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Tumor: tumor microenvironment (TME) interactions are
critical for tumor progression and the composition and
structure of the local extracellular matrix (ECM) are key
determinants of tumor metastasis. We recently reported
that activation of Wnt/beta-catenin signaling in Ewing sar-
coma cells induces widespread transcriptional changes
that are associated with acquisition of a metastatic tumor
phenotype. Significantly, ECM protein-encoding genes
were found to be enriched among Wnt/beta-catenin in-
duced transcripts, leading us to hypothesize that activa-
tion of canonical Wnt signaling might induce changes in
the Ewing sarcoma secretome. To address this hypothe-
sis, conditioned media from Ewing sarcoma cell lines
cultured in the presence or absence of Wnt3a was col-
lected for proteomic analysis. Label-free mass spectrom-
etry was used to identify and quantify differentially se-
creted proteins. We then used in silico databases to
identify only proteins annotated as secreted. Comparison
of the secretomes of two Ewing sarcoma cell lines re-
vealed numerous shared proteins, as well as a degree of
heterogeneity, in both basal and Wnt-stimulated condi-
tions. Gene set enrichment analysis of secreted proteins
revealed that Wnt stimulation reproducibly resulted in in-
creased secretion of proteins involved in ECM organiza-
tion, ECM receptor interactions, and collagen formation.
In particular, Wnt-stimulated Ewing sarcoma cells up-
regulated secretion of structural collagens, as well as
matricellular proteins, such as the metastasis-associated
protein, tenascin C (TNC). Interrogation of published da-
tabases confirmed reproducible correlations between
Wnt/beta-catenin activation and TNC and COL1A1 ex-
pression in patient tumors. In summary, this first study of

the Ewing sarcoma secretome reveals that Wnt/beta-
catenin activated tumor cells upregulate secretion of ECM
proteins. Such Wnt/beta-catenin mediated changes are
likely to impact on tumor: TME interactions that contrib-
ute to metastatic progression. Molecular & Cellular Pro-
teomics 17: 10.1074/mcp.RA118.000596, 901–912, 2018.

The local and metastatic progression of solid tumors is
critically dependent on interactions and crosstalk between
tumor cells and their local tumor microenvironment (TME)1.
Both cellular and noncellular components of the TME can bind
and activate surface receptors on tumor cells to impact on cell
signaling and cell behavior (1). The proteinaceous extracellu-
lar matrix (ECM) is a key player in tumor: TME crosstalk and
changes in the composition and structure of the ECM can
profoundly alter cell signaling (2). The main source of ECM
proteins is secretion from fibroblasts (3), however, ECM se-
cretion does occur in other normal physiological processes,
such as secretion of collagens from osteoblasts during bone
formation (4). In cancer, aberrant secretion of proteins from
nontumor stromal cells, as well as tumor cells themselves,
can disturb homeostatic signaling and promote disease pro-
gression. Indeed, each of the major hallmarks of cancer (5) is
impacted by secreted proteins in the TME - i.e. VEGF and it’s
role in angiogenesis, MMPs and their role in matrix degrada-
tion, and cytokines and their recruitment of immune cells (6).

Ewing sarcoma is an aggressive tumor of bone and soft
tissue that has a peak incidence in adolescents and young
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adults (7). Although much has been learned about the genetic
basis of Ewing sarcoma, and the specific role of EWS/ETS
fusion genes in tumorigenesis, relatively little is known about
the cellular mechanisms that underlie metastasis and even
less is known about the contribution of the local TME (8).
Previous reports have shown that the bone TME specifically
promotes metastatic progression of Ewing sarcoma (9) and
that its ability to grow in bone is dependent on the osteolytic
phenotype (10). Moreover, a hypoxic microenvironment pro-
motes activation of metastasis-associated gene expression in
tumor cells and enhanced metastatic progression in xenograft
models (11, 12). In addition, gene expression profiling studies
of primary localized tumor specimens demonstrated the im-
portant contribution of tumor stroma to relapse and patient
survival (13). Thus, crosstalk between the Ewing sarcoma
cells and their TME plays a key role in tumor progression.
However, the Ewing sarcoma secretome is undefined, and its
role in dictating ECM composition and tumor progression is
yet to be elucidated.

We previously showed that activation of Wnt/beta-catenin
in Ewing sarcoma cells induces transition to a more migratory
cellular phenotype and enhances metastatic engraftment (14).
In the current study, we have investigated whether activation
of canonical Wnt signaling in Ewing sarcoma cells impacts on
their secretion of ECM proteins. To address this, we com-
bined mass spectrometry, proteomics, and bioinformatics
tools to define the Ewing sarcoma secretome. In addition, we
determined if the secretome is impacted by exposure to ex-
ogenous Wnt3a, a canonical Wnt ligand abundant in the bone
microenvironment (15, 16). Our results demonstrate that the
Ewing sarcoma secretome is rich in ECM proteins, as well as
IGF binding proteins. Activation of Wnt/beta-catenin modu-
lates the secretion of ECM proteins, altering the local TME.
These data provide novel insight into the nature of the Ewing
sarcoma secretome and how it is altered by Wnt/beta-catenin
signaling.

