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Molecular and Cellular Pathobiology

Modeling Alveolar Soft Part Sarcoma
Unveils Novel Mechanisms of Metastasis
Miwa Tanaka1, Mizuki Homme1, Yukari Yamazaki1, Rikuka Shimizu1,
Yutaka Takazawa2, and Takuro Nakamura1

Abstract

Alveolar soft part sarcoma (ASPS) is a slowly growing, but
highly metastatic, sarcoma that affects adolescents and young
adults. Its characteristic alveolar structure is constituted by
tumor cell nests and an abundant vascular network that is
responsible for metastatic activities at the initial stage. Here,
we have generated a new ex vivomouse model for ASPS that well
recapitulates associated angiogenic and metastatic phenotypes.
In mouse ASPS, the tumor cells frequently showed tumor
intravasation, with the intravascular tumor cells presenting as
organoid structures covered with hemangiopericytes, which is
also observed in human ASPS. High expression of glycoprotein
nmb (GPNMB), a transcriptional target of ASPSCR1-TFE3, was
observed at the sites of intravasation. ASPS tumor cells also

demonstrated enhanced transendothelial migration activity,
which was inhibited by silencing of Gpnmb, indicating that
GPNMB plays an important role in tumor intravasation, a
key step in cancer metastasis. The present model also enabled
the evaluation of TFE/MITF family transcription factor func-
tion, which demonstrated that ASPSCR1-TFEB possessed
definitive albeit less marked oncogenic activity than that of
ASPSCR1-TFE3. Collectively, our mouse model provides a
tool to understand oncogenic, angiogenic, and metastatic
mechanisms of ASPS. It also identifies important motifs within
the ASPSCR1-TFE3 fusion protein and provides a platform
for developing novel therapeutic strategies for this disorder.
Cancer Res; 77(4); 897–907. �2016 AACR.

Introduction
Alveolar soft part sarcoma (ASPS) is a soft-tissue sarcoma

affecting adolescents and young adults between 15 and 35
years of age, which is characterized by frequent hematogenous
metastases even prior to primary hospital admission (1). The
most frequent location of the primary ASPS consists of the
deep muscles of the lower extremities; however, the cell of
origin remains unidentified (2). Although ASPS represents a
slowly growing sarcoma, its prognosis is unfavorable with a
survival rate of 60% at 5 years (2, 3). The ASPSCR1-TFE3
fusion gene generated by chromosomal translocation t(X;17)
(p11.2;q25) is causally associated with ASPS with the resul-
tant protein modulating its target genes as an oncogenic
transcription factor via a DNA-binding motif derived from
TFE3 (4–7).

ASPS has a characteristic alveolar structures of tumor cells
separated by thin fibrous septa and a delicate but highly integra-
tive vascular network (2). The abundance of blood vessels causes
frequent intravasation of tumor cells, correlated with the high
metastatic potential. An upregulation of a series of angiogenesis-

related genes has been reported in ASPS (8); however, the
mechanisms of modulation in gene expression mediated by
ASPSCR1-TFE3 as well as of key target molecules in ASPS vascu-
logenesis remains to be addressed. Toward this end, the estab-
lishment of a reliable animal model that is useful in understand-
ing the tumorigenic and vasculogenic mechanisms of human
ASPS is desired.

It has recently been reported that conditional ASPSCR1-TFE3
expression in the mouse resulted in ASPS-like sarcoma (9). In the
model, ASPS mainly occurred as intracranial tumors, although,
unlike human ASPS, metastatic features were not exhibited. In
contrast, in the current study, we present a novelmousemodel for
ASPS generated using an ex vivo–based technology previously
utilized in generation of an Ewing sarcoma model (10). The
present model well recapitulates the pathologic and biological
features of human ASPS and provides important information
toward understanding the mechanisms of vasculogenesis and
metastasis.

