 14, the cells were i

K
ytoc hemicall ly

1 with MF20 antibody. (B) Myogenic differentiation of CL6 cells was

estimated by sarcomeric myosin (MF20)-positive area. CL6 cells were treated with Grem1 (125 ng/ml) and DMSO for the indicated days. (C) Myogenic
differentiation of CL6 cells was estimated by beating area. CL6 cells treated with DMSO and Grem1 (125 ng/ml) were incubated at indicated days.

doi:10.1371/journal.pone.0002407.g003

Discussion

Our bioinformatics study using the results from the global gene
expression analysis of human cells (GSM412342-41344 and
GSM201137-201 145 at hup:/ /www.nebi.nlm.nih.gov/geo) nom-
nated Greml as a candidate gene that may participate in
cardiomyogenesis. By using CL6 embryonic cells as a model of
cardiomyogenesis, we obtained two major findings: the first is that
Greml enhanced cardiomyogenic  differentiation of DMSO-
induced CL& cells at the early stage; the second is that Wnt/p-
catenin and BMP signaling activity had developmental stage-
specific effects on cardiomyogenesis (Fig. 53). Wnt/B-catenin
activity at the early stage enhanced embryonic cell differentianon
into cardiomyocytes, while suppressing this actvity by BMP2 or
BMP4 proteins as reparted in the avian embryo [26]. In contrast,

differentiation. Grem1 regulated the stage-specific Wnt/ f-catenin
and BMP signaling activity on cardiomyogenesis.

Many studies have indicated that Greml is involved in cell
differentiation and development, such as osteogenesis [27], lung
maorphogenesis 28], myogenesis [29], and limb formation [30],
through inhibition of BMP2 and BMP4. Grem!-null mice show
intact heart development, despite impairment of lung and kidney
[31], and therefore Greml is considered not to be involved in
cardiogenesis, or supplementary factors such as Noggin [32], with
a similar function, may compensate Grem| during dcvclnpmt
Greml had an mhanang or promoting activity in i i
cardiomyogenesis, as is the case with platelet-derived growth
factor as a promoter of cell growth [33]. In this study, Grem] was
involved in cardiomyocyte differentiation, However Greml alone
could not induce cardiomyocytic differentiation of CLE cells in the

bsence of DMSO (Fig. 2C and F), suggesting that Grem! is solely

BMP signaling activity in the late stage enhanced cardiomyocytic
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Figure 4. Cardiomyogenic differentiation in CL6 cells (days 1-3) is inhibited by BMP2. (A) RT-PCR analysis of the gene encoding

BrachyuryT, Thx6, cardiac-specific transcriptional factor (Csx/Nkx2.5), cardiac-specific protein (f-MyHC), and Gapdh (From top to bottom) of CL6 cells
treated with DMSO alone, or DMSO and BMP2 (100 ng/mi) for the first 3 days (days 1-3). The medium, including BMP2 and DMSO, was changed every
day. (B) Percentage of MF20-positive area. Immunocytochemistry was carried out on CL6 cells 14 days after cells had been exposed 1o DMSO and
BMP2 (100 ng/ml) for the first 3 days (days 1-3). The asterisk indicates a significant statistical difference (P<0.05). (C) Quantitative real-time RT-PCR
analysis of the gene encoding Bmp2 (left), and Bmp4 (right) in CL6 cells treated with DMSO alone (open square), or DMSO and BMP2 (100 ng/ml)
(closed square) for the first 3 days (days 1-3). (D) BMP signaling activity of CL6 cells treated with DMSO alone (open square), or DMSO and BMP2
(100 ng/ml) (closed square) for the first 3 days (days 1-3) were determined by luciferase activity analysis using /d1 promoter-Lux (a firefly luciferase
reporter plasmid driven by the Id1 binding sites), pRL-CMV as co-transfected control, and Dual luciferase reporter assay system. Relative luciferase
unit of the CL6 cells untreated with inducers at day 3 is regarded as 0.1 (data not shown), (E) Quantitative real-time RT-PCR analysis of the gene
encoding Wnt3a in CL6 cells treated with DMSO alone (open square), or DMSO and BMP2 (100 ng/ml) (closed square) for the first 3 days (days 1-3).
(F) Wnt/fi-catenin signaling activity of CL6 cells 48 h after exposure to DMSO, or DMSO and BMP2 (100 ng/ml) was determined by luciferase activity
analysis using TOPflash (a firefly luciferase reporter plasmid driven by two sets of three copies of the TCF binding site and herpes simple virus
thymidine kinase minimal promoter), pRL-CMV as co-transfected control, and Dual luciferase reporter assay system. Relative luciferase unit of the CL6
cells untreated with inducers is regarded as 0.1. The asterisk indicates a significant statistical difference (P<0.05). (G) Timeframe of Wnt/p-catenin
signaling activity in CL6 cells treated with DMSO alone (open square), or DMS0 and BMP2 (100 ng/ml) (closed square) for the first 3 days (days 1-3).
Relative luciferase unit of the CL6 cells untreated with inducers at day 3 is regarded as 0.1 (data not shown).

doi:10.137 1/journal.pone.0002407.g004
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Figure 5. Greml-accelerated CL6 cardiomyogenesis through
regulation of BMP- and Wnt/f-catenin-signaling pathways. CL6
embryonic cells start to differentiate into mesodermal cells through Wnt/
f-catenin signaling pathway at the early stage (days 1-3), and
mesodermal CL6 cells differentiate into mature cardiomyocytes by BMP
plﬂmrw at the late stage (days 4-14). Grem1 accelerates DMSC-induced

is through inhibition of the BMP-signaling pathway.
doHO.'I 371/journal.pone.0002407.g005

a promoter of cardiomyogenic differentiation. One of the possible
mechanisms for Greml-enhanced cardiomyogenesis at the early
stage is inhibitdon of the BMP signaling pathway [3]. Alternatively,
Greml-enhanced cardiomyogenesis may be mediated through
proliferation of cardiac progenitor cells, as is the case of myogenic
progenitor proliferation by Greml [34], and this possibility is
supported by an increased number of sarcomeric myosin-positive
CL6 cardiomyocytes (Fig. 2E and F).

The stage specificity of the Grem| effect is possibly correlated
with the biphasic and antagonistic effect of Wnt/[-catenin
signaling on cardiomyogenesis, depending on the stage of
development tn wiro [25) and m o [35]. CL6 cells differentiated
into cardiomyocytes via mesodermal induction by the Wnt/p-
catenin signa]ing p;lthwa}' at the r:a.r|’y stage, and CL6 mesodermal
cells differentiated into cardiomyocytes induced by BMP2 at the
late stage. It is conceivable that embryonic cells, such as CL6 cells
and ES cells, differentiate into cardiomyocytes by inhibiting BMP
signaling via putative “mesodermal cells” or “cardiomyogenic
progenitors”, or differentiation stages corresponding to these cells
(Fig. 3, Figure 52), The early stage process from emhryonic cells to
mesodermal cells was mediated via Wnt/B-catenin  signaling
(Fig. 4F, G), and was assessed by expression of BrachyuryT and
Tha6 genes (Fig. 4A), which are target genes for Wnt/B-catenin
signaling [36]. BMP signaling antagonizes the cell fate-inducing
activity of Wnt/f-catenin [37). When embryonic cells or
cardiomyogenic progenitors are induced to become mature
cardiomyocytes by cytokines and growth factors, we must be
careful with respect to the stage of cell differentiation because of
the biphasic differential action of the factors which are dependent
upon the differentiation stage.