EXPERIMENTAL PROCEDURES

Cell Lines—Ewing sarcoma cell line TC32 was maintained in RPMI
1640 media (Gibco, Gaithersburg, MD) supplemented with 10% FBS
(Atlas Biologicals, Fort Collins, CO) and 2mmol/L-glutamine (Life
Technologies, Carlsbad, CA). CHLA10 was maintained in IMDM me-
dia (Fisher Scientific, Chicago, IL) supplemented with 20% FBS,
2mmol/L-glutamine, and 1� Insulin-Transferrin-Selenium (Gibco).
Both cell lines are late passage cell lines and were obtained from the
Children’s Oncology Group (COG) cell bank (cogcell.org). Identity of
all cell lines was confirmed by STR profiling and absence of myco-
plasma was confirmed within 6 months of the experiments performed
in this manuscript.

Biological Annotation of the Differentially Expressed Trans-
cripts—To understand the biological functions of the transcripts that
were differently expressed in Wnt3a treated samples compared with
that of the baseline group, we used the Genomatics software suite.
The signal transduction pathway enrichment analyses were done
using the Genomatix Pathway System (GePS) tool (www.genomatix.
de/) embedded in Genomatix software. GePS uses information ex-
tracted from public and proprietary databases to display canonical

pathways or to create networks based on literature data. Cellular
compartment was determined using DAVID 6.8 (updated October
2016). All genes identified to be up-regulated by Wnt3a�RSPO2 in
our previously published work ((14) GSE75859) were compared
against the human genome. All cellular compartments shown have
FDR � 1%.

Experimental Design and Statistical Rationale—Cells were either
treated with vehicle (PBS, Life Technologies) or 100 ng/�l of recom-
binant Wnt3a (Wnt3a; R&D Systems, Minneapolis, MN). Cells were
treated once a day for 3 days in media with full serum before changing
to either RPMI or IMDM lacking FBS. Cells were cultured in 15 cm
dishes for all experiments and media was collected from a single dish
for each biologic replicate. Cells were then treated once a day for two
additional days before media was collected. Protein in the media was
concentrated using three kilodalton cutoff Amicon Ultra Centrifugal
Filter Units (Fisher). Protein concentration was measured using the
DC Protein Assay (Bio-Rad, Des Plaines, IL). Two cell lines were used
for analysis with each condition. For each cell line, three replicates of
control (vehicle treated samples) were compared against three repli-
cates of Wnt3a treated samples. All samples for each cell line were
processed at the same time to account for batch effect.

Protein Identification by LC-tandem Mass Spectrometry—Equal
amounts of proteins (50 �g) were used for processing. Cysteines
were reduced with 10 mM DTT at 55 °C for 30 min and alkylated using
50 mM chloroacetamide (RT, 30 min). Digestion with 500 ng of se-
quencing grade, modified trypsin (Promega, Fitchburg, WI) was car-
ried out overnight at 37 °C. Reaction was terminated by acidification
with trifluoroacetic acid (0.1% v/v) and peptides were purified using
SepPak C18 cartridge following manufacturer’s protocol (Waters
Corp, Milford, MA). An aliquot of the resulting peptides (�2 ug) were
resolved on a nano-capillary reverse phase column (Acclaim PepMap
C18, 2 micron, 50 cm, ThermoScientific, San Jose, CA) using 0.1%
formic acid/acetonitrile gradient at 300 nl/min (2–25% acetonitrile in
105 min; 25–40% acetonitrile in 20 min followed by a 90% acetonitrile
wash for 10 min and a further 30 min re-equilibration with 2% ace-
tonitrile) and directly introduced in to Q Exactive HF mass spectrom-
eter (Thermo Scientific). MS1 scans were acquired at 60K resolution
(AGC target � 3e6, max IT � 50ms). Data-dependent high-energy
C-trap dissociation MS/MS spectra were acquired for the 20 most
abundant ions (Top20) following each MS1 scan (15K resolution; AGC
target � 1e5; relative CE �28%). Data was analyzed using Proteome
Discoverer (v2.1, Thermo Scientific). Proteins were identified by
searching the data using Sequest HT against Homo sapiens (Swis-
sprot, v2016–11-30, database includes 20,213 proteins) appended
with common contaminants (100 total proteins). Search parameters
included MS1 mass tolerance of 10 ppm and fragment tolerance of
0.2 Da; the protease used was trypsin; two missed cleavages were
allowed; carbamidimethylation of cysteine was considered fixed
modification and oxidation of methionine, deamidation of asparagine
and glutamine, phosphorylation of serine, threonine and tyrosine were
considered as potential modifications. False discovery rate (FDR) was
determined using Percolator and proteins/peptides with a FDR of
�1% were retained for further analysis.