Materials and Methods
Plasmid construction

N-terminal FLAG-tagged ASPSCR1-TFE3 was introduced into
both the pMYs-IRES-GFP and pMYs-IRES-Luc vectors. The full-
length ASPSCR1-TFE3 was cloned from a human ASPS case.
Artificial chimeric ASPSCR1 fusions between ASPSCR1 and TFEB,
TFEC, orMITFwere also generated by two-step PCRusing primers
encompassing both ASPSCR1 and TFE family genes, and in-frame
fusions were confirmed by sequencing. The FLAG-tagged full-
length coding sequences of each fusion geneswere subcloned into
the pMYs retroviral vector, and protein expression and nuclear
localization were confirmed by Western blotting and immuno-
fluorescence, respectively (Supplementary Fig. S3). cDNA clones
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spanning the entire coding regions of human TFEB, TFEC, and
MITF were purchased from Dnaform.

Generation and characterization of the ASPS model mouse
Extremities of Balb/c mouse embryos (Clea Japan) were

removed aseptically on 18.5 dpc, and then dissected using 2
mg/mL collagenase (Wako Pure Chemical) at 37�C for 2 hours.
Retroviral infection of embryonic mesenchymal cells (eMC) and
their transplantation into the subcutaneous regions of Balb/c
nude mice were performed as described previously (10). The
mice were observed daily to check for tumor formation and
general condition, and tumors were resected and subjected to
further examination when subcutaneous masses reached 15 mm
in diameter as described previously (10). The GFP transgenic (tg)
mouse (11) was kindly provided by Dr. Masato Ikawa, and the
mouse was subsequently backcrossed to the Balb/c strain to
enable the receipt of Balb/c-derived ASPS cells. All experiments
described in this study were performed in strict accordance with
standard ethical guidelines and approved by the animal care
committee at the Japanese Foundation for Cancer Research under
licenses 10-05-9 and 0604-3-13.

Human ASPS specimens
Paraffin blocks from 14 cases of ASPS surgical specimens were

obtained from The Cancer Institute Hospital. Informed consent
was obtained from the donors, and the studywas approved by the
Institutional Review Board at Japanese Foundation for Cancer
Research under license 2013-1155.

Histopathology and immunohistochemistry
For light microscopic analysis, formaldehyde-fixed, paraffin-

embedded tumor tissues were stained with hematoxylin and
eosin (H&E) using standard techniques. The ASPSCR1-TFE3
antigen was detected using a monoclonal mouse anti-FLAG
antibody (M2; Sigma) in conjunction with the Histofine Simple
Stain Kit (Nichirei). The following primary antibodies were used:
anti-GPNMB (R & D Systems), anti–a-smooth muscle actin
(aSMA; DAKO), anti-mouse PDGFRB (R & D Systems), anti-
human PDGFRB (Santa Cruz Biotechnology), anti-mouse CD31
(Becton Dickinson), anti-mouse CD105 (Becton Dickinson),
anti-human CD31 (DAKO), and anti-human CD34 (DAKO). For
elextron microscopic observation, glutaraldehyde-fixed tumor
tissues were embedded in epoxy resin, and ultra-thin sections
wereobservedusing a transmission electronmicroscope (H-7600;
Hitachi).

Transendothelial migration assay
Mouse ASPS cell lines were established from subcutaneous

tumors andmaintained in Iscove's modified Dulbecco's medium
(Invitrogen) supplemented with 10% FBS. Murine endothelial
cells were isolated from 18.5 dpc Balb/c embryos as a CD31-
positive, CD105-positive, and PDGFRB-negative fraction accord-
ing to the previously reported criteria (12), and immortalized
through transfection of the SV40 large T antigen. Transendothelial
migration assays were carried out according to the previously
reported method (13) with modification. Briefly, 6 � 105 of
endothelial cells were seeded onto Boyden chambers containing
Matrigel (BectonDickinson) in a 24-well plate and then subjected
to 20-Gy irradiation (CP160, Faxitron X-ray). Next, 5� 105 ASPS
or mouse Ewing sarcoma (10) cells were seeded onto the cham-

bers, and the number ofmigrated cells was counted 24 hours after
seeding. For knockdown of Gpnmb, siRNAs were purchased from
Invitrogen (MSS294588 and MSS234870). siRNAs were intro-
duced into ASPS cells using Lipofectamine 2000 (Life Technol-
ogies), and knockdown efficiencies were confirmed by Western
blotting.