In conclusion, we have demonstrated that Grem| enhances the
commitment or determined path w cardiogenic differentiation of
CL6 teratocarcinoma cells. Apart from a role in development,
Greml may serve a clinical use in cardiology, like granulocyte
colony-stimulating factor that accelerates production of granulo-
cytes in both peripheral blood and bone marrow. Nomination of
Grem! as a cardiomyogenic factor is based on hierarchical
clustering analysis using global gene expression data of human
cells. This bioinformarics approach may be useful for identfying
morphogens/factors that can induce differentiation of other cell
types/tissucs/organs.
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Materials and Methods

GeneChip analysis

GeneChip analysis was performed (Fig. 1A, Table 1) as
previously described [38]. Human genome-wide gene expression
was examined with the Human Genome UI33A Probe amay
(GeneChip; Affymetrix), which contains the oligonucleotide probe
set for approximately 23,000 full-length genes and expressed
sequence tags, according to the manufacturer’s protocol (Expres-
sion Analysis techmcal manual and GeneChip Small Sample
Target Labeling Assay version 2 technical note [hup://www.
affymetrix.com/support/technical/index affx]). Data analysis was
performed by the GeneChip Operation System (Affymetrix) and
GeneSpringGX software (Silicon Genetics). To normalize the
staining intensity vanations between chips, the average difference
values for all genes on a given chip were divided by the median of
all measurements on that chip. Hierarchical-clustering analysis
was performed using a minimum distance value of 0.001, a
separation ratio of 0.5, and the standard definition of the
correlation distance.

Cell culture and differentiation

CL6 cells were grown on 100 mm dishes (Becton Dickinson) in
a-MEM (Gibco) supplemented with 10% fetal bovine serum (FBS)
{(JRH Bioscience, Inc.), penicillin, and streptomyein, and were
maintained in a 5% CO; atmosphere at 37°C. To induce
differentiation, CL6 cells were plated at a density of 1.8x 107 cells
in a 6-well plate (Becton Dickinson) or gelatin-coated 35 mm glass
base dishes (IWAKI) with «-MEM containing Greml (63 or
125 ng/ml: R&D system) and/or 1% dimethyl sulfoxide (DMSO)
for 14 days. Recombinant human bone morphogenetic protein-2
(BMP2) was purchased from R&D systems.

Reverse transcriptase-PCR (RT-PCR) and quantitative real-
time RT-PCR analysis

Total RNAs were extracted from differentiated and undiffer-
entiated CL6 cells and mouse embryonic stem (ES) cells with
RNeasy minikit and DNase [ treatment (QIAGEN). Mouse ES cell
(129 strains) RNA, mouse heart total RNA (Clontech) and mouse
skeletal muscle/total RNA (UNITECH. Co., Ltd.) were used as a
positive control for each primer. Total RNA (2 ) g cach) for RT-
PCR was converted to cDNA with Superseript” ™ 111 RNase H-
reverse transcriptase (Invitrogen), according to the manufacturer's
manual. PCR conditions were optimized and linear amplification
range was determined for each primer by varying annealing
temperature and cycle number, PCR products were identified by
positive control size. RT-PCR was performed using the primers of
the genes of cardiac specific transcription factors: Csx/Nkx2.3,
Gata4, MefZc, Hand?; circulating hormone: ANP, BNP, cardiac
structural proteins: f-MyHC, MyLC-2a, MyLC-2v; cytokines: Bmp2,
Bmpd, Fgf8, Greml, Wntl, Wat3a, Wntsa, Wnt7a, Watll; smooth
muscle structural protein: smooth muscle-myosin heavy chain
(SM-MyHO); the early mesodermal marker: BrackwuyT, T-box6
(Thx6); and Gapdh as control. PCR was performed with exTaq
DNA polymerase and exTaq PCR buffer (TaKaRa) or LATaq
DNA polymerase and GC buffer I (TaKaRa) for 25 or 30 cycles,
with each cyele consisting of 95°C for 30 s, 50°C, 55°C, 60°C or
65°C for 455, and 72°C for 45 s, with an additional 5 min
incubation at 72°C afier completion of the final cycle. PCR
primers for the genes of Csx/Nkx2.5, Gatad, Mef2e, Hand2, ANP,
BNP, f-MyHC, MyLC-2a, MyLC-20, Bmp2, Bmp4, Fgfé, Greml,
Watl, Wnt3a, Wat3a, Wat7a, Wtl 1, SM-MyHC, Brackyury T, Thx6,
and Gapdh (Table Sla) were obtained from Mouse Genome
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Informatics (http://www.informatics.jax.org/). The PCR products
were size-fractionated by 2% agarose gel electrophoresis.
Quantitative real-ime RT-PCR was performed on an ABI
Prism 7700 Sequence Detection System (Applied Biosystems),
using 100 ng of cDNA in 25 pl reaction volume with 10 nmol/1 of
cach primer, and 12.5 pl SYBR Green Realume PCR Master Mix
(TOYOBO). PCR primers for the genes of Bmp?2, Bmpé, Wat3a,
and Gapdh (Table S1b) were obtained from PrimerBank (http://
pega.mgh.harvard. edu/primerbank/index.html). Calculations were
automatically performed by ABI sofiware (Applied BioSystems).

Immunocytochemistry

A laser confocal microscope (LSM510, Zeiss) was used for
immunocytochemical analysis. Differentiated and undifferentiated
CL6 cells were fixed with 4% paraformaldehyde (Wako) for 5 min
at 4°C and weated with 0.1% triton X-100 (Sigma) in PBS for
20 min at room temperature, then incubated for 20 min at room
temperature in a protein-blocking solution consisting of PBS
supplemented with 5% normal goat serum (DakoCytomation).
These CL6 cells were then incubated overnight with primary
antibody monoclonal anti-sarcomeric myosin antibody (MF20,
mouse IgGay, isotype, | mg/ml, University of lowa Hybridoma
Bank) and Troponin T, and Cardiac Isoform Ab-1 clone 13-11
(¢TnT, mouse IgG, isotype, 1:300, Lab Vision Corp), or the
monoclonal anti-a-actinin (SARCOMERIC) CLONE EA-53 (u-
actinin, mouse IgG, isotype, 1:300, Sigma) in PBS at 4°C. The
cells were extensively washed in PBS and incubated at room
temperature with Alexa Fluor 568-conjugated goat anti-Mouse
1gGyy, (anti-MF20) (Molecular Probe; dilured 1:300), Alexa Fluor
488-conjugated goat anti-mouse IgG, (anti-<cInT) (Molecular
Probe; diluted 1:300), Alexa Fluor 546-conjugated goat anti-
mouse IgG{H+L) (anti-a-actinin) (Molecular Probe; diluted 1:300),
and nuclel were counterstained with 4°, 6-diamidino-2-phenylin-
dole (DAPI) (Wako; diluted 1:300) for 45 min. To prevent fading,
cells were then mounted in  DakoCytomation Fluorescent
Mounting Medium (DakoCytc ion)