Identification of Secreted Proteins—In order to gather more infor-
mation about the nature of the identifications, the predicted proteins
were initially mapped to the Human Protein Atlas (HPA) Secretome
and Proteome (17). HPA maintains a list of genes and proteins anno-
tated as potentially secreted based on several inputs, including re-
sults from 3 bioinformatics applications (SignalP (18), Phobius (19),
and SPOCTOPUS (20)) and one large-scale study (17). Proteins found
in any of these lists were then classified as secreted and subject to
further analysis.

Statistical Analysis and Interpretation of Results—Differential pro-
tein expression of proteins identified to be secreted in both vehicle
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and Wnt3a treated samples were analyzed by QPROT as described
previously in (21). QPROT is developed specifically for modeling
protein abundances in label free proteomics estimated using either
MS1 intensity or the number of MS2 peptide-spectral-matches
(PSMs). Proteins were statistically significant if they had fold change
score �2 or �.5 and local FDR as computed by QPROT of � 10%.
The fold change score was calculated by averaging the total PSMs
across all replicates in Wnt plus another factor (in this case we used
1) divided by the average PSMs across all replicates in PBS plus the
same factor. Any proteins that had �2 unique peptides, and were only
identified in 1 of 6 replicates, were not considered differentially se-
creted. Gene set enrichment analysis (GSEA) was conducted using
the GSEA v2.1.0 software (22). Gene ontology of secreted proteins
was performed using DAVID 6.8 with the human genome as the
background. Pathway analysis for the baseline secretome and Wnt-
activated secretome was done using the Reactome pathway knowl-
edgebase (23).

Quantitative Real-time PCR—Total RNA was extracted from cells at
the same time as protein collection using Quick-RNA MicroPrep
(Zymo Research, Irvine, CA) and cDNA was generated using iScript
(Bio-Rad). Quantitative real-time PCR (qRT-PCR) was performed us-
ing universal SYBR-Green Supermix (Bio-Rad) for designed primers.
Analysis was performed in triplicate using the Light-Cycler 480 Sys-
tem (Roche Applied Science, Branchburg, NJ) and average Cp values
were normalized relative to the geometric mean of the two house-
keeping genes GAPDH and HPRT. The following primers were used:
LEF1 forward - 5�TGGATCTCTTTCTCCACCCA3� and reverse - 5�
CACTGTAAGTGATGAGGGGG3�, NKD1 forward - 5�TCGCCGGGAT-
AGAAAACTACA3� and reverse - 5�CAGTTCTGACTTCTGGGCCAC3�,
AXIN2 forward - 5�AAGTGCAAACTTTCGCCAAC and reverse - 5�
ACAGGATCGCTCCTCTTGAA, HPRT forward - 5�TGACACTGGCAA-
AACAATGCA3� and reverse - 5�GGTCCTTTTCACCAGCAAGCT3�,
GAPDH forward - 5�TGCACCACCAACTGCTTAGC3�v and reverse -
5�GGCATGGACTGTGGTCATGAG3�, TNC forward - 5�GCAGCTCC-
ACACTCCAGGTA3� and reverse - 5�TTCAGCAGAATTGGGGATTT3�,
and COL1A1 forward - 5�CTGGACCTAAAGGTGCTGCT3� and re-
verse - 5�GCTCCAGCCTCTCCATCTTT3�.

Flow Cytometry—Stably transduced 7xTcf-eGFP (7TGP) (14) TC32
and CHLA10 cells were stimulated with Wnt3a (100 ng/ml) once a day
for 5 days before collecting cells to measure GFP fluorescence.
Fluorescence was measured and quantified on an Accuri C6 cytom-
eter (BD Biosciences, Franklin Lakes, NJ).

Western Blots—Western blot analysis was performed using the
Bio-Rad Mini-PROTEAN Tetra System. Following transfer, nitrocellu-
lose membranes were blocked in 5% BSA in TBS-T for 1 h. Mem-
branes were washed once with TBS-T and then incubated overnight
at 4 °C with either mouse-anti human Tenascin C (1:500, Sigma
T2551, St. Louis, MO) or rabbit-anti Collagen 1 (1:1000, Abcam
ab34710, Cambridge, MA). Membranes were then washed three
times in 1� TBS-T for 5 min each and then incubated with secondary
antibody IRDye 800CW goat anti-mouse (1:10,000, LiCor) or IRDye
800CW goat anti-rabbit (1:10,000, LiCor, Lincoln, NE) for 1 h. They
were then washed two times with 1X TBS-T and once with 1X TBS for
5 min before scanning the membrane using the LiCor Imaging
system.

Gene Expression in Ewing Sarcoma Patient Tumors—Pearson cor-
relation coefficients of gene expression and associated confidence
intervals in primary patient tumors were determined using three pre-
viously reported, independent data sets: GSE 63157 (13), GSE 34620
(24), and GSE 17679 (25). Only data from patient tumors were ex-
tracted from the GSE17679 data set and the average value for dupli-
cate assays from each of 44 unique patient tumors was used.