RT-PCR and real-time quantitative RT-PCR
Total RNA extraction, reverse transcription, and RNA quan-

tification were performed according to methods described
previously (14). Conventional RT-PCR and real-time quanti-
tative RT-PCR were performed using a Gene Amp 9700 thermal
cycler (Applied Biosystems) and a 7500 Fast Real-Time PCR
System (Applied Biosystems), respectively. The sequences of
the oligonucleotide primers used are shown in Supplementary
Table S1.

Microarray analysis
GeneChip analysis was conducted to determine gene expres-

sion profiles. The murine HT MG-430 PM array (Affymetrix)
was hybridized with aRNA probes generated from eMCs 48
hours after transduction with pMYs-ASPSCR1-TFE3 or empty
vector, ASPS tumor tissues, or a mixture of mouse normal
tissues according to methods described previously (15). The
expression data were analyzed using GeneSpring ver 12.6
(Agilent Technologies), and gene set enrichment analysis
(GSEA) was performed using GSEA-P 2.0 software (16). The
important signaling pathways were examined and illustrated by
using the Ingenuity Pathway Analysis (IPA) software. The
microarray data sets are accessible through the NCBI Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/
geo), with an accession number GSE86502.

Western blotting
Western blot analysis was performed usingwhole-cell lysates as

described previously (14).

Statistical analysis
All data are given as the mean � SEM. Survival analysis was

performedusing theKaplan–Meier life tablemethod, and survival
between groupswas comparedwith the log-rank test. Continuous
distributions were compared with a two-tailed Student t test.

Results
Generation and characterization of the ASPS ex vivo model

In a previous study, we succeeded in generating amousemodel
for Ewing sarcoma by the transduction of mouse embryonic
osteochondrogenic progenitors with an EWS-ETS retrovirus
(10). This result suggests that eMCs may also contain cellular
compartments that are responsive to the products of oncogenic
fusion genes in human sarcomas. Therefore, we introduced
ASPSCR1-TFE3 into murine eMCs derived from embryo extrem-
ities on dpc 18.5. We then injected 1 � 106 transduced cells
subcutaneously into nudemice (Supplementary Fig. S1A). Recip-
ient mice developed a subcutaneous mass at 100% penetrance
with amean latency of 17.5 weeks (Fig. 1A). In contrast, no tumor
was developed by 15 months after transplantation when adult
mesenchymal cells expressing ASPSCR1-TFE3 were introduced
(data not shown). Furthermore, abundant blood vessels sur-
rounding the tumor mass were observed (Fig. 1B).
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Histologic analysis showed that tumors expressing ASPSCR1-
TFE3 were composed of organoid nests of polygonal to round
tumor cells (Fig. 1C). The nuclei were also round, included
prominent nucleoli, and were positive for FLAG-tagged
ASPSCR1-TFE3 (Fig. 1D). Notably, intracytoplasmic periodic
acid–Schiff-positive rod-shaped crystals were observed (Fig.
1E), which represents a characteristic feature of human ASPS
(1, 3). The distinct crystal structures were also observed by
electron microscopic analysis (Fig. 1F). Cytoplasmic mitochon-
dria and lysosomes were also abundant in ASPS cells (Supple-
mentary Fig. S1B), and fibrovascular septa and delicate capillary
blood vessels were also prominent in mouse ASPS tumors. These
blood vessels were positive for the endothelial marker CD31 (Fig.

1G) as well as for the hemangiopericyte markers aSMA and
PDGFRB (Fig. 1H; Supplementary Fig. S1C).

Metastatic potentials and vascular structure of ASPS
In our ASPS model, 52.2% (12 of 23) mice with tumors

showed multiple metastatic foci in the lungs (Fig. 2A). The high
metastatic incidence from subcutaneous tumors reflects the
character of human ASPS and suggests the strong induction
of vasculature as the subcutaneous space of the recipient is not
rich in blood vessels. Notably, frequent intravasation of tumor
cells was observed in the primary sites (Fig. 2B), wherein the
intravascular tumor cells always maintained their alveolar
structure. Occasionally, tumor microemboli, covered with flat

Figure 1.