Transfection and luciferase assays

Cells (8.0x10%) sceded and cultured in 60 mm dishes (Becton
Dickinson) were transfected 18 h after plating using Lipofectamine
2000 (Invitrogen) and PLUS reagent (Invitrogen) in Opti-MEM
(Gibeo). Transfection contained 1.0 pg of TOPilash plasmid
(Upstate Biotechnology) for measurement of Wnt/B-catenin
activity, or 5.0 pg of the Jd/ promoter-Lux plasmid (provided by
Dr Imamura and Dr Miyazono) for measurement of BMP-
induced Id! gene transcription, and 0.5 pg of pRL-CMV
(Promega) as co-transfected control. Medium containing 10%
FBS was changed 3 h after transfection and transfected cells
(1.8x10% were re-sceded in 6-well plates 24 h after transfection.
After 18 h, CL6 cells were induced with BMP2 (100 ng/ml) and
DMSO. CL6 cells were prepared for luciferase activity analysis
using Dual luciferase reporter assay system (Promega).

Area calculation

The regions of interest (beating area, immunostaining arca)
were defined in Photoshop (Adobe systems) using the ‘magic wand'
tool. The total numbers of pixels identified were then counted
using the histogram function. At least five different fields were
measured for each dish.

Statistical analysis
Results, shown as the mean=SE, were compared by ANOVA
followed by Scheffé's test, with P<0.05 considered significant.

@, PLoS ONE | www.plosone.org
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Supporting Information

Figure 81 A semi-quanutatve RT-PCR of cardiomyocyte-
specific genes. To investigate expression level of cardiomyocyte-
specific genes (Csx/Nkx2.5, Gatad4, MyLC-2a, and MyLC-2v), a
semi-quantitative RT-PCR was performed from CL6 cells treated
with 1% DMSO and the indicated concentration of Grem| for 14
days. Each RT-PCR product was electrophoresed in 2% agarose
gel, and was measured using Image] software (http://rsh.info.nih.
gov/ij/) to calculate the ratio of cach gene to Gapdh. The
expression level for cach gene is determined relative to that of
Gapdh, and expression level in CL6 cells treated with DMSO
alone was regarded as 1.0. The relative expression levels were
averaged from at least three independent experiments.
Found at doi:10.1371/journal.pone.0002407.5001
DOC)

Figure 82 Grem] enhanced cardiomyogenic differentiation of
mouse ES cells. Mouse ES cells (NCHI1.5, C57BL/§] x 1 29ter/Sv)
were cultured on a mouse embryonic fibroblast feeder layer
inactivated with 30 Gy y-irradiation in gelaun-coated 60 mm
dishes (Becton, Dickinson). Cells were grown in KnockOut
DMEM (Gibco) supplemented with 15% fetal bovine serum (Cell
Culture Technologies), 2 mM GlutaMAX (Gibeo), 0.1 mM non-
essential amino acid (Gibeo), 0.1 mM 2-mercaptocthanol (Gibco),
penicillin, streptomyein, and 2,000 U/ml mouse leukemia
inhibitory factor (LIF) (Chemicon). For cardiomyogenic differen-
tiation, ES cells were exposed to 125 ng/ml Grem] (R&D systems)
for the three days. The cells were then trypsinized and cultured to
form embryonic bodies (EBs) from a single cell using a three-
dimensional culture system (without LIF) on low cell binding
dishes (96-well plate round bottom). This represented day 0 of EB
formation. On the next day, the medium was replaced with the
same medium without LIF. EBs were re-seeded on gelatin-coated
48-well plates with one EB per well, on day 8 after the start of EB
formation. The cardiomyogenic induction was estimated by the
beating EB number per total EB number, measured on day 12
under a phase-contrast microscope. Greml increased the
percentage of beating EBs to 69.2%, as compared with 26.7%
in EBs without Grem! treatment. The numbers in parentheses
indicate the EB numbers counted.

Found at: doi:10.1371/journal. pone.0002407 5002 (1.27 MB
DOC)

Table 81 Prnimer sequences.

Found at: doi:10.1371/journal.pone.0002407 5003 (0.06 MB
DOC)

Movie 51 CL6 cells treated with DMSO alone. PI9CL6 cells
are reproducibly and stably induced into beating cardiomyocytes
with DMSO.

Found at: doi:10.1371/journal pone. 0002407 5004 (1.66 MB
MOV)

Movie 52 CL6 cells treated with Grem! (125 ng/ml) and
DMSO. Grem! dramatically promotes DMSO-induced cardio-
myogenic differentiation of P19CL6 cells at a concentration of
125 ng/ml.

Found at: doi:10.1371/journal.pone.0002407.5s005 (240 MB
MOV)

(1.04 MB
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Ewing's family tumor (EFT) is a rare pediatric tumor of unclear origin that occurs in bone and soft tissue.
Specific chromosomal translocations found in EFT cause EWS to fuse to a subset of ets transcription factor
genes (ETS), generating chimeric EWS/ETS proteins. These proteins are believed to play a crucial role in the
onset and progression of EFT. However, the mechanisms responsible for the EWS/ETS-mediated onset remain
unclear. Here we report the establishment of a tetracycline-controlled EWS/ETS-inducible system in human
bone marrow-derived mesenchymal progenitor cells (MPCs). Ectopic expression of both EWS/FLII and
EWS/ERG proteins resulted in a dramatic change of morphology, i.e., from a mesenchymal spindle shape to
a small round-to-polygonal cell, one of the characteristics of EFT. EWS/ETS also induced immunophenotypic
changes in MPCs, including the disappearance of the mesenchyme-positive markers CD10 and CD13 and the
up-regulation of the EFT-positive markers CD34, CD99, CD117, and CD271. Furthermore, a prominent shift
from the gene expression profile of MPCs to that of EFT was observed in the presence of EWS/ETS. Together
with the observation that EWS/ETS enhances the ability of cells to invade Matrigel, these results suggest that
EWS/ETS proteins contribute to alterntions of cellular features and confer an EFT-like phenotype to human

! Research Institute for Child Health and Development, 2-10-1, Okura, Setagaya-ku,

MPCs,

Ewing's family tumor (EFT) is a rare childhood cancer aris-
ing mainly in bone and soft tissue. Since EFT has a poor
prognosis, it is important to elucidate the underlying patho-
genic mechanisms for establishing a more effective therapeutic
strategy. EFT is characterized by the presence of chimeric
genes composed of EWS and els transcription factor genes
(ETS) formed by specific chromosomal translocations, i.c.,
EWS/FLIL, t(11;22)(q24:q12); EWS/ERG, 1(21:22)(q12;q12);
EWS/ETVI1, ((7;22)(p22:q12); EWS/EIAF, 1(17;22)(q12:q12);
and EWS/FEV, 1(2:22)(q33;q12) (26). The products of these
chimeric genes behave as aberrant transcriptional regulators
and are believed to play a crucial role in the onset and pro-
gression of EFT (3, 36). Indeed, recent studies have revealed
that the induction of EWS/FLII proteins can trigger transfor-
mation in certain cell types, including NIH 3T3 cells (36),
C2C12 myoblasts (12), and murine primary bone marrow-de-
rived mesenchymal progenitor cells (MPCs) (6, 45, 52). How-
ever, studies have also indicated that overexpression of EWS/
FLI1 provokes apoptosis and growth arrest in mouse normal
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embryonic fibroblasts and primary human fibroblasis (10, 31),
hence hampering understanding of the precise role of EWS/
ETS proteins in the development of EFT. The function of
EWS/ETS proteins would be greatly influenced by cell type.
and thus the cells that can originate EFTs might be more
susceptible to the tumorigenic effects of EWS/ETS.