RESULTS

Wnt-activated Cells Upregulate Pathways Involved in Tu-
mor: TME Crosstalk—To begin to understand the mecha-
nisms through which up-regulation of the Wnt/beta-catenin
signaling axis contribute to metastatic phenotypes and poor
outcomes in Ewing sarcoma, we performed pathways analy-
sis on our previously reported RNA-sequencing study of Wnt/
beta-catenin activated cells (14). In this previous study, 1157
transcripts were identified as being significantly induced by
Wnt activation and 1221 were significantly induced by Wnt
activation with potentiation by Rspondin2. Mapping of these
transcripts against published signal transduction pathways
using the Genomatix Pathway System tool revealed signifi-
cant enrichment of signaling pathways that are known to play
key roles in mediating tumor: TME interactions. Signaling
pathways that depend on crosstalk between receptors on
tumor cells and proteins in the surrounding ECM were iden-
tified, including, integrin linked kinase, focal adhesion kinase,
cadherin, angiogenesis, TGF beta and matrix metalloprotei-
nase pathways (supplemental Fig. 1A). Additionally, gene on-
tology analysis of cellular localization revealed significant en-
richment of proteins found in focal adhesions, extracellular
exosomes and the ECM (supplemental Fig. 1B). Thus, activa-
tion of canonical Wnt signaling in Ewing sarcoma cells leads
to a significant increase in the transcription of genes that
encode ECM proteins as well as other proteins that play key
roles in tumor: TME interaction and crosstalk.

Identification of Secreted Proteins in Ewing Sarcoma Using
Label Free Mass Spectrometry—ECM proteins in the local
TME of solid tumors are most often secreted by tumor-asso-
ciated fibroblasts and other nonmalignant stromal cells (1).
However, unlike many other solid tumors, nontumor stromal
cells are infrequently detected in Ewing sarcoma biopsies
(13). This led us to speculate that the composition of the ECM
in Ewing sarcoma may be largely determined by proteins that
are secreted by the tumor cells themselves. Furthermore,
considering our observation that activation of canonical Wnt
signaling induces transcription of ECM-encoding genes, we
hypothesized that Wnt activation would alter the Ewing sar-
coma secretome. To address this hypothesis we used tandem
mass spectrometry to define the secretomes of control and
Wnt-activated Ewing sarcoma cells. TC32 and CHLA10 cells
were chosen for these studies given that both are well-estab-
lished Ewing sarcoma cell lines that grow as adherent mono-
layers on uncoated tissue culture plates. They were also
found to generate less cell debris when exposed to serum free
conditions than other Ewing sarcoma cell lines and to robustly
activate TCF-dependent transcription in response to Wnt3a.
An outline of the experimental approach is summarized in
Fig. 1.

Conditioned media from control and experimental cells was
analyzed by mass spectrometry, as described above, and the
overall distribution of proteins identified across all conditions
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was first quantified. Because we used unlabeled mass spec-
trometry, all quantification was done using spectral counting
and peptide-spectra-match (PSM) counts for each protein
(26). The total number of proteins identified in the conditioned
media was 2336 proteins for TC32 and 857 for CHLA10 cells
(supplemental Table S1). One caveat of using mass spec-
trometry for secretome analysis of conditioned media is that
many proteins can be detected that are not considered part of
the secretome. These proteins include those that are present
in the media because of cell rupture, cell shedding, as debris
from dying cells, or simply because of their overwhelming
abundance in cultured cells. To address this key issue, and to
minimize assignment of nonsecreted proteins to the defined
secretome, we gently collected conditioned media from the
culture dishes without disrupting the cell monolayers and
removed any cellular debris by centrifugation before mass

spectrometry analysis. Next, we used four independent com-
putational methods to analyze the mass spectrometry data to
further ensure that the data represented secreted proteins.
Four different analytic tools have been developed to rigor-
ously assign identified proteins to the secretome: Human
Protein Atlas, SignalP4.0, Phobius, and SPOCTOPUS (17–20).
These tools predict the likelihood of a detected protein being
secreted based on presence of a signal peptide sequence and
absence of a transmembrane domain. Following application
of these computational tools, 543 of 2336 (23%) proteins were
identified as secreted proteins in the conditioned media of
TC32 cells. For CHLA10 cells, 259 of the 857 (30%) proteins
were classified as secreted. This proportion of secreted pro-
teins in conditioned media is consistent with prior reports and,
thus, the reproducible protein data are likely to be highly
representative of the Ewing sarcoma secretome (27, 28).