The ASPS ex vivo model. A, Cumulative incidence of ASPS tumors induced by eMCs expressing ASPSCR1-TFE3 or containing an empty vector. B, Tumors
could be observed as subcutaneous masses in recipient nude mice (left), and thick blood vessels (arrow) developed on the tumor surface (right). C–E,
Histology of murine ASPS. H&E staining (C), immunostaining for anti-FLAG (D), and periodic acid–Schiff staining (E). F, Electron microscopy of the
intracytoplasmic crystal structure of ASPS tumor cells. G and H, Immunohistological analysis of tumor vasculature in murine ASPS. Positive staining for
the endothelial marker CD31 (G) and for the hemangiopericyte marker aSMA (H).
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epithelial–like cells (Fig. 2C), were seen in the right cardiac
ventricle and were also observed as small alveolar organoids.

Immunostaining showed the presence of an abundant vascular
network indicated as CD31-positive vascular endothelial cells
(Fig. 1G). Intravascular tumor nests of both primary sites and
lung metastases were covered with CD31-negative, aSMA-posi-
tive, and PDGFRB-positive hemangiopericytes (Fig. 2D–F). The

hemangiopericytic cells surrounding intracardiac tumor emboli
and intravascular tumor nests did not express FLAG-tagged
ASPSCR1-TFE3, suggesting that they were of recipient origin
(Supplementary Fig. S2A–S2C). Furthermore, when ASPS devel-
oped in recipient GFP transgenic mice, the vascular network
was GFP-positive and FLAG-negative, distinct from the profile of
tumor cells of Balb/c origin (Fig. 2G; Supplementary Fig. S2D).

Figure 2.

Hematogenous metastasis of the murine ASPS. A, Multiple metastatic foci in the lung. H&E staining. B, Intravasation of tumor cells (arrows). Van Gieson's
staining. C, Intracardiac tumor emboli. The inset shows the tumor organoid surrounded by flat epithelial–like cells (arrows), H&E staining. D–E,
Immunohistochemical analysis of vascular markers CD31 (D), aSMA (E), and PDGFRB (F) for intravascular tumor cells in the primary lesion (top) and in
the lung (bottom). G, Immunofluorescence assessment of cellular origins of the ASPS vascular network in GFP tg mice as recipients. Vascular cells of
recipient origin are positive for GFP, whereas ASPS tumor cells are positive for FLAG but not for GFP.

Tanaka et al.

Cancer Res; 77(4) February 15, 2017 Cancer Research900

on March 23, 2017. © 2017 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst December 15, 2016; DOI: 10.1158/0008-5472.CAN-16-2486 

http://cancerres.aacrjournals.org/


Collectively, the results indicate that ASPS tumor cells efficiently
attracted both hemangiopericytes and endothelial cells and that
the intravascular tumor cells were covered and protected by
hemangiopericytes.

The presence of hemangiopericytes in human ASPS was also
examined immunohistochemically. CD31- and CD34-positive
endothelial cells were enriched and accompanied by aSMA-
positive hemangiopericytes (Fig. 3A–C). The intravascular
tumor cell organoids were covered with both CD31-positive
endothelial cells and aSMA-positive hemangiopericytes,
although the latter were predominantly similar as seen in
mouse ASPS (Fig. 3D and E). Collectively, the induction of
hemangiopericytes appears to represent a common feature both
in human and mouse ASPSs, and the encapsulation of tumor
cells by hemangiopericytes comprises an important character-
istics of intravascular tumor cells.

