Bioconjugate Chemistry

(1H, s, aromatic), 7.21 (1H, d, ] = 8.2 Hz, aromatic), 6.90 (1H,
d, ] = 8.2 Hz), 7.41—6.90 (4H, m, aromatic), 4.58 (1H, dd, J,»
= 7.5 Hz, H-1"), 409-4.08 (2H, m, H-2, H-3'), 3.96-3.58
(18H, m, H-3, H-4, H-5, H-6a, H-6b, H-2', H-4', H-5', H-6a/,
H-6b’, H-4", H-5", H-6", H-7", H-8", H-9a", H-9b",
-SSCH,CH,CH=), 3.52-349 (1H, m, H-la), 3.37-3.26
(2H, m, H-1b, -SSCH,CH,CH=), 3.23 (1H, ddd, ] = 11.3 Hz,
6.8 Hz, 6.8 Hz, -SSCH,CH,CH=), 2.78—2.76 (1H, m, H-3a"),
2.59-2.52 (1H, m, -NHCOCH,CH,-), 2.47 (2H, t, ] = 6.8 Hz,
NHCOCH,CH,), 2.06 (3H, s, ~-COCHy,), 2.05-2.01 (1H, m,
-SSCH,CH,CH=), 1.83—-1.71 (SH, m, H-3b",
NHCOCH,CH,-, -NHCOCH,CH,CH,CH,-), 1.55-1.53
(2H, m, -NHCOCH,CH,CH,-); ESI-MS (positive mode);
Found: m/z 958.2894 [(M+2Na)*], Calcd. for
CyyHgN;0 ,48,Na,: 958.2896.

N-[3-[(5-Acetamido-3,5-dideoxy-p-glycero-a-p-galac-
to-2-nonulopyranosidonic acid)-(2—6)-(a-p-galactopyra-
nosyl)-(1—4)-(1-deoxy-p-glucitol-1-yl)amino]phenyl]-ot-
a-lipoamide (SAa2-6Galf1-4Glc-mono, 6). 'H NMR
(600 MHz, D,0) 6 7.28 (1H, t, ] = 7.5 Hz, aromatic), 7.25—
7.23 (2H, m, aromatic), 6.71 (1H, d, ] = 6.8 Hz, aromatic), 4.47
(1H, d, Jy» = 82 Hz, H-1"), 404 (1H, m, H-2), 3.93-3.52
(19H, m, H-3, H-4, H-S, H-6a, H-6b, H-2", H-3’, H-4', H-5', H-
6a’, H-6b’, H-4", H-5", H-6", H-7", H-8", H-9a", H-9b"
-SSCH,CH,CH==), 3.43 (1H, dd, J,, ;;, = 8.8 Hz, J;,, = 4.1 Hz,
H-la), 331-3.29 (2H, m, H-1b, -SSCH,CH,CH=), 3.24
(1H, ddd, J = 10.7 Hz, 6.8 Hz, 6.1 Hz, -SSCH,CH,CH=),
2.75—2.72 (1H, m, H-3a"), 2.55 (1H, dddd, J = 12.3 Hz, 6.1
Hz, 6.1 Hz, 6.1 Hz, -SSCH,CH,CH=), 2.45 (2H, 1, ] = 6.8 Hz,
-NHCOCH,-), 2.06 (3H, s, —COCH,), 2.04-2.02 (1H, m,
NHCOCH,CH,-), 1.82-1.76 (1H, m, -NHCOCH,CH,"),
1.86-1.69 (4H, m, H-3b", -NHCOCH,CH,-,
-NHCOCH,CH,CH,-), 1.55-1.53 (2H, m,
-NHCOCH,CH,CH,-); HRMS (positive mode); Found: m/
z 9582892 [(M+2Na)*], Caled. for C;,HisN3045,Na,:
958.2896.