FIG. 1. Identification of secreted proteins in Ewing sarcoma using label free mass spectrometry. Both TC32 and CHLA10 were treated
with either vehicle (PBS) or recombinant human Wnt3a (100 ng/uL) once a day for 5 days before collection of media. Cell debris was monitored
over time and only replicate cultures with excellent cell viability and minimal debris in the conditioned culture medium were collected for
analysis. Media was collected gently to minimize cell rupture. All conditions were collected in triplicate and cell debris removed by
centrifugation. Conditioned media was then concentrated and submitted for Tandem mass spectrometry and subsequent protein identification
using Swissprot.
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Alignment of the secreted proteins to all proteins encoded by
the human genome confirmed highly significant enrichment
for proteins in the “extracellular region” and “extracellular
space” compartments, with FDR of 6.03E-72 and 2.47E-68
respectively, validating their designation as secreted proteins.
Finally, to ensure that the designation of proteins to the se-
cretome was not biased in favor of either low- or high- abun-
dance proteins, we compared the distribution of spectral
counts from the list of secreted proteins to the list of all
proteins identified. A similar range of counts was evident
across both the total and the secreted protein lists, confirming
that we had identified an unbiased list of proteins that belong
to the Ewing sarcoma secretome (supplemental Fig. S2). This
computationally-validated list of secreted proteins was used
for all further analyses and validation studies (supplemental
Table S2).

Defining the Baseline Ewing Sarcoma Secretome—Having
defined the identities of secreted proteins in the conditioned
media of cultured Ewing sarcoma cells we next sought to
define the nature of these proteins in the two different cell
lines in basal conditions. To our knowledge, the Ewing sar-
coma secretome has not previously been characterized. Un-
der basal conditions, 138 and 85 proteins were identified as
being secreted into the media by TC32 and CHLA10 cells,

respectively (Fig. 2A and supplemental Table S3). Principal
component analysis of the data highlights that the secretome
signature differs between the two cell lines, and that repro-
ducibility among biologic replicates is high (Fig. 2B). Interest-
ingly, however, over a third of proteins in the TC32 secretome
and two-thirds of proteins in the CHLA10 secretome were
shared, indicating that, despite some overall heterogeneity,
there is evidence of a common secretome. Specifically, 56
proteins were reproducibly secreted by both Ewing sarcoma
cell lines under basal, serum-free conditions (supplemental
Table S3). In addition, seven of the 20 most abundantly se-
creted proteins in each cell line, based on total PSM number,
were shared (Fig. 2C). Pathway analysis of the commonly
secreted 56 proteins revealed enrichment for proteins in-
volved in IGF transport, extracellular matrix organization, and
elastic fiber formation (Fig. 2D). This is especially interesting
given that many insulin-like growth factor (IGF) family mem-
bers are targets of the pathognomonic EWS-FLI1 fusion and
that alterations in IGF signaling are characteristic of Ewing
sarcoma (29, 30). In addition, fibronectin, a major component
of the ECM, was robustly secreted by both cell lines demon-
strating that a primary source of fibronectin in the local Ewing
sarcoma TME is the tumor cells themselves (31, 32). Thus,

FIG. 2. The baseline Ewing sarcoma secretome. A, Venn diagram showing the intersection among proteins identified at baseline in TC32
and CHLA10. 56 of the proteins were found in both samples. B, Principal component analysis of three TC32 and three CHLA10 replicates with
vehicle treatment only. C, Total PSMs were added among all three replicates for each cell line and then ranked in descending order based on
total PSM. Seven of the top 20 most abundant proteins were shared among both cell lines and are displayed here. D, Proteins present at
baseline in both TC32 and CHLA10 were subject to pathway analysis using the reactome database. Top 10 pathways are shown here and all
pathways have FDR � 1%.
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from these data we conclude that modulators of IGF pathway
signaling and ECM composition and organization are repro-
ducibly and abundantly secreted by Ewing sarcoma tumor
cells.

Defining the Wnt-dependent Ewing Sarcoma Secretome—
Having defined the basal secretomes of both TC32 and
CHLA10 cells we next sought to assess the impact of canon-
ical Wnt-activation. We previously observed that the response
of Ewing sarcoma cells to exogenous Wnt3a ligand is highly
heterogeneous (14). Thus, we used flow cytometry analysis of
TCF/LEF-GFP reporter cells, as previously described (14), to
validate the extent of canonical Wnt signaling in Ewing sar-
coma cells following the defined five-day exposure to Wnt3a.
As shown, approximately one-third of cells in both TC32 and
CHLA10 cell lines demonstrated activation of Wnt/beta-
catenin-dependent transcription under the experimental con-
ditions (Fig. 3A). In addition, parallel analysis of mRNA from
the same cultures confirmed robust and reproducible up-
regulation of the previously validated Wnt/beta-catenin target
genes, LEF1, NKD1, and AXIN2, in Wnt-activated samples
(Fig. 3B).

Similar to the basal secretomes, the Wnt-activated secre-
tome of TC32 contained more proteins than that of CHLA10.
Whereas 170 secreted proteins were identified in the condi-
tioned media of TC32 cells, 70 proteins were identified in the
CHLA10 secretome. Principal component analysis again con-
firmed that the Wnt-activated secretomes differed between
the two cell lines (Fig. 3D). Nevertheless, 50 proteins were
again shared (supplemental Table S4), including IGFBP2, fi-
bronectin, as well as other proteins that were also abundant in
basal conditions (Fig. 3E), Notably, two proteins that are in-
tegral to ECM composition and bone remodeling, collagen
type 1 alpha 2 chain (COL1A2) (33) and secreted protein
acidic and cysteine rich (SPARC) (34), were among the most
abundant and reproducibly secreted under conditions of ca-
nonical Wnt activation (Fig. 3E). Consistent with basal secre-
tomes, analysis of the 50 shared proteins in Wnt-activated
secretomes revealed enrichment for pathways involved in IGF
signaling as well as ECM composition, organization, and deg-
radation (Fig. 3F).