Expression profiles of mouse ASPS
To examine molecules and signaling pathways considered

important for vasculogenesis, vascular invasion, and metasta-
sis, gene expression profiles were compared between murine
ASPS tumors and mouse normal tissue, and between eMCs
introduced with the ASPSCR1-TFE3 retrovirus or with an empty
vector. The microarray analysis showed that 1,846 and 1,527
genes were upregulated in ASPS tumors versus normal tissue
(fold change > 2.0) and in ASPSCR1-TFE3–expressing eMCs
versus eMCs with an empty vector (fold change > 1.5), respec-
tively. Furthermore, 697 genes were shown to be upregulated in
both categories (Fig. 4A). It is considered possible that genes
important for development, maintenance, vasculogenesis, and
metastasis are included among the genes upregulated in ASPS
tumors. In turn, genes upregulated both in ASPS and ASPSCR1-
TFE3–expressing eMCs likely contain direct targets of ASPSCR1-
TFE3 that are crucial in the early stage of tumor development.

The lists of upregulated genes are shown in Supplementary
Tables S2–S4, and the 17 genes upregulated both in ASPS- and
eMCs-expressing ASPSCR1-TFE3 that possess vasculogenic
potentials or considered to play roles in invasion or metastasis
are shown in Table 1. Of these, the upregulated expression of
Gpnmb, Kdelr3, Mdk, Ctsk, and Angptl2 in ASPS and eMCs was
also confirmed by quantitative RT-PCR (Fig. 4B). In addition, 8
of 17 genes (Gpnmb, Kdelr3, Mdk, Srpx2, Ctsk, Pgf, Angptl2, and
Vegfb) were found upregulated in human ASPS and/or patient-
derived xenograft (5, 17, 18), indicating the reliability of our
model.

GSEA showed strong correlation between gene expression
in ASPS and the lysosome pathway (Fig. 4C). Specifically, the
TFE/MITF proteins transregulate autophagy- and lysosomal-
related genes, and this pathway is activated in human malig-
nancies such as malignant melanoma and pancreatic cancer
(19, 20). In addition, lysosomal regulation and subsequent
metabolic reprogramming are also important genetic events
in ASPS. These findings were also consistent with abundant
lysosomes observed in murine ASPS cells (Supplementary
Fig. S1B).

The systemic analysis of biological functions and signaling
pathways for 697 genes upregulated in ASPS tumors and eMCs
expressing ASPSCR1-TFE3 was performed using the IPA. Signif-
icant involvement of phagosome and autophagy pathways, and
disorders related to lysosomal dysfunction were highlighted, and
association with gene regulation by the TFE/MITF family was
confirmed (Fig. 4D; Supplementary Fig. S4).

Increased transendothelialmigration of ASPS cellsmediated by
GPNMB upregulation

Substantive angiongenic activities and the induction of
hemangiopericytes as important features of the initial stage of
ASPS metastasis followed by intravasation of tumor cells were

Figure 3.

Immunostaining of vascular markers in human ASPS. A–C, Primary tumor. CD31-positive (A) and CD34-positive (B) endothelial cells and aSMA-positive
(C) hemangiopericytes could be observed in the vascular network. D–E, Tumor intravasation. CD31-positive endothelial cells are positive in the blood
vessel but only partially positive in the tumor encapsulation (D). In contrast, the intravascular tumor organoid is constitutively covered with aSMA-positive
hemangiopericytes (E).
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frequently observed both in human and mouse ASPS as pre-
viously described. The interaction between tumor cells and
endothelial cells has been considered one of the key points
for tumor intravasation (21), and we accordingly predicted that
ASPS cells possess increased interactive and transmigratory

activities against endothelial cells as well. To address this issue,
we carried out a transendothelial migration assay. Briefly,
immortalized CD31-positive and PDGFRB-negative heman-
gioendothelial cells originally purified from 18.5 dpc Balb/c
mouse embryos were seeded onto Boyden chambers and

Figure 4.