Preparation of ZAIS/ZnS NPs. Hydrophobic ZAIS/ZnS
core/shell NPs were prepared according to the method
reported by Torimoto et al.”*>" The ZAIS core were prepared
by thermal decomposition of a metal ion-diethyldithiocarba-
mate complex of (Agln),Zny(, y(S,CN(C,H;),),. Briefly, the
complex powder was prepared by mixing 50 mL of a sodium
diethyldithiocarbamate aqueous solution (50 mM) with 50 mL
of an aqueous solution containing silver nitrate, indium nitrate,
and zinc nitrate at a molar ratio of x:x:2(1 — x) (total
concentration of metal ions: 25 mM) followed by washing with
methanol several times and drying under vacuum. The complex
powder (50.0 mg) was placed in a two-necked flask and heat-
treated at 180 °C for 30 min in Ar atmosphere. Then,
oleylamine (3 mL) was added to the obtained brown powder,
followed by further heat treatment under vigorous stirring at
180 °C for S min in Ar atmosphere. The resulting suspension
was subjected to centrifugation (4000 X g, S min) to remove
large particles. ZAIS NPs were precipitated by the addition of
methanol. Oleylamine (2 mL) was then added to the obtained
precipitates. After the appropriate amounts of zinc acetate and
thioacetamide at a molar ratio of 1:1 (x = 0.9: 56.3 ymol; x =
0.6: 46.1 umol; x = 0.4: 34.8 umol) were added, the mixture
was heated at 180 °C for 30 min in Ar atmosphere to cover
with the ZnS shell. The ZAIS/ZnS core/shell NPs were
precipitated by the addition of methanol. The wet precipitates
were dissolved in chloroform (12 mL) to give a solution of
hydrophobic ZAIS/ZnS NPs.
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Next, hydrophobic NPs were converted to hydrophilic NPs.
To a mixture of 3-MPA solution in ethanol (200 mM, 1 mL)
and KOH solution in ethanol (300 mM, 1 mL) the NPs
chloroform solution (2 mL) was added at 0 °C. The mixture
was then stirred at the same temperature for 3 h in the dark.
The resulting precipitates were collected by centrifugal
separation (4000 X g, S min). The precipitates were dissolved
in water (2.0 mg/mL). The concentration of NPs was
estimated from the absorbance at 360 nm. The obtained
hydrophilic 3-MPA-capped ZAIS/ZnS NPs were treated with a
solution of zinc acetate, thioacetamide, and TGA, sequentially.
Zinc acetate, thioacetamide, and TGA were dissolved in water
(2 mL) at a molar ratio of 1:1:1 (x = 0.9: 56.3 ymol; x = 0.6:
46.1 pmol; x = 0.4: 34.8 pumol). The pH of the mixture was
adjusted to 9 with NaOH (1.0 M). The hydrophilic ZAIS/ZnS
NPs solution (2 mL) was added to the mixture. The reaction
mixture was stirred and heated at 80 °C for S h under open-air
conditions. After cooling, the resulting solution was diluted
with water and its concentration adjusted to 0.5 mg/mL.

Immobilization of Sugar Chain onto ZAIS/ZnS NPs.
The solution of ZAIS/ZnS NPs (0.5 mg/mL, 200 L) was
concentrated by centrifugal filtration (12 000 X g, S min) using
an Amicon Ultra 10K (Millipore, Billerica, MA, USA). The NPs
were washed with water (100 L X 2) and resuspended in
water (100 yL). In another microtube, sugar chain—ligand
conjugates (S0 mM, SO uL) and NaBH, aq. solution (500 mM,
50 puL,) were mixed at room temperature and the mixture was
left for 10 min. The obtained solutions (each 100 yL) were
then mixed and heated for 2 h in the dark at 50 °C. Excess
unreacted ligand conjugates were removed by centrifugal
filtration (14000 X g, S min) using an Amicon Ultra 10K,
and the residue was washed with water 3 times; then, PBS was
added to prepare the SFNP solution.

Analysis of the Interaction between Proteins and
Sugar Chains on SFNPs. The proteins, Con A, RCA120, or
BSA, dissolved in PBS, were diluted sequentially. Fifty
microliters of the resulting protein solution (20 M) was
placed in each well of a 96-well plate. Fifty microliters of the
colloidal solution (0.5 mg/mL) was then added to the wells
containing the 20 yM protein solution. After gentle agitation
for 1 h, the fluorescent spectrum of the supernatant from each
well was measured.