Although the cell origin of EFT is still unknown, the expres-
sion of neuronal markers in spite of the occurrence in bone and
soft tissucs has kept open the debate as o a potential mesen-
chymal or neuroectodermal origin. As described above, ectopic
expression of EWS/FLI1 results in dramatic changes in mor-
phology and the formation of EFT-like tumors in murine pri-
mary bone marrow-derived MPCs but not in murine embry-
onic stem cells (6, 45, 52), supporting the notion that MPCs are
a plausible cell origin of EFT (45). However, others argue that
MPCs cannot be considered progenitors of EFT without fur-
ther evidence of similarity between human EFT and MPC-
EWS/FLI-induced tumors in mice (29, 46).

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

800Z ‘01 AINM U0 JESD BIPeY IydBWOURLIYS ANSIBAlun 018 18 Bio"wse gow woy) pepeoumod



2126 MIYAGAWA ET AL

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

Fusion i _

Cell line Diagnosis type €
EES-1 EFT EWS/FLIL type I 20
SCCH1% EFT EWS/FLII type 1 21
RD-ES EFT EWS/FLIL type 11 5
SK-ES1 EFT EWS/FLII type 11 5
NCR-EW2 EFT EWS/FLII type 11 19
NCR-EW3 EFT EWS/EIAF 19
W-ES EFT EWS/ERG 13
NB69 NB 15
NBY NB 15
GOTO NB 47
NRS-1 RMS PAX3/FKHR 40

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

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

Mo Crie Biow

(32), we used the type 1T variant in the present study, EWS/ERG was isolated
from W-ES, an EFT cell ling, joining EWS exon 7 and ERG exon 9. Full-length
EWS/FLLL type 11 and EWSERG cDNAs were amplified from ¢DNAs prepared
from NCR-EW2 and W-ES cells, respectively, by PCR us described below and
cloned into the Xmnl-EcoRV sites of pENTRI! (Invitrogen). The resulting
pENTRll EW‘.‘\.I‘EI‘S! were recombined with peDNA4-DEST by use of LR
as i | by the f (Invitrogen) 1o con-
struct the tetracycling-inducible EWS/ETS expression vector p:l)NM-EWSJ
ETSs.
Western blot analysis, UET-13 transfectants were cultivated with or without 3
wg/ml of tetracycline for 72 h. Western blot analysis was performed as previously
described (37). Bricfly, the cell lysates were prepared nm! separated on a IU‘%

sodium clndecyl sulfate-polyacrylamide gel el ph gel and fs
onto a polyvinylidene difluoride it The b were blocked with
5% skimmed milk in phosphate-bulfered saline (PBS) containing 1.01% Tween

20 (Sigma) and incubated with primary antibodies. As the primary antibodies,
anti-Fli-1. anti-Erg-1/23 tSum Cruz Bouuhnohwl. and anti-actin (Sigma)
were used. Hi dish jugated anti-rabbit or anti-mouse immu-

globulin G (1gG) ibodics (DakoC ion) were used as sccondary anti-
bodies. Blots were d d by chemilumi using an ECL Plus Western
blotting detection system (GE Healthcare Bio-Science Corp.) and exposed 10
Xeray film (Kodak) for 5 1o 30 min.

MTT assay and detection of apoptosis. Growth curves of UET-13 lmufm!mh
were determined using the 3-(4,5-dimethylthiazol-2-y1)-2.5-diphenyl
bromide (MTT) ussiy as described jously (18). The apopiosis was detected
using an annexin V-nu(m:in u.nlllluq-mm: (FITC) apoptosis detection kit

(Biovision) g 1o the f *s Instructions and analyzed by flow
¥ ¥ (Cytomi F(‘:‘fl'l: Beck Coulter).

1 fh lysis. After | week of culture in the absence or
presence of tetracycline, UET-13 cells and the transfectants were harvested with

0.25% trypsin plus EDTA l{IBL} The cells (2 % 107) were |ru:ullatn§ with mouse
maonoclonal antibodies for 20 min. In the case of 1 it
the eelk were washed with PBS and then analyzed. In the case of primary

| mouse dies, the cells were urnslwd and then incubated with
FITC-wnju]alcd goat anti-mouse TgG antibody (Jackson T h
Laboratories) for 20 min. Cell fi ws d d using a Cytomics FCS00
instrument as described previously (27).

Antibodies against the following human antigens were used: CDIO, CDI3,
CD14, CD2Y, CD34, CD40, CD44, CD4S, CD4de, CDS4, CDS6, CD61, CD90,
CDI10S, CD117, and CD166 from Beckman Coulter; CD73 from BD Bio-
scicnces-Pharmingen; CDSS from Abcam,; CD59 from Cedarlane Laboratories;
md CD133 and CD271 from Miltenyi Biotee GmbH.

hemistry. Cells were grown on collagen type I-coated cover

munophenotype, and gene expression profile, with enhance-
ment of the Matrigel invasion ability of UET-13 cells.

MATERIALS AND METHODS

Cell cultures and establishment of UET-13TR-EWS/ETS cell lines. UET-13
cells were cultured in Dulbecco’s modified Eagle's medium (DMEM) with 106
Tet system approved fetal bovine serum (T-FBS) (Takara) at 37°C under a
humidified 5% CO; amaosphere. EFT cell lines (EES-1 [20], SCCH1%6 [21],
RD-ES and SK-ES| [5], NCR-EW2 and NCR-EW3 [19], and W-ES [13]) and
neuroblastoma (NB) cell lines (NB69 and NB9 [15] and GOTO [47]) were
cultured in RPMI 1640 with 10% FBS. A rhabdomyosarcoma cell line, NRS-1
(40), was cultured in Eagle's minimal essential medium with 109% FBS. The cell
lines used in this study are listed in Table 1.