Gene expression profiles of mouse ASPS tumors and eMCs expressing ASPSCR1-TFE3. A, Venn diagram showing upregulated genes in ASPS tumors (n ¼ 19)
versus the mixture of normal tissues and in eMCs expressing ASPSCR1-TFE3 versus those containing an empty vector (n ¼ 4, each). B, Real-time quantitative
RT-PCR for Gpnmb, Kdelr3, Mdk, Ctsk, and Angptl2 in eMCs with or without ASPSCR1-TFE3 and in four independent ASPS tumors. Mean � SEM is shown. C,
GSEA of ASPS versus normal tissue shows enrichment of the gene set involved in lysosome function. D, Systematical analysis of the signaling pathways for
697 upregulated genes in ASPS tumors and eMC expressing ASPSCR1-TFE3 (A) by the IPA software. The key canonical pathways, diseases and disorders, and
upstream regulators are listed according to their ranking scores.
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irradiated to suppress proliferation and endogenous endo-
thelial cell migration. Murine ASPS cells were then seeded, and
migration with or without endothelial cells was assessed at
24 hours after seeding. Both ASPS and Ewing sarcoma cells
(10) showed similar migratory activities in the absence of
endothelial cells, whereas ASPS cells demonstrated signifi-
cantly enhanced transendothelial migration (Fig. 5A).

As shown in Fig. 4 and Table 1, the glycoprotein nonmeta-
static b/osteoactivin, gene (Gpnmb) was significantly upregu-
lated both in mouse ASPS tumors and in eMCs expressing
ASPSCR1-TFE3. GPNMB is a transmembrane glycoprotein
that is known to be involved in tumor cell invasion and meta-
stasis of multiple cancer types (22–24). Gpnmb overexpression
induces tumor invasiveness, endothelial cell migration, and
transendothelial migration of cancer cells (20, 25). In accor-
dance with our gene expression data, Gpnmb has been reported
as a transcriptional target of MITF and TFE3 in renal cancer
cells (26), suggesting that Gpnmb represents one of the key
downstream molecules of ASPSCR1-TFE3 responsible for ASPS
invasion and metastasis.

In support of this key role, we found that GPNMB was
expressed in all cases of mouse and human ASPS examined
using immunostaining. In addition, enhanced GPNMB stain-
ing was evident at the front of tumor invasion and intravas-
cular tumor foci (Fig. 5B–E). Our data and the proposed roles
of GPNMB in cancer invasion and metastasis further suggest
that GPNMB is crucial for the interaction between ASPS tumor
cells and endothelial cells to initiate metastasis. Consistent
with this function, the transendothelial migration activity was
inhibited by siRNA-mediated knockdown of Gpnmb (Fig. 5F),
indicating that Gpnmb expression is required for intravasation
of ASPS cells.

The ASPSCR1 fusion gene–expressing ex vivo model defines
tumorigenic activity of the C-terminal domains in TFE/MITF
family proteins

TFE3 belongs to the TFE/MITF transcription protein family,
which has been found to be involved in human cancer and
within which the DNA binding bHLH leucine zipper motif is
well conserved (27). TFE3 is fused to ASPSCR1 and several
other genes in renal cell carcinoma, whereas TFEB is a compo-

nent of fusion genes in a minor proportion of renal cell
carcinoma cases (28–31). Mitf plays an important role in the
survival and maintenance of malignant melanoma (32). The
involvement of TFE/MITF family proteins in human cancer
suggests the presence of common and/or distinct functional
motifs in their C-terminal regions. The functional heterogeneity
and common property of these regions in tumorigenesis can be
evaluated as the oncogenic activities of ASPSCR1 fusion genes
in our model system.

To examine the oncogenic activity of ASPSCR1 fusion genes,
artificial chimeric genes were generated consisting of the 50

ASPSCR1 and 3' TFE/MITF sequences. Tumorigenic activities
of eMCs expressing each fusion gene were examined. The
Kaplan–Meier survival curve indicated that ASPSCR1-TFE3 and
ASPSCR1-TFEB but not ASPSCR1-TFEC and ASPSCR1-MITF
induced sarcoma (Fig. 6A). Notably, recipients transplanted
with ASPSCR1-TFEB developed sarcoma following a significant-
ly longer latency (P < 0.001 by log-rank test); however, the
morphology of ASPSCR1-TFEB–expressing tumors was very
similar with that of ASPSCR1-TFE3–expressing ASPS (Fig. 6B
and C). These results suggest the existence of common func-
tional domains between TFE3 and TFEB C-termini and that the
motif is lacking in TFEC and MITF. In addition, the tumorigenic
activity of ASPSCR1-TFEB was weaker than that of ASPSCR1-
TFE3. Together, these findings will be helpful toward identify-
ing novel important functional motifs for tumorigenesis in
TFE/MITF family protein and cofactors of ASPSCR1-TFE3.