Uptake of SFNPs into Cells. THP-1 cells were placed in a
cell culture flask (BD Falcon, Franklin Lakes, NJ, USA) and
cultivated at 37 °C under 5% CO, in RPMI1640 medium
containing 10% FBS and 1% PS. J774.A1 cells and HepG2 cells
were placed in a cell culture flask and cultivated at 37 °C under
5% CO, in DMEM containing 10% FBS and 1% PS,
respectively. HepG2 cells were subcultured when monolayers
were 70% confluent by treatment with 0.05% trypsin containing
2 mM EDTA and then collected. For flow cytometry analysis
using THP-1 and J774.A1, $ X 10° cells (1 mL) were placed in
microtubes and incubated in 150 yL of fresh medium (FBS-
and PS-free) containing SFNPs (concentration: 100 pug/mL).
After 3 h incubation at 37 or 4 °C, the medium was removed.
The cells were washed with PBS (1 mL) 3 times and subjected

to flow cytometry analysis. In the case of HepG2, 5 X 10° cells

were placed in 12-well plate and incubated at 37 °C. After 48 h
incubation, the medium was removed and 350 yL of fresh
medium (FBS- and PS-free) containing SFNPs (concentration:
100 pg/ mL) were added. After incubation for an additional 3 h
at 37 or 4 °C, the medium was removed. The cells were washed
with PBS (1 mL) 3 times, collected by a cell scraper (Iwaki,

dx.doi.org/10.1021/bc400425w | Bioconjugate Chem. 2014, 25, 286-295



Bioconjugate Chemistry

Tokyo, Japan), and subjected to flow cytometry analysis. Data
were accumulated using a FACS cytometer (Cytomics FC500
Cytometer). The excitation wavelength was 488 nm. Cells were
gated for living cells. Fluorescence channel FL-4 was used to
detect SENP uptake by the cells. For microscopic imaging, S X
10* HepG2 cells were seeded in 8-well glass chamber slides.
After 48 h incubation at 37 °C, the medium was removed and
100 yL of fresh medium (FBS- and PS-free) containing SFNPs
(100 pg/mL) was added. After 3 h incubation at 37 °C, the
cells were washed with PBS 3 times and a coverslip was placed
on top of the cells. The slides were immediately observed using
confocal laser scanning microscopy.

Cytotoxicity Assay of SFNPs. The cytotoxicity of SFNPs
was evaluated by the MTT assay®” and trypan blue assay with
ZAIS/ZnS SFNPs and CdTe/CdS SENPs. For the MTT assay,
1 X 10° HepG2 cells (1 mL) were placed in a 24-well plate and
cultivated at 37 °C under 5% CO, for 24 h. The cells were then
placed in fresh medium (200 uL) containing various
concentrations of SFNPs (5, 25, 50, 100 ug/mL). After 24 h
incubation, the cells were washed with PBS (200 uL X 3). One
hundred microliters of MTT solution (S mg/mL) were added
to each well and incubated for an additional 4 h at 37 °C. The
medium was removed and 1 mL of DMSO was added to each
well to dissolve the MTT formazan product. After agitating for
1 h, the supernatant was recovered and the amount of MTT
formazan was determined by measuring the absorbance at 540
nm using Immuno Mini NJ-2300.

For the trypan blue assay, 1 X 10° J774.A1 cells were placed
in a microtube and incubated in fresh medium (200 L)
containing various concentrations of SFNPs (5, 25, 50, 100,
250 pg/mL). After 24 h incubation, 10 uL of cell suspension
were transferred to a 200 pL microtube and incubated for 3
min at room temperature with an equal volume of 0.5% (w/v)
trypan blue staining solution. The percentage of cell viability
was determined by microscopic observation using an Olympus
CKX-31 microscope with a dual-chamber hemocytometer.

For the observation of cellular morphology, 1 X 10° HepG2
cells (200 uL) were placed in 8-well glass chamber slides and
cultivated for 48 h at 37 °C. The cells were placed in fresh
medium (200 L) containing various concentrations of SENPs
(S, 50 ug/mL). After 24 h incubation at 37 °C, the cells were
washed with PBS (200 uL X 3), treated with a 4%
formaldehyde aqueous solution for 15 min at 4 °C, and
washed with PBS (200 yL X 3) again. Microscopic images were
obtained using Eclipse 90i.