Wnt Activation in Ewing Sarcoma Cells Promotes Secretion
of Proteins That Alter the Composition and Structure of the
ECM—Next, we assessed each cell line independently to
determine if secretion of individual proteins changed in re-
sponse to Wnt/beta-catenin activation. Total PSMs were used
to determine differential expression between control and
Wnt3a-treated samples. Differentially expressed proteins
were defined as proteins that had a local FDR � 10% (com-
puted using QPROT), a fold change score of �2 or �0.5, and
detection of at least 2 unique peptides (see methods for
further details) (21). Using these very stringent criteria, we
identified significant changes in the secretomes of both cell
lines following activation of canonical Wnt signaling. Specifi-
cally, TC32 cells showed altered secretion of 33 proteins, 27

of which were up-regulated (Fig. 4A). In CHLA10 cells, Wnt/
beta-catenin activation led to altered secretion of 16 proteins
with 14 of these having increased secretion (Fig. 4B). Shared
proteins with Wnt-dependent increases in secretion were
Wnt3a, TNC, pro-enkephalin (PENK), and members of the
proprotein convertase subtilisin/kexins family (PCSK2 and
PCSK9). Given that Wnt3a was added to the media for these
experiments, it is important to note that it was identified in
both lists, confirming the validity of the analysis and serving as
an internal quality control.

To better understand the nature of Wnt-dependent secre-
tome, and to remove bias associated with a priori assignment
of significance based on fold change, we performed Gene Set
Enrichment Analysis (GSEA) on the ranked list of detected
proteins and searched against the KEGG and Reactome da-
tabases (22). GSEA revealed the Wnt-dependent secretome
to be enriched, in both cell lines, for proteins that play key
roles in ECM organizational structure and ECM: cell receptor
interactions (supplemental Fig. S3). Notably, 5 of 27 proteins
with increased secretion in Wnt/beta-catenin activated TC32
cells are structural proteins (COL1A1, COL1A2, COL3A1,
COL5A1, and LAMA5), and another 9 have been published to
play a role in collagen fibril and extracellular matrix organiza-
tion (BGN (35), TGFBI (36–38), CTGF (39), MATN3 (40),
ADAM9 (41), MMP19 (42), FMOD (33), LUM (33, 43) and TNC
(44–46)). Thus, these data show that the secretome of TC32
cells is particularly responsive to canonical Wnt activation,
and secretion of structural proteins that contribute to ECM
organization and remodeling is significantly increased. Inter-
estingly, the secretome of CHLA10 cells, an inherently highly
metastatic cell line (47), contained abundant collagens at
baseline and secretion was not further induced by Wnt stim-
ulation (supplemental Table S2).

To validate our findings, we used orthogonal methods to
assess the impact of Wnt/beta-catenin activation on expres-
sion and secretion of TNC and collagen I. Both ECM proteins
are well-established mediators of tumor engraftment and me-
tastasis (46, 48). We previously showed that stimulation of
Ewing sarcoma cells with Wnt3a for 48 h leads to a 2-fold
increase in expression of TNC mRNA (14). Analysis of cells
following the five-day stimulation protocol used for secretome
analysis confirmed robust up-regulation of TNC mRNA to
greater than 5-fold (Fig. 5A). Expression of the COL1A1 tran-
script was also induced (Fig. 5B). Next, we sought to validate
whether activation of Wnt/beta-catenin in tumors in vivo is
also associated with increased expression of these ECM pro-
tein-encoding genes. To achieve this we interrogated three
independent, publicly available databases (13, 24, 25) and
assessed correlations between expression of LEF1 and TNC
and COL1A1 in primary patient tumors. We have previously
shown that LEF1 is a robust biomarker of Wnt/beta-catenin
activation in Ewing sarcoma cells and tumors (14). As shown,
expression of TNC was significantly positively correlated with
LEF1 in all data sets and COL1A1 correlated with LEF1 in two
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FIG. 3. The wnt-dependent Ewing sarcoma secretome. A, Cells were transduced with 7TGP plasmid (plasmid #24305 from Addgene).
Cells were treated for 5 days with Wnt3a (100 ng/uL) once a day before collection of cells for flow cytometry analysis. Analysis was run in
triplicate and percentage of GFP positive cells are shown. Statistical significance was determined using student’s t test and *** � p value
�.0001. B, qRT-PCR validation of established Wnt targets in Ewing sarcoma. LEF1, NKD1, and AXIN2 were all up-regulated in all replicates
submitted for mass spectrometry. C, 170 proteins were identified to be secreted in TC32, 70 were identified in CHLA10, and 50 were identified
in both cell lines. D, Principal component analysis of the Wnt-activated secretomes of each cell line. E, The total PSMs were added together
for all three replicates of Wnt3a treatment and ranked in descending order based on total PSM. Of the top 20 proteins in each cell line, 7 were
secreted by both cell lines. These proteins are shown here. F, Proteins present in both TC32 and CHLA10 were subject to pathway analysis
using the reactome database. Top 10 pathways are shown here and all pathways have FDR � 1%.
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of the three patient cohorts (Fig. 5C). As a control, we tested
correlations of two other ECM protein-encoding genes,
FBLN1 and LTBP3, whose protein products were detected in
the Ewing sarcoma secretome but were not impacted by Wnt
activation (supplemental Table S2). As shown, expression of
neither of these genes correlated with LEF1 in any of the three
primary Ewing sarcoma data sets (Fig. 5C). Thus, these data
support the conclusion that, consistent with their response in
vitro, activation of Wnt/beta-catenin in Ewing sarcoma cells in
vivo leads to up-regulated expression of the ECM protein-
encoding genes TNC and COL1A1.