Discussion
Our novel model for human ASPS exhibited high incidence

of spontaneous metastasis to the lung. To acquire such high
metastatic potentials, the ASPS model exhibited character-
istic behaviors at several different steps of the metastatic
process: (1) strong angiogenic activity mediated by the induc-
tion of hemangiopericytes, (2) frequent tumor intravasation,
and (3) organoid structures covered with hemangiopericy-
tes in the blood stream. Notably, these findings are also
observed in human ASPS (1–3); thus, our model provides
important information for clarifying the metastatic mechan-
isms of ASPS.

Table 1. Upregulated genes in ASPS and eMCs containing ASPSCR1-TFE3 potentially involved in vasculogenesis, tumor invasion, and/or metastasis

Gene name FC in tumora FC in eMCb Gene product

Gpnmb 50.08 2.30 Glycoprotein nmb
Kdelr3 25.82 2.05 KDEL endoplasmic reticulum protein retention receptor 3
Mdk 17.90 2.79 Midkine
Fgfbp3 13.04 12.42 Fibroblast growth factor binding protein 3
Srpx2 12.33 1.78 Sushi-repeat–containing protein, X-linked 2
Ctsk 9.78 2.07 Cathepsin K
Pgf 7.25 4.14 Placental growth factor
Angptl2 6.97 1.70 Angiopoietin-like 2
Cyba 4.66 2.85 Cytochrome b-245, alpha polypeptide
Rnh1 4.63 2.56 Ribonuclease/angiogenin inhibitor 1
Sfrp2 4.37 1.72 Secreted frizzled-related protein 2
Tgfb2 4.17 2.78 Transforming growth factor, beta 2
Efna3 3.45 1.72 Ephrin A3
Vegfb 3.23 1.68 Vascular endothelial growth factor B
Gna13 2.88 2.00 Guanine nucleotide binding protein, alpha 13
Dhcr7 2.15 1.70 7-dehydrocholesterol reductase
Nus1 2.05 1.65 Nuclear undecaprenyl pyrophosphate synthase 1
aFold change (FC) of gene expression, ASPS versus normal tissue.
bFC of gene expression, eMCs-expressing ASPSCR1-TFE3 versus those containing an empty vector.
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Figure 5.

Enhanced transendothelial migration and Gpnmb expression in ASPS. A, Boyden chamber assay showing enhanced transendothelial migration of ASPS
compared with Ewing sarcoma cells assessed by the number of migrated cells (left). H&E staining of migrated cells is shown in the right plots. Data
represent mean � SEM of three independent experiments. � , P < 0.001. B–E, Immunostaining of GPNMB in mouse (B and C) and human (D and E) ASPS.
GPNMB staining is enhanced at the front of tumor invasion (B and D) and intravasation (C and E). F, siRNA-mediated gene silencing of Gpnmb
inhibited transendothelial migration of ASPS as shown in the cell numbers (left) and microscopic images (middle). The efficiency of Gpnmb silencing
is shown by Western blotting (right). Two independent siRNAs, #588 and #870, were used. Data represent mean � SEM of three independent experiments.
� , P < 0.001.
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Tumor angiogenesis is often incomplete and lacks a heman-
giopericytic lining, resulting in leakage and insufficient oxygen
supply (33). In contrast, the tumor-associated vessels in ASPS are
accompanied by hemangiopericytes and/or smooth muscle cells
that completely cover the vessel wall as was shown in our present
study. In addition, ASPS shows very limited areas of necrosis even
when the tumor grows up to a large mass. These findings suggest
that ASPS tumor cells attract hemangiopericyte migration and/or
proliferation by secreting bioactive substances. Experiments to
identify suchmolecules are currently underway using human and
mouse ASPS cells and purified hemangiopericytes.