UET-13 cells were sceded at a density of § % 107 cells per well in 24-well tissuc
culture plates 1 day prior 1o transfection. For introducing the tetracycli
ible system, UET-13 cells were rransfected with pcDNAG-TR (Invitrogen) by use
of Lipofectamine 2000 (Invitrogen). After 72 h, the medium was r:phmd wuh
fresh medium containing 200 pg/ml of bl adin 8§ (lnvi
resistant clones were selected for a month and designated UET 13TR cells
UET-13TR cells were further innsfmnl with pecDNAS-EWS/ETSs constructesd
as described below, and individual clones were 1 in DMEM
containing 107% T-FBS and 200 to 300 pg/ml of Zeocin (Invitrogen ), The Zeocin-
resisitant clones were expanded and tested for the induction of EWS/ETS ex-
pression upon the addition of tetracycline by use of reverse transcription-PCR
(RT-PCR) as descn‘bcd below.

Plasmid A ga bases | 1o 1705) was amplificd from
pBLOCK-IT3-DEST (lavitrogen) by PCR, and the PCR product was inserted
into the EcoRV site of pcDNA4-TO (lnvitrogen) (termed pcDNA4-DEST),
Since the type 1T EWS/FLIL is a stronger transactivator than the type I product

induc-

glasses llwalul Me: 72 hwith or withou! tetracycline, cells were fixed for 30 min
in 4% paraf: yde and p bilized in PBS g 0.2% Triton
X-100 (Signn] for 30 min. Snbcequmw. they were washed with PBS and blocked
in PBS containing 0.1% Triton X-100 and 1% bovine serum albumin (Sigma) for
30 min befors being incubated with a lonal anti-CD99 antibody, Le., 12E7
(1:100) (DakoCytomation) or Q13 (1:200) (Thermo), and polyclonal anti-Fli-1
antibody (1:100) (Santa Cruz) for 1 h. Bound antibodies were visualized with
appropriate secondary antibodies. ie., Alexa Fluor 488 goat anti-mouse 186G
(heavy plus light chains) highly cross-adsorbed and Alexa Fluor 546 goat anti-
rabbit IgG (heavy plus light chains) highly cross-adsorbed (Invitrogen) for 1 h al
1:300. Nuclei were counterstained with 4°,6"-diamidino-2-phenylindole (DAPI)
ar prapidium iodide (P1) (Sigma). For the visualization of whole cells, cells were
treated with Celltracker Blue [lnvlungan] for 30 min and then ﬂw:d. Fluores-
cence was observed and analyzed using a confocal laser i and
image software (either FV500 from Olympus or LSMS10 from Carl Zeua)
Precise measurements of cell size, nuclear size, and the nucleus-to-cytoplasm
(N/C) rutio were performed using Image J (16).

RT-PCR analysis. Total RNA was 1 from cells by use of an RNeasy kit
(Qingen) and reverse transcribed using a first-strand cDNA synthesis kit (GE
Healthcare Bio-Science Corp). RT-PCR was performed with a HotstarTag mas-
ter mix kit ((Qiagen). As an internal control, human GAPDH cDNA was also
amplified. The sequences of gene-specific primers for RT-PCR were as follows:
for EWS/FLII (forward), 5"-ATGGCGTCCACGGATTACAGTACCT-3; for
EWS/FLIL (reverse), 5-GGGTCTTCTTTGACACTCAATCG-2'; for EWS/
ERG (forward), $-ATGGCGTCCACGGATTACAGTACCT-3, for EWS/
ERG (reverse), 5 TTAGTAGTAAGTGCCCAGATGAGAA-3; for GAPDH
(forward), 5 -CCACCCATGGUAAATTCCATGGCA-2'; and for GAPDH (re-
vense), 5-TCTAGACGGCAGGTCAGGT/CCACC-3, PCR products were
electrophoresed with a 1% agarose gel and stained with ethidium bromide.
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FIG. 1. The effect of EWS/ETS on the morphology of UET-13 cells. (A) The establishment of a tetracycline-inducible EWS/ETS expression
system in UET-13 cells. CMV. cytomegalovirus. (B) Analyses for confirming the inducible expression of EWS/ETS genes. EWS/ETS mRNAs were
detected in UET-13 transfectants UET-13TR-EWS/FLII and UET-13TR-EWS/ERG by RT-PCR. These cells were treated with or without 3
ug/ml of tetracycline (Tet) for the indicated periods. As an internal control, a human GAPDH gene was used. (C) Analyses for confirming the
inducible expression of EWS/ETS proteins. The cells were treated as described for panel B and subjected 1o Western blotting for the detection
of EWS/ETS proteins. The extracts of RD-ES and W-ES cells were also examined as positive controls. Membranes were reprobed with anti-actin

of

antibody as a loading control. (D) Morphological change after tetr

UET-13 transfi UET-13 cells and the transfectants

were cultured in the absence or presence of tetracycline for 72 h and ubacrvcd by light microscopy. Magnification, >40) (top); %200 (bottom). Cells
were also examined using hematoxylin-cosin (HE) (top) and May-Giemsa (bottom) staining (magnification, x200).

Real-time RT-PCR. Real-time RT-PCR was performed using TagMan univer-
sal PCR master mix and TaqMan gene expression assays and an i ied

ﬁimlmmmnlenedm:pmdmnhmmdmuodmhuur
jon in tetracycline-treated cclls. Accession numbers for the

assay on an ABI Prism T900HT sequence detection system (Applied Biosysiems)
ling 1o the facturer's i ions. The human GAPDH gene was used
a5 an intemal control for nomalization.

DNA microarray anslysis. Total RNA isolated from cells was reverse tran-
scribed and labeled using one-cycle target labeling and control reagents as
Instructed by the manufacturer (Affymetrix). The labeled probes were hybridized
1o the human genome U133 Plus 2.0 array (Aflymerrix). The arrays were per-

mm—mrm duu are given below.
.The' jon assay was g d using Matrigel (BD Bio-
science) g 1o the previous description (34) with some modification.

Pul'_r:urhmle filter inserts containing S-um pores (BD Falcon) were coated with
50 wl of a 6:1 misture of culture medium and Matrigel and placed into 24-well
culture plates ining DMEM suppl d with 10% T-FBS as chemoat-

iractants. Cells (25 = :u‘) m:m-:l with or without tetracycline for 72 h were

&‘mwdmnmgicupcrmmamlmlym]m;mm perating softy
and

version 1.2 (Affy ix). Rach 1 subtraction,

companent analysis (PCA) were ]::Hnrmul by CGeneSpring GX 7.3 soft
(Agilent Technologies). Signal i were | aliced based on the me-
dian of all measurements on that chip. ‘Iumunl for the difference in detection
efficiencies the spots, d signal i itics on cach gene

were normalized to the median of prenormalized measurements for that gene.
The data were fillered using the following steps. (i) Genes that were scored as
absent in all samples were eliminated. (i) Genes for lrhlt:h the signal mlcmln
were lower than 100 were eliminated. (i) Perfi g cluster I using

pended n DMEM g 0.01% T-FBS .lml plated on top of each filler
insert. After 20 b in culiure in |!n= of of yeline, nonin-
vading cells were removed from upp:r surface of the filter with a cotton swab.
The wvldmoeﬂsun!hchmmdmnluu filter were fixed with formalin,
stained with b din-cosin, and § in five ficlds per membrane with
light microscopy. As a control, cells were also cultured on uncoated fiilter inserns.
The invasion efficiency was presented as the rnlm of the numb:f of invading cells
on Matrigel-coated inserts 1o that on d mserts. Expery were pet-
formed in triplicate, and the means with standard dcmlnum of the values are
shown in the graphs in Fig 8.