B RESULTS AND DISCUSSION

Preparation of SFNPs Containing ZAIS/ZnS. Several .

methods for the preparation of cadmium-free fluorescent
nanoparticles, such as ZnS,*® CulnS,,>*™¢ ZAIS***' and
InP,>"* have been reported. In particular, ZAIS/ZnS core/
shell NPs reported by Torimoto and co-workers showed
attractive optical properties and high quantum yields (up to
80%). In addition, the emission color is tunable from green to
red depending on their chemical composition, and no highly
toxic element was contained in their components.

The chemical formula of ZAIS is Zn, ,(AgIn).S,. The
photoluminescence property of ZAIS is controllable by
changing the x value. In this study, we prepared ZAIS NPs
with x = 0.9, which gives an emission peak at around 650 nm
(excitation wavelength: 360 nm). The synthesis of ZAIS/ZnS
core—shell NPs was carried out according to the method
reported by Torimoto and co-workers, in which oleylamine was
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temporally coated on the NP surface.’®*' The hydrophobic
oleylamine-coated ZAIS/ZnS NPs were then converted to
hydrophilic NPs by treatment with 3-MPA in EtOH, followed
by sequential treatment with zinc acetate, thioacetamide, and
thioglutaric acid (TGA) in water at 80 °C, affording TGA-
capped ZAIS/ZnS NPs. Immobilization of sugar chains onto
TGA-capped ZAIS/ZnS NPs was performed by a simple
ligand-exchange reaction using our original sugar chain—ligand
conjugates under reductive conditions with NaBH, (Figure
1) The optimum concentration of sugar chain—ligand

1.

g by
ligand exchange
O ZAISIZNS =0 = @@ 2ns2ns )00
od Y%

&

a*;’\

>-8® : ligand conjugate

=0 : TGA or 3-MPA

Figure 1. Preparation of SFNPs.

conjugate was examined with Glcal—4Glc-mono ligand
conjugates (1), which exhibited a plateau at 10—12.5 mM of
the ligand conjugate (Figure 2A). The number of sugar-chain
molecules per particle was estimated to be about 320 by
analysis using the anthrone-sulfuric acid method,*” which was
higher than the theoretical value® (the number of thioctic acid
as a bidentate ligand: 130 per particle; particle diameter: 4.0
nm). It is strongly suggested that most of the ligand conjugates
monovalently bind to the NP surface by the treatment of excess
amounts of ligand conjugates. Immobilization of the sugar
moiety was qualitatively confirmed by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analysis as shown in Figure 2B. A
corresponding mass peak (m/z) of the used ligand conjugate
was observed. The size of the obtained SFNPs was determined
by transmission electron microscopy (TEM) and dynamic light
scattering (DLS) analysis (Figure 2C and D). Other ligand
conjugates (Galf1—4Glc-mono [2], GleNAcal—6Glc-mono
[3], Manal—6Glc-mono [4], SAa2—3Galf1—4Glc-mono [5],
and SAa2—6Galfi1—4Glc-mono [6]) (Figure 3) were used for
similarly immobilizing sugar chains onto ZAIS/ZnS NPs. All
these SFNPs exhibited significant stability and high dispersi-
bility in water or phosphate-buffered saline (PBS). Lyophilized
SENPs could be stored for at least several months in a cold
chamber under dark conditions (data not shown).

Binding Experiments of SFNPs with Lectins. It is
known that the interaction between sugar-chain immobilized
nanoparticles and proteins possessing multiple sugar-binding
sites yields aggregates and can be detected visually and
spectroscopically.””**°' The binding analysis of SFNPs
containing ZAIS/ZnS NPs with proteins was shown in Figure
4. The proteins used were Con A (a-glucose- and a-mannose-
specific), RCA120 (f-galactose-specific), and BSA (no specific
binding to sugar chain). In the case of SENPs immobilized with
aGlc (aGle-SENP), aggregates were obtained only in the case
of Con A, but not with RCA120 or BSA. When SFNPs
immobilized with aGlcNAc (aGlcNAc-SENP) were used,
aggregates occurred similarly to the case of aGlc-SFNP. This
result is reasonable in that the functional group at the 2-
position on a-gluco- or @-mannopyranose ring does not affect
the recognition of Con A. In the case of SFNPs immobilized
with fGal (fGal-SFNP), aggregates were obtained in the case
of RCA120, but not with Con A or BSA. On the other hand,
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Figure 2. (A) Ligand exchange reaction under various concentrations of 1. (B) MS analysis of SENPs prepared with 1. The detected peak was
647.45 [M+Na]". (C) TEM imaging of SFNPs (x = 0.9) prepared with 1 and ZAIS/ZnS (x = 0.9) NPs stabilized with TGA. The average diameter
was about 4.0 nm. Scale bar: 20 nm. (D) Histogram of DLS data of SFNPs prepared using Glcal—4Glc-mono and NPs stabilized with TGA.
Average hydrodynamic diameter was about 6.2 nm.
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Figure 3. Sugar-chain—ligand conjugates used in this study.
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Figure 4. Interaction analysis between SFNPs and proteins. (A) Visual image. Each SFNPs was mixed with protein. (B) The fluorescent spectrum of