Finally, we sought to directly validate our mass spec findings
that TNC and collagen I are secreted by Ewing sarcoma cells.
To achieve this, we performed Western blot on concentrated
conditioned media collected from independent experiments. As
shown, increased secretion of TNC was evident in the condi-

tioned media of both TC32 and CHLA10 cells following Wnt3a
stimulation (Fig. 5D). Likewise, an increase in collagen I secre-
tion was detected in the conditioned media of Wnt-stimulated
TC32 cells (Fig. 5E). Consistent with our mass spec results,
Collagen I was readily detected in the media of Wnt-activated
CHLA10 cells but was not increased beyond the high levels that
were already secreted under basal conditions (Fig. 5E).

Together these studies confirm that activation of Wnt/beta-
catenin signaling in Ewing sarcoma cells leads to increased
expression and secretion of ECM proteins that have the poten-
tial to impact on tumor progression by altering tumor: TME
crosstalk.

DISCUSSION

Secreted proteins play a role in every hallmark of cancer
and are critical to tumor progression (6). Our data show that

FIG. 4. Stimulation with Wnt3a changes the Ewing sarcoma secretome. Volcano plots showing the Log2(Fold Change Score) versus
-Log10(localFDR). Red dots indicate proteins that were not differentially secreted and blue dots indicate proteins that were considered to be
differentially secreted. Proteins that were considered differentially secreted have Fold Change Score �2 or �.5 and QPROT computed local
FDR of differential expression �.1 (indicated by the black dashed lines). We also have noted that FDR �.05 results in 16 differentially secreted
proteins in TC32 and 5 in CHLA10 (proteins that are above the blue dashed line). An FDR �.01 results in 8 proteins in TC32 and 2 in CHLA10
to be differentially secreted (proteins that are above the red dashed line).
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under basal, nonstimulated conditions, Ewing sarcoma cells
secrete abundant proteins that play key roles in modulation of
IGF signaling and the composition of the local tumor ECM. In

addition, we find that, on activation of Wnt/beta-catenin, Ew-
ing sarcoma cells alter their secretomes in a manner that
leads to increased secretion of matricellular and structural

FIG. 5. Activation of Wnt/beta-catenin is associated with high expression of TNC and COL1A1 in Ewing sarcoma patients. A,
qRT-PCR of TNC expression after 5 days of treatment with Wnt3a. B, qRT-PCR of COL1A1 expression after 5 days of treatment with Wnt3a.
C, Confidence intervals for Pearson correlation of LEF1 with TNC, COL1A1, FBLN1, and LTBP3 from microarray analysis of three different
patient cohorts, Volchenbaum 2015 (13), Postel Vinay 2012 (24), and Savola 2009 (25). The number of unique patient tumors in each data set
is shown (legend on right). D, Validation of increased secretion of TNC by Ewing sarcoma cells post Wnt3a treatment (Western blot of
conditioned media). Note that although TNC is expressed by Ewing sarcoma cells, its presence is not robustly detected in the secretome in
the absence of Wnt3a stimulation. Statistical significance was determined using student’s t test with * � p value � 0.05 and ** � p value
�0.001. E, Validation of increased secretion of COL1A1 post Wnt3a treatment in TC32 and high basal levels in CHLA10.

The Wnt-dependent Secretome in Ewing Sarcoma

Molecular & Cellular Proteomics 17.5 909



ECM proteins. We previously reported that activation of Wnt/
beta-catenin signaling in Ewing sarcoma cells leads to an
increase in expression of TNC, and that this is associated with
enhanced engraftment and metastatic potential (14). In the
current study we have confirmed that, not only is TNC ex-
pression up-regulated, but that its secretion by tumor cells
into the local TME is robustly increased. TNC interacts with
FN1, another abundant ECM protein detected in our secre-
tome analysis. TNC contains up to 17 FNIII repeats and can
bind to the FNIII domain of FN1 through syndecan 4 (49).
Thus, the increase in TNC secretion is expected to alter the
physical interaction between TNC and FN1, resulting in al-
tered TME structure. TNC has previously been reported to
play a role in establishing the pre-metastatic niche in breast
cancer, in addition to being highly expressed in the secretome
of aggressive colorectal cancers (50, 51). Thus, these studies
lend evidence to support the hypothesis that Wnt/beta-
catenin dependent activation of TNC contributes to the met-
astatic phenotype of Ewing sarcoma by altering the local
ECM.