8002 0L AINF U0 JEWeD BIpajy IYorWOUBUIYS Ausieaun o8y 18 B0 wse qow woy pepecjumoq



2128 MIYAGAWA ET AL

A 1.2-

UET-13TR '
08- 5,
0 / et + .;g
-—-"_"/’
0- 2

1_2_ i = s
9 EWS/FLIT 23
Ire] T =
]
@]

(9]

Tet -

120

0 24 48 72 96

Hours in culture

—» Relative cell number

Tet +

Mol CeLL Biow

UET-13TRH
UET-13TR EWS/FLI{

b L]
.

—» Pl (Relative fluorescence)

UET-13TR
EWS/ERG

UET13-TR  UET-13TR
UET-13TR EWS/FLI1 EWS/ERG
0.89% 0.74%

~A-d-
k-l

—» FITC-Annexin V (Relative ﬂuarascm)

FIG. 2. Effects of EWS/ETS on cell growth in UET-13 cells. (A) Growth curve for UET-13 transfectants. Cells were seeded at 10%4well and
cultured as described for Fig. 1. The increase in cell number was analyzed by MTT assay. Values are means with the standard errors (SE) from
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transfectants in the presence of tetracycline. (B) Cells were cultured as described for panel A in the absence or presence of tetracycline for 3 days
and then stained with PI, and DNA contents were analyzed by flow cytometry (x axis, relative intensity of fluorescence; y axis, relative cell number),
() Cells treated as described for panel B were stained with FITC-annexin V and analyzed.

Microarray dats b i ay data have been deposited in
the Gene E jon Omnibus database GEOQ (www.nchi.nlm.nih.govigeo) (ac-
cession numbers GSES665 and GSES596),

RESULTS

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

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

ducibility of this phenotypic change, other UET-13TR-EWS/
ETS clones were examined, and similar morphological changes
were observed. Since letracycline treatment did not affect the
morphology of UET-13TR cells (Fig. 1D), it was suggested
that the morphological alteration in UET-13 cells from a mes-
enchymal cell shape to small round cells, one of the charac-
teristics of EFT, can be attributed to EWS/ETS expression.
EWS/ETS expression inhibits cell growth in UET-13 cells.
Next, the effect of EWS/ETS expression on the growth of
UET-13 cells was analyzed. As shown in Fig. 2A, an MTT assay
revealed that the addition of tetracycline had no effect on the
growth of UET-13TR cells but slightly inhibited that of UET-
13TR-EWS/ETS cells. We also assessed the cell growth of
UET-13 transfectants after tetracycline addition by cell count-
ing and obtained results well in accord with those from the
MTT assay (data not shown). To determine the mechanism of
this inhibition, DNA content and the binding of annexin V to
UET-13 transfectants were examined, No significant increase
in either sub-G,-phase cells (Fig. 2B) or annexin V binding
cells (Fig. 2C) was detected, suggesting that EWS/ETS-medi-
ated growth inhibition in UET-13 cells was not due to the
activation of an apoptotic pathway. Moreover, no significant
decrease in 8-G,-phase cells was observed (Fig. 2B).
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clants in the absence or presence of tetracycline (Tet). UET-13 trunsfectants were treated with or without 3 pg/ml of
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were normalized using those of a control housekeeping gene (human GAFDH ge
triplicate wells and are normalized to the mRNA level at () h, which is arbitrarily
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with anti-CD99 antibody 12E7 (B) or 013 (C) as described in Materials and Methods. RD-ES cells were also examined as a positive control For

the staining of nuclei, DAPI was used

Effect of EWS/ETS on CD99 expression in UET-13 cells. The
p30/32MIC-2 gene product, CD99, is a cell surface glycopro-
tein expressed in EFT with a strong membranous staining
pattern and thus constitutes a useful marker for EFT (2, 30).
Knowing the dramatic change of morphology in UET-13 cells,
we next investigated the mRNA level of CD99 in tetracycline
treated and untreated UET-13 transfectants by quantitative
real-time RT-PCR. CD99 levels were clearly elevated by tet-
racycline treatment in both UET-13TR-EWS/FLII and UET-
I3TR-EWS/ERG cells in a time-dependent manner (Fig. 3A)

We also examined the protein expression of CDY%9 by im-
munostaining using 12E7 antibody, which is most widely used
as an anti-CD99 antibody. An EFT cell line, RD-ES, showed
strong membranous staining of CD99 (Fig. 3B), while neither
UET-13TR cells nor UET-13 cells had such a staining. Of note
is the fact that although 12E7
the cytoplasm in perinuclear regions in both UET-13TR (Fig

reactivity was observed only in

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

In the absence of tetracycline, both UET-13TR-EWS/FLII
and UET-13TR-EWS/ERG cells were also negative with anti-
CD99 antibodies (a pattern designated CD997), similar to
UET-13 cells. Surprisingly, however, tetracycline induced a
membranous staining pattern (designated CD997) in UE
13TR-EWS/FLI1 and UET-13TR-EWS/ERG cells, and some
CDY99™ cells had irregularly contoured nucler (Fig 3B). The
same results were observed with another anti-CD99 antibody,
013 (Fig. 3C), indicating that the membranous staining ob-
served for UET-13 transfectants with the anti-CD99 antibodies
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FIG. 4. EWS/ETS expression, alteration of CD99 distribution, and cell morphological changes in UET-13 cells. (A) Immunofluorescence
studies using anti-Flil (red), anti-CD99 (green), and DAPT (blue). UET-13TR-EWS/FLII cells were cultured on coverslips in the ahsence or
presence of tetracycline (Tet) for 72 h and then stained as described in Materials and Methods. White arrowheads indicate CD99™ cells that have
a sirong staining pattern with anti-Flil antibodies and also have remarkable CD99 expression and morphological features. (B) Immunofluores-
cence analysis by triple staming with whole cells (Celliracker; blue), CD%9 (anti-CD99; green), and nuclei (P red). UET-13TR-EWS/FLII cells
were cultured as described for panel A and then stained as described in Materials and Methods. (C o E) Measurements of whole-cell size (C),
nuclear size (D), and N/C ratio (E) in tetracycline-treated UET-13 transfectants. UET-13TR-EWS/FLII and UET-13TR-EWS/ERG cells were
cultured on coverslips in the presence of tetracycline for 72 h and then stained as described in Matenials and Methods. These samples were
analyzed by the image analysis software Image I (n = 50). (C and D) Data are relative values with the SE and are normalized to the size
of CD% -~ cells, which is arbitrarily set to 100. (E) Data are relative values with the SE and are normalized to the size of CD99™ cells, which
is arbitrarily set 1o 1