supernatant monitored by excitation wavelength at 400 nm. (a) aGlc-SENP, (b) aGlcNAc-SENP, (c) fGal-SENP, (d) ZAIS/ZnS stabilized with
TGA.
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Figure S. Flow cytometry analysis. The histogram of each cell incubated at 37 °C (left) or 4 °C (right) (A) and relative mean fluorescence intensity
(MF], B). The excitation wavelength in the FACS experiment was 488 nm. Cells were gated on living cells and FL-4 was used as a fluorescence

channel to detect each cell labeled with SFNPs.

when TGA capped ZAIS/ZnS NPs were mixed with protein,
aggregates were formed in both case of Con A and RCA120,
indicating nonspecific binding. In fluorescent spectra, a
decrease in the fluorescent intensity of the supernatant was
observed (Figure 4B) due to the specific binding of protein to
SGNPs. Thus, SENPs containing ZAIS/ZnS NPs are applicable
for both visual and fluorescent detection of sugar chain—protein
interaction, the same as SFNPs containing CdTe/CdS.
Cellular Uptake of SFNPs. Following the successful
binding experiments of SFNPs with proteins, the SFNPs
were applied to cellular [abeling and imaging. Various sugar
chain-binding receptor proteins are expressed on the cell
surface. The evaluation of the sugar chain-binding properties of
the cell provides functional information on the cell and
classifies the cell type. In the binding experiments, 3 kinds of
cell lines, a human acute monocytic leukemia cell line (THP-1),
a murine macrophage cell line (J774.A1), and a human hepatic
carcinoma cell line (HepG2), and 6 kinds of SFNPs, aGlc-
SENP, f}Gal-SENP, aGIcNAc-SENP, aMan-FNP (FNPs with
immobilized 4), SAa2—3Gal-SENP (FNPs with immobilized
5), and SAa2—6Gal-SFNP (FNPs immobilizing 6) were used.
The results of flow cytometry analysis are shown in Figure 5.
Mean fluorescence intensity (MFI) was calculated from
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fluorescence intensity per cell. The relative MFI value was
calculated based on the value when cells were incubated
without SFNPs. After 3 h of incubation, different cellular
uptake of SFNPs was observed on the basis of the sugar-chain
type. aGle-SENPs were found to bind to all 3 types of cell lines.
This binding may occur by the interaction with the glucose
transporter, since cells express the protein on the surface to
take up glucose as an energy source.” In the binding analysis
with THP-1 cells, the SENPs, except those with aGlc, showed
low affinity compared to that seen with other cells. THP-1 cells
are known to be immature hematopoietic cells and may not
express enough amounts of sugar-binding receptors. On the
other hand, J774.A1 cells, mature macrophage cells, showed
high binding affinities for all the SFNPs. Mature macrophage
cells are known to express various sugar-chain binding
receptors such as mannose-binding protein (MBP),** galectin
(galactose-bind'mg grotein),m'65 and sialoadhesin (sialic acid-
binding protein). 557 The two former receptors are involved in
the phagocytotic clearance of microorganisms. The latter is
related to their migration and infiltration. In the case of HepG2
cells, fGal-SENP predominantly bound to the cells. Hepatic
cells normally express asialoglycoprotein receptor,”®™"" which
recognizes the terminal galactose moiety to remove asialogly-
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Figure 7. MTT assay for SENPs. HepG2 cells were incubated with ZAIS/ZnS NPs (A) or CdTe/CdS QDs (B). The nanoparticle concentration was

in the range of 5 pg/mL to 50 ug/mL (left to right).