The hemangiopericytic capsule surrounding the tumor cells in
the blood vessels represents an unanticipated phenomenon that
was observed in both human and mouse ASPS. It is likely that
hemangiopericytic encapsulation protects tumor cells from attack
by the host immune system in the blood stream. Consistent with
this suggestion, when mouse ASPS cell suspensions were injected
into themouse tail vein, they failed to showpulmonarymetastasis
despite high metastatic activity from the subcutaneous tumor
(data not shown). These data indicate that the inhibition of
hemangiopericyte induction in ASPS might represent a novel,
powerful, and promising strategy for the treatment and preven-
tion of metastasis.

The ASPSCSR1-TFE3/Gpnmb axis plays a key role in the intra-
vascular invasion of ASPS cells, as was indicated by the strong
expression of GPNMB in the intravascular lesions and by the
results following gene silencing of Gpnmb in a transendothelial

migration experiment. Gpnmb functions as a transcriptional
target of TFE/MITF family transcription factors (26) and was
found to be upregulated by ASPSCSR1-TFE3 expression in this
study. The observation of stronger expression of the GPNMB
protein at the invasion front and intravasation suggests that
there might be additional signals or posttranslational modifica-
tion reinforcing the effect of transactivation by ASPSCR1-TFE3. As
clinical trials of antibody drugs for GPNMB are in progress for
multiple human cancer types (34), ASPS may also represent a
good target for the antibody therapy targeting GPNMB.

The gene set for lysosome and autophagy function was upre-
gulated in our ASPS model along the identification of abundant
lysosomes in tumor cells. TFE/MITF transcription factors promote
lysosomal functions in many cell types and cancer; in turn, these
functions are modulated by other signaling pathways such as
mTORC1 and Wnt (31, 35, 36). The results of the current study
suggest that the chimeric ASPSCR1-TFE3 protein may retain or
even increase the accessibility to lysosomes (35), and may there-
fore function as a nutrient sensor. In this context, it is notable that
increased lactate uptake was reported in another murine ASPS
model (9), as ASPS may actively utilize abnormal nutrient and
metabolic conditions in the tumor microenvironment. Neverthe-
less, the previous knock-in model for ASPS lacks metastatic
properties (9). Although the cause of phenotypic differences
between two models remains unclear, the origins of ASPSCR1-
TFE3–expressing cell might be critical to obtain proper ASPS
phenotypes.

Figure 6.

Tumor development by eMCs
expressing ASPSCR1 fusion genes. A,
Cumulative incidence of ASPS-like
tumors. In three mutants, only
ASPSCR1-TFEB–expressing eMCs
induced tumors in nude mice,
exhibiting significantly longer latency
than that shown by ASPSCR1-TFE3–
expressing eMCs (P < 0.001 by log-
rank test). B and C, Morphologies of
ASPSCR1-TFE3–induced (B) and
ASPSCR1-TFEB–induced (C) tumors.
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Furthermore, using our novel ex vivo mouse model, we could
directly evaluate the oncogenic activity of ASPSCR1 fusion genes.
Our system proved quite useful to define the important motif in
TFE/MITF proteins. Specifically, in three members of TFE/MITF
family proteins other than TFE3, oncogenic potential was found
only in TFEB when its C-terminus was fused to ASPSCR1. This
result is consistent with the demonstrated involvement of TFEB in
genetic fusions of renal cell carcinoma (31). However, our result
indicates that the tumor incidence was lower and the latency was
longer in the ASPSCR1-TFEB cohort than those in the ASPSCR1-
TFE3 cohort, which may explain the reason why ASPSCR1-TFEB
has not been identified in ASPS. Studies to identify the important
motif in the TFE3 C-terminus and putative cofactors that may
bind to this motif are in progress.

In conclusion, hematogenousmetastasis is themost important
factor in determining the prognosis of patients with ASPS. The
presentmodel faithfully recapitulates humanASPSwith respect to
its characteristic vascular networking, vascular invasion, and
metastasis. Thus, thismodel provides useful information to clarify
the oncogenic and metastatic mechanisms of not only ASPS but
potentially of other cancers having similar vascular networks such
as renal cell carcinoma.
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