was really CD99 derived. Despite the fact that cells were single
colony derived, there was a heterogencous response o letra-
cycline treatment in UET-13TR-EWS/FLI1 and UET-13TR-
EWS/ERG cells, bul most of the CDY9™ cells had a small
round morphology, one of the characteristics of EFT. To assess
the correlation between EWS/FLIN expression and the change
of the CDY9 expression pattern, we performed immunofluo-
rescence studies using anti-Flil and anti-CD99 antibodies. As
shown in Fig. 4A, tetracycline treatment induced a marked

enhancement of nuclear staining with anti-Flil antibodies in a
large number of UET-13TR-EWS/FLII cells, indicating the
induction of EWS/FLII proteins. Furthermore, we observed
that the cells with a strong signal for Flil tended to reveal a
membranous staining pattern with anti-CD99 antibodies and a
small round morphology (Fig. 4A). To further verify the cor-
relation between CDY9 expression pattern and cell morphol-
ogy, we estimated the size of cells by triple staining using
Celltracker Blue, PL and anti-CD99 antibody (Fig. 4B). As
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TABLE 2. Immunophenotypic charactenzation of UET-13 transfectants and EFT cells
Result for":
MPC - . UET-13TR- UET-13TR- EFT
status® Coomreer:  (UEDID URT-15TR EWSFLIL EWSERG —— status’ e
Ter Tet Ter” Tet Tet Tet®

M+ CD29 + + . + - . - + [

M+ CD39 + I ' + + + . + +

M+ CD90 + + + [ + + - + 4 E+

M+ CD105 + + - ) ‘ + . + i

M+ CDI66 + + - + + + + + +

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

M-+ cDp73 + + - + + + . - -

M+ o . - + - Down + Down - -

M-+ D13 + + + + Down + Down - -

M+ CD4%e + + + + Down + Down + -

M+ Cheél + + + + Down + Down - =

M+ CDss + + + + Down - + + =

M+ CD3s4 - - - - Up — Up + + E+

M(~) cpu1? - - - - Up - Up + - E+

M4/~ cn271 - - - - Up - Up + + E+
CD40 - ~ - - - - - + + E+
D56 - - - - - - - + . E+

M(-) CD133 - - - - - - = + s

M(-) CD14 - - - - - - - - -

M(~) D34 - - - - - - - ~

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

. M( ). negative for MPCs: M+/~, positive for BMd.ch:\d MPC.\ but negative after in \nm culture; M+, positive for MPCs

. Dovwn, lat

Boldface indi the

+, most cells positive; —, negative; Up, up-
m: mmumphcnotypu of which were changed in n favor of EFT. Tel

d b}f I:u‘u)dn'x
TH'

E+, positive for EFTs

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

EWS/ETS expression altered the immunophenotype of
UET-13 cells. Human MPCs reveal a characteristic expression
of several surface antigens and can be identified on the basis of
the reactivity with a set of monoclonal antibodics against CD
antigens (25, 42). On the other hand, some CD antigens are
characteristically expressed on EFT cells (17, 28, 33). Using the
combinations of these antibodies listed in Table 2, which are
useful for the immunodetection of either MPCs or EFT cells,
we further examined whether EWS/ETS expression affects the
immunophenotype of UET-13 cells and compared its effect
with that on the immunophenotype of EFT cell lines (Table 2
and Fig. 5). As shown in Table 2, UET-13 cells express most of
the human primary MPCs markers. Some of the antigens ex-
pressed in MPCs, namely, CD29, CD59, CD%0), CDI05, and
CD166, were also found to be expressed in EFT cell lines, but
others, namely, CD10, CD13, CD44, CD61, and CD73, were
not. In contrast, antigens recognized to be present in EFT cells,
including CD40, CD56, and CD133, were absent from UET-13
cells. Interestingly, when the effect of tetracycline-mediated
EWS/ETS expression on the immunophenotype of UET-13
cells was tested, levels of some of the antigens present in
UET-13 cells, such as CD10, CD13, and CD61, were found to
be decreased (Fig. 5). In contrast, some of the markers found

B . F

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

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 Aflymetrix human genome U133
Plus 2.0 array. As a first step to this approach, we validated our
cxperimental systems by analyzing the sequential changes of
known EWS/ETS target genes, i.e., inhibitor of differentiation
2 (ID2) (14, 39), NK2 transcription factor related, locus 2
(NKX2.2) (9, 48), and insulin-like growth factor binding pro-
tein 3 (IGFBP3) (41). Consistent with previous reports, levels
of ID2 and NKX2.2 increased with the expression of EWS/ETS
in a time-dependent manner, whereas the expression level of
IGFBP3 decreased (Fig. 6A). Employing the same procedure,
we also examined whether the change of surface antigen ex-
pression was regulated at the transcriptional level and deter-
mined the mRNA expression levels of some surface antigens in
UET-13 transfectants with or without tetracycline treatment.
In accordance with the results of immunocytometric and im-
munohistological experiments, the mRNA expression levels of
CD10, CDI3, CD4%, and CD61 were decreased, while those
of CD34, CDY9, CD117, and CD271 were markedly increased
in tetracycline-treated UET-13TR-EWS/ETS cells (Fig. 68
and C), indicating that the expression of these antigens is
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FIG. 5. Immunophenotypic change on induction of EWS/ETS expression in UET-13 cells, UET-13 transfectants were cultured with or without
3 pg/ml of tetracycline for | week and flow cytometric analyses were performed by using a set of antibodies as indicated. The histograms of UET-13
transfectants with (empty) and without (gray) tetracycline treatment were overlaid. Dotted lines indicate fluorescence intensities in negative control
panels (Cnt). Arrows indicate the immunophenotypic change caused by tetracycline. The immunophenotypes of the EFT cell lines RD-ES and

SK-ESI were also examined.

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

We next investigated the candidate genes whose expression
is regulated by EWS/ETS in human MPCs. First, we selected
the genes with up-regulated or down-regulated expression by
EWS/ETS induction using gene cluster analysis (Fig. 7A: UET-
I3TR-EWS/FLII up. 4,294 probes; down, 4,103 probes; UET-
13TR-EWS/ERG up, 3,358 probes; down, 3,705 probes). To
reduce the number of the candidate genes, we selected up-
regulated genes that are expressed in tetracycline-treated cells at
least 1.5-fold higher than in untreated cells (UET-13TR-EWS/
FLI1, 1,137 probes; UET-13TR-EWS/ERG, 835 probes). Simi-
larly, the down-regulated genes that are expressed in tetracycline-
treated cells at least 0.75-fold lower than in untreated cells (UET-