coproteins. On the other hand, the binding intensity of the cells
incubated at 4 °C was significantly decreased compared with
cells incubated at 37 °C. These results indicate that SFNPs not
only bound to the cell surface but were also internalized into
the cells by endocytosis. Confocal laser scanning imaging for
HepG2 cells yielded results similar to that of fluorescent-
activated cell sorting (FACS) analysis, which showed that aGle-
SFNP and fGal-SENP were predominantly taken up while
aGlcNAc-SENP, SAa2—3Gal-SENP, and SAa2—6Gal-SFNP
were only slightly taken up (Figure 6). Thus, our prepared
SFNPs are useful for the analysis and imaging of cells on the
basis of sugar chain—protein interactions, and can be applicable
to cell profiling.

Cytotoxicity Assay of SFNPs. The cytotoxic activity of
SFNPs was evaluated by the MTT assay and morphological
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analysis. In this assay, HepG2 cells were used. CdTe/CdS QDs
were used for comparing cytotoxicity. In addition, to investigate
the effect of capping agents, three kinds of capping agents, 1, 2,

“and TGA, were used. TGA-capped CdTe/CdS QDss and

CdTe/CdS SFNPs were prepared according to our previous
method.*’ The results of the MTT assay after 24 h incubation
are shown in Figure 7. Interestingly, the metabolic activity of
cells treated with ZAIS/ZnS NPs was similar to that of
untreated cells (Figure 7A). The morphology of cells treated
with ZAIS/ZnS SFNPs was also the same as that of untreated
cells (Figure 8D and E). These data indicate that ZAIS/ZnS
NPs were nontoxic in the concentration range of S—50 ug/mL.
On the other hand, treatment with CdTe/CdS SFNPs
dramatically decreased metabolic activity (Figure 7B), although
capping of the QDs with sugar-chain—ligand conjugates such as
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Figur

e 8. Microscopic images of HepG2 incubated for 24 h without SENPs (A), with S ug/mL of CdTe/CdS fGal-SENPs (B), with SO yg/mL of

CdTe/CdS JGal-SENPs (C), with 5 ug/mL of ZAIS/ZnS Gal-SFNPs (D), and with S0 ug/mL of ZAIS/ZnS Gal-SENPs (E).

1 and 2 slightly suppressed the cytotoxicity of CdTe/CdS QDs.
In the morphological study, cells treated with CdTe/CdS
SENPs showed shrinkage, exhibiting cytotoxicity that may be
caused by Cd** ions.*® Thus, our newly developed ZAIS/Zn$S
SENPs appear to be highly promising tools for in vitro and in
vivo cell analysis because of their negligible cytotoxicity.

In this study, we successfully synthesized cadmium-free
SENPs containing low-toxicity ZAIS/ZnS NPs as the core and
demonstrated their usefulness in the visual and fluorescent
detection of sugar-chain—protein interactions, as well as in
cellular imaging. The sugar-chain—ligand conjugate was easily
immobilized onto the ZAIS NP surface by a simple ligand
exchange reaction and could be applied to various sugar-chain—
ligand conjugates. The binding interaction of the SFNPs with
lectin was detected visually and spectroscopically. In flow
cytometry analysis and cellular imaging, the binding properties
of the SENPs were diverse depending on the cell type, which
may have great potential for profiling cells based on their sugar-
chain binding properties. The results of the cytotoxicity assay
showed that ZAIS/ZnS SENPs were less toxic than CdTe/CdS
SFNPs. Thus, our developed SFNPs are environmentally
friendly compared with other cadmium-based semiconductor
NPs and are likely to prove significantly useful for investigating
various sugar-chain functions.
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EWS/ATF1 expression induces sarcomas
from neural crest—derived cells in mice
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Clear cell sarcoma (CCS) is an aggressive soft tissue malignant tumor characterized by a unique t(12;22) trans-
location that leads to the expression of a chimeric EWS/ATFI fusion gene. However, little is known about the
mechanisms underlying the involvement of EWS/ATFI in CCS development. In addition, the cellular origins
of CCS have not been determined. Here, we generated EWS/ATFI-inducible mice and examined the effects
of EWS/ATFI1 expression in adult somatic cells. We found that forced expression of EWS/ATFI resulted in
the development of EWS/ATFI-dependent sarcomas in mice. The histology of EWS/ATFI-induced sarcomas
resembled that of CCS, and EWS/ATFI-induced tumor cells expressed CCS markers, including $100, SOX10,
and MITF. Lineage-tracing experiments indicated that neural crest-derived cells were subject to EWS/ATFI-
driven transformation. EWS/ATF1 directly induced Fos in an ERK-independent manner. Treatment of human
and EWS/ATFI-induced CCS tumor cells with FOS-targeted siRNA attenuated proliferation. These findings
demonstrated that FOS mediates the growth of EWS/ATFI-associated sarcomas and suggest that FOS is a