Despite intertumor heterogeneity, our studies of two differ-
ent cell lines revealed substantial overlap in secreted proteins.
We particularly noted the presence of members the IGF path-
way. The IGF1-receptor is necessary for EWS-FLI1-induced
malignant transformation and activation of IGF signaling con-
tributes to tumor initiation and progression (29, 30, 52). We
detected abundant secretion of IGF family members, specif-
ically IGFBPs, in the Ewing sarcoma secretome, and the over-
all level of secretion did not change under conditions of Wnt/
beta-catenin activation. Interestingly, however, Wnt/beta-
catenin activation did lead to a reproducible increase in
secretion of the IGFBP protease, pappalysin-1 (PAPPA) (Fold
change scores 2.2 and 3.0 for TC32 and CHLA10 cells, re-
spectively). PAPPA cleaves IGFBPs, thereby releasing IGF
ligands, and promoting activation of the IGF signaling axis
(53). Thus, a Wnt-dependent increase in PAPPA secretion
could increase in the availability of IGF ligands in the local
TME and activate IGF signaling in tumor cells. Despite its
tremendous potential as a therapeutic target, and clear evi-
dence of efficacy in preclinical models, the efficacy of IGF1-R
targeted therapies in clinical trials has been mixed with re-
sponse rates ranging from 10–14% in three independent
clinical trials (54–56). To date, it is not known why some
patients are so responsive to anti-IGF1-R strategies, nor how
to identify them (57). Intriguingly, in a phase II study of 115
patients with relapsed or refractory Ewing sarcoma, 10 of 11
responses occurred in patients with bone tumors, suggesting
that there may be something about bone tumor microenviron-
ment that sensitizes tumors to IGF1 pathway targeted therapy
(56). Given the high level of canonical Wnt ligands that are
present in the bone, we speculate that activation of Wnt/beta-
catenin in bone Ewing sarcoma cells may alter their secre-
tome, resulting in an altered TME, promotion of IGF1 pathway
activation, and enhanced sensitivity to anti-IGF approaches.

In addition to IGFBPs, FN1 and other proteins involved in
elastic fiber formation were abundantly secreted by Ewing
sarcoma cells. This is consistent with earlier reports that
Ewing sarcoma cells synthesize fibronectin, collagens, and
laminin (31, 32). Notably, in the Wnt-activated secretomes, we
detected further abundance of proteins that contribute to the
structure and composition of the ECM. In particular, secretion
of collagens as well as other glycoproteins involved in medi-
ating collagen fibril formation (i.e. TNC, BGN, TGFBI, LUM,
MATN3, ADAM9, MMP19, and FMOD) was significantly in-
creased in TC32 cells, a cell line in which canonical Wnt
activation results in enhanced metastatic engraftment (14).
Changes in the structural and biochemical properties of the
ECM play fundamental roles in cancer progression (2). Not
only does changing the biochemical properties lead to aber-
rant alterations in classical signaling pathways, such as TGF�

and Wnt signaling (58, 59), but changes in synthesis, deposi-
tion, and degradation of ECM components, including collagen
I, III, and V, are able to further promote tumor progression (60).
Hayashi et al., recently reported that inhibition of canonical
Wnt signaling in Ewing sarcoma cells resulted in an increase
in metastasis-free survival in orthotopic bone tumor models
and this was associated with decreased expression of
COL1A2 and COL3A1 (61). Moreover, in the current study,
COL1A1, COL1A2, COL3A1, and COL5A1 were abundant in
CHLA10 secretomes, under both basal and Wnt-activated
conditions. CHLA10 is an inherently metastatic cell line (47),
irrespective of Wnt-activation, leading us to speculate that
secretion of collagens by Ewing sarcoma cells may be a key
determinant of their metastatic potential. Indeed, the propen-
sity of undifferentiated soft tissue sarcomas to metastasize is,
in part, dependent on modification and organization of colla-
gens in the local TME (62). Further experiments are now
needed to understand the contribution of altered collagen
secretion and organization to metastatic progression of Ewing
sarcoma.

In summary, through an unbiased proteomics approach we
have defined the Ewing sarcoma secretome, under both basal
and Wnt/beta-catenin activated conditions. Our findings dem-
onstrate that Ewing sarcoma cells secrete numerous proteins
that modulate IGF signaling as well as ECM composition and
structure, and that activation of the canonical Wnt pathway
leads to increased secretion of ECM matricellular and struc-
tural components. These findings support the conclusion that
activation of canonical Wnt signaling in Ewing sarcoma cells
leads to changes in the local TME that have the potential to
impact on tumor crosstalk and metastatic progression.
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