I3TR-EWS/FLI1, 1,803 probes; UET-13TR-EWSERG, 773
probes). By selecting common probes in both cells, we finally
identified a group of candidate genes significantly controlled by
EWS/ETS induction in the human mesenchymal progenitor back-
ground. Since microarray analysis was performed as a global
screening in a single experiment, it is likely that there is a fair bit
of noise in the derived gene profiles due to the lack of replicate
data. This may account in part for the limited overlap between the
profiles induced by EWS-FLI1 and EWS-ERG, whereas we still
identified 349 probes of common up-regulated genes and 293
probes of common down-regulated genes (see the supplemental
material). In addition to the EFT-specific genes mentioned
above, these contained those previously described as EFT-specific
genes, such as those for OB-cadherin/cadherin-11 (31), Janus
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FIG. 6. The change of expression profile on induction of EWS/ETS in UET-13 cells. UET-13TR-EWS/FLLI and UET-13TR-EWS/ERG cells
were cultured in the absence or presence of tetracycline (Tet) for the indicated periods and analyzed using the Affymetrix human genome U133
Plus 2.0 array as described in Materials and Methods. (A) The sequential changes of ID2, NKX2.2, and IGFBP3 mRNA levels in UET-13
transfectants upon treatment with or without tetracycline. Diamond symbols indicate UET-13 transfectants in the absence of tetracycline; box
symbols indicate UET-13 transfectants in the presence of tetracycline. (B and C) Microarray studies for the determination of expression profiles
of surface antigens in UET-13 transfectants. UET-13 transfectants were treated with or without 3 ug/ml of tetracycline for 72 h. mRNA levels were
determined with the Affymetrix human genome U133 Plus 2.0 array.

kinase 1 (JAKI) (49), keratin 18, and six-t

lial antigen of the prostate (STEAP) (22). The expression pattern
of these genes (642 probes) in UET-13 transfectants in the ab-
sence or presence of tetracycline is shown in the gene cluster in

ransmembrane epithe-

Fig. 7B. The expression of these genes was indeed changed sig-
nificantly after EWS/ETS expression in both cells. They included
genes associated with signal transduction (such as those for epi-
dermal growth factor receptor, FAS [CD95], and fibroblast
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FIG. 7. Identification of candidates for the target of EWS/ETS in human MPCs by use of a microarray. UET-13TR-EWS/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 transfectants following tetracycline-mediated EWS/ETS expression based on a PCA of 642 candidate genes. Deep
blue plots indicate UET-13 cells. Light blue plots indicate UET-13 transfectants in the absence of tetracycline for 72 h. Yellow plots indicate
UET-13 transfectants in the presence of tetracycline for 72 h. The pink circle indicates EFT cell lines expressing EWS/FLIL (purple plots),
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tetracycline
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growth factor receptor 1) and development (such as jagged-1 and
frizzled-4, -7, and -8). Interestingly, in addivon o the surface
antigens presented in Fig. 6B and C, the expression profiling of
EWS/ETS-expressing UET-13 cells displayed the modulation of
several genes associated with cell adhesion, cytoskeletal structure,
and membrane trafficking, such as those for collagen-11 and -21,
ephrin receptor-A2, -B2, and -B3, ephrin-Bl, claudin-1, integrin-
all, -aM, and -B2, CD66 (carcinoembryonic antigen-related cell
adhesion molecule-1), and CD102 (intercellular cell adhesion
molecule-2). They also included genes of chemokines CCL-2 and
-3. These data raise the possibility that EWS/ETS can contribute
10 the membrane condition in human MPCs via the regulation of
these cell surface molecules and chemokines,

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

EWS/ETS expression enhances the Matrigel invasion of
UET-13 cells. To assess the role of EWS/ETS in malignant
transformation in human MPCs, UET-13 transfectants were
examined by invasion assay. As shown in Fig, 8A, tetracycline
treatment did not affect the Matrigel invasion ability of UET-
13TR cells. When cxamined similarly, however, tetracycline
treatment resulted in an apparently increased invasion (P <
0.05) for both UET-13TR-EWS/FLII1 (Fig. 8B) and UET-
13TR-EWS/ERG (Fig. 8C) cells. The results indicated that
EWS/ETS expression can induce Matrigel invasion properties
in human MPCs,

DISCUSSION

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

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

system. The major steps in the development of EFT should be
commonly regulated by distinet chimeric EWS/ETS proteins,
Indeed, several genes are common transcriptional targets of
different chimeric EWS/ETS proteins in the murine system
(11, 24, 35). Our data also showed that the 642 probes are
coregulated in both EWS/FLII-expressing cells and EWS/
ERG-expressing cells. Further comparative studies of both the
EWS/FLIL- and the EWS/ERG-mediated onset of EFT could
allow us to understand the common functions of EWS/FLII
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 CD34
(intercellular cell adhesion molecule-1 [ICAMI]), CD117
(c-kit), and CD271 (low-affinity nerve growth factor receplor
[LNGFR]) increased in EWS/ETS-expressing UET-13 cells.
These markers are positive in EFT cell lines (17, 28, 33), and
in addition, CD117 is detected in about 40% of patient samples
(17) and is negative in human primary MPCs (4, 43), Thus, it
is reasonable to consider that a phenotypic marker of EFT was
induced in UET-13 cells by EWS/ETS expression. On the
other hand, CD34 and CD271 are positive in human primary
MPCs (8, 25, 42), whereas these markers arc negative in
UET-13 cells. However, a previous report showed the disap-
pearance of some positive markers, including CD271, from
primary human MPCs during the process of ex vivo expansion
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(25), and 1t has been speculated that the expression of these
molecules in MPCs is induced in vivo via interaction with the
bone marrow microenvironment and that the necessary stimuli
are absent from ex vivo culture conditions. Therefore, the
immunophenotype of UET-13 cells rather might be related to
that of ex vivo-expanded primary human MPCs. In addition, it
may be possible that EWS/ETS expression led to the reexpres-
sion of these disappeared markers in UET-13 cells without the
necessary stimuli. In this case, the maintenance of CD271
expression outside of the bone marrow microenvironment
might be a characteristic of EFT. Thus, our results proved that
both EWS/FLI1 and EWS/ERG can be major causes of the
expression of these markers and that human MPCs that pre-
cisely recapitulate the expression are strong candidates for the
cell origins of EFT cells. The findings also imply that these
antigens are suitable targets for diagnostic tools and new ther-
apeutic agents. In fact, imatinib mesylate, which demonstrates
anticancer activity against malignant cells expressing BCR-
ABL as well as CD117 and platelet-derived growth factor re-
ceptor, inhibits proliferation and increases sensitivity to vin-
cristine and doxorubicin in EFT cells (17).

Notably, our resuits also indicate that UET-13 cells, which
have the MPC phenotype, possess the potential to acquire an
EFT-like phenotype upon the expression of EWS/ETS. Unlike
what is seen for human primary fibroblasts (31), ectopic EWS/
ETS expression induces an EFT-like morphological change in
human MPCs, suggesting that the cell type affects susceptibility
to the events following EWS/ETS expression, In murine MPCs,
retrovirally transduced EWS/FLII has been reported (o induce
the expression of CDY9, a most useful marker for EIFT, though
the results are controversial (6, 45), However, our direct evi-
dence obtained with UET-13 cells clearly demonstrated that
CDY9 cxpression 18 induced by EWS/ETS proteins in human
MPCs. Moreover, we showed that the expression of CDY9
might correlate with  EWS/ETS-mediated maorphological
change, whereas the functional role of CD99 and the correla-
tion between CD99 expression status and EWS/ETS-mediated
morphological change in the development of EFT remain un-
clarified.

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

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