potential therapeutic target in human CCS.

Introduction
Clear cell sarcoma (CCS) is an aggressive malignancy of adolescents
and young adules that was first described by Enzinger (1). It typi-
cally arises in the deep soft tissues of the lower extremities closed to
tendon, fascia, and aponeurosis (2). Chemotherapy and radiothera-
py are not of any benefit (3-3), and a high rate of local and distant
recurrence results in poor survival rates (3, 6, 7). CCSs harbor the
potential for melanocytic differentiation and melanin synchesis (8).
Gene expression profiles support the classification of CCS as a dis-
tinct genomic subtype of melanomas (9). These melanocytic features
often make the distinction from malignant melanoma (MM) diffi-
cult. However, in contrast to MM, CCS is characterized by a chro-
mosomal translocation, t(12;22)(q13;q12), that leads to the fusion
of activating cranscription factor 1 (ATFI) gene localized to 12q13
to Ewing’s sarcoma oncogene (EWS) gene at 22q12 in up to 90% of
cases, resulting in expression of the EWS/ATF]I fusion gene (10-12).
Given that CCS and MM have such similar characteristics, it has
been proposed that CCSs may arise from a neural crest progenitor.
However, the exact origin of CCS still remains to be determined.
The biological role of the EWS/ATFI fusion protein is still
unclear. EWS contains a transcriptional activation domain in the
N-terminal region (13-15) and several conserved RNA binding
mortifs in the C-terminal region (16). Binding of the N-terminal
region of EWS to the RNA polymerase Il subunit hsRPB7 has been
proposed to be important for transactivation of the target genes
(17). In contrast, ATF1 is a member of the CREB transcription fac-
tor family, whose activity is regulared through phosphorylation of
its kinase inducible domain (KID) by protein kinase A (18). ATF1
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mediates the activation of cAMP-responsive genes through binding
to a conserved cAMP-responsive element (CRE) asa dimmer (19, 20).
However, the N-terminal activation domain of EWS replaces the
KID in the EWS/ATF1 fusion protein, rendering it unable to sup-
port a typical inductive signal (21). Therefore, EWS/ATF1 can act
as constitutive transcriptional activator in a cAMP-independent
fashion with normal CRE DNA binding activity (14, 22, 23).

Previous studies have revealed some target genes of EWS/ATF1,
bur their true function in tumorigenesis is still not well understood
(24). Expression of MITF is constitutively activated by EWS/ATF1
in CCS in vitro (25). Consistent with this finding, several studies
have identified the expression of MITF protein or mRNA in CCS
(26-28). MITF is a master regulator of melanocyte development
and plays a role in melanoma development (29, 30). Importantly,
activation of MITF by EWS/ATF1 is required for CCS proliferation
as well as for melanocytic differentiation of CCS in vitro (25).

Although previous studies have demonstrated that EWS/ATF1
is associated with oncogenic potential in CCS, the effect of in vivo
expression of EWS/ATFI on sarcoma formation is still not known.
In the present study, we established EWS/ATFI transgenic mice
using a doxycycline-dependent expression system in order to
investigate the role of EWS/ATFI on CCS development in vivo.
Our results showed that forced expression of EWS/ATFI induced
CCS-like sarcoma in the transgenic mice. This mouse model was
used to identify che origin of EWS/ATFI-induced sarcomas as well
as the direct target of EWS/ATF1 in these sarcomas.

Results

Inducible expression of EWS/ATFI in mice. We first generared doxycy-
cline-inducible EWS/ATF1 ES cells, in which the human EWS/ATFI
type 2 fusion gene (26, 31) can be induced under the control of
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Figure 1

Inducible expression of EWS/ATF1. (A) Schematic of the doxycycline-inducible EWS/ATF1 alleles. (B) EWS/ATF1 expression in ES cells, detected
by RT-PCR, after exposure to doxycycline for 12 hours. (C) EWS/ATF 1 expression in ES cells, detected by Western blot, after exposure to doxycy-
cline for 24 hours. (D) Dose-dependent induction of EWS/ATF1 protein in EWS/ATF1-inducible ES cells by doxycycline. ES cells were exposed to
doxycycline concentrations up to 2 ug/ml for 24 hours. Western blot analysis was performed using an anti-HA antibody. (E) Dose-dependent doxy-
cycline induction of EWS/ATFT mRNA in EWS/ATF1-inducible MEFs. MEFs were exposed to different concentrations of doxycycline for 24 hours.
Transcript levels were normalized to §3-actin. Data are mean + SD (n = 3). (F) EWS/ATF1 expression suppressed MEF growth. Cell viability was deter-
mined by WST-8 assay. Data are mean + SD (n = 4). Control MEFs (rtTA) and EWS/ATF7-inducible MEFs (E/A) were derived from heterozygous
Rosaz6::M2rtTA and Col1A1::tetO-EWS/ATFT mice, respectively. ***F < 0.001 vs. MEF (rtTA) Dox 0.0 ug/ml, MEF (rtTA) Dox 2.0 ug/ml,

and MEF (E/A) Dox 0.0 ug/ml.

a tecracycline-responsive regulatory element (Figure 1A). Upon
treatment of these ES cells with doxycycline, expression of the
EWS/ATF]I fusion transcript was detected by RT-PCR (Figure 1B).
We also confirmed cthe expression of EWS/ATF1 protein upon
doxycycline treatment (Figure 1C), which was regulaced in a dose-
dependent manner (up ro 2 ug/ml; Figure 1D).

Heterozygous Rosa26:M2rtTA mice with heterozygous
tetO-EWS/ATFI allele were used to induce the EWS/ATFI fusion
gene. Cultured murine embryonic fibroblasts (MEFs) derived from
EWS/ATFI-inducible mice were first exposed to doxycycline to test
the effect of EWS/ATFI expression on somatic cells. EWS/ATFI
expression at the mRNA level was confirmed 24 hours after expo-
sure (Figure 1E). Unexpectedly, the cell proliferation rate of MEFs
decreased after EWS/ATF1 induction in a doxycycline dose-depen-
dent manner (Figure 1F).

EWS/ATFI induces sarcoma formation in mice. To investigate the
effect of EWS/ATFI expression in vivo, we treated EWS/ATFI-induc-
ible mice at 6 weeks of age with doxycycline in the drinking water
(50 ug/ml). The EWS/ATFI-inducible mice given doxycycline start-
ed to develop multiple macroscopic soft tissue tumors after 4 weeks.
After doxycycline treatment, EWS/ATF1 protein was detected in
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a variety of tissues, including the intestine, liver, epidermis, and
deep soft tissue (Supplemental Figure 1A; supplemental mate-
rial available online with chis article; do1:10.1172/JCI63572DS1).
Doxycycline treatment for 3 months resulted in tumor formation
in the deep soft tissues of all mice (n = 39), whereas control mice
without doxycycline treatment developed no detectable tumors.
EWS/ATFI-induced tumors typically arose in the trunks, heads,
limbs, and whisker pads (Figure 2A). Macroscopically, cumors con-
sisted of circumscribed and lobulated gray-whice mass (Figure 2A).
In most cases, the tumors were attached to fascia or aponeuroses
(Figure 2, A and B), which indicates that the tumors specifically
arose from the deep soft tissues. Importantly, 36 of 39 mice (92%)
developed tumors in the trunk, which suggests that cells locat-
ed in the trunk are parnicularly permissive for cumorigenesis by
EWS/ATFI expression. Despite expression of EWS/ATF1 protein,
no tumor formation was observed in other tissues, such as the epi-
dermis and intestine, even in mice given doxycycline for 3 months.

Microscopic examination of these tumors revealed striking simi-
laricies to human CCSs. The tumors showed a rather uniform pat-
tern of compact nests or fascicles of rounded or fusiform cells, which
were divided by a framework of fibrocollagenous tissue (Figure 2B).
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