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The identification of cancer stemness genes is crucial to 
understand the underlying biology of therapy resistance, 
relapse, and metastasis. In pediatric tumors – despite 
being largely composed of undifferentiated stem cell-
like cells – mutations generally do not involve canonical 
stemness/metastasis-associated genes [1]. Ewing sarcoma 
(EwS), the second most common bone cancer in children 
and adolescents [2], is a highly aggressive malignancy 
associated with dismal outcome in metastatic disease 
[3], wherefore deciphering mechanisms of metastasis is 
imperative. EwS is characterized by a remarkably ‘silent’ 
genome with a single driver mutation generating an 
oncogenic fusion transcription factor (EWSR1-ETS) that 
promotes stem cell features [4, 5]. Thus, EwS constitutes 
an ideal model to study how perturbation of a transcrip-
tional network by a dominant oncogene can mediate 
metastasis.

To identify highly relevant EWSR1-ETS target 
genes involved in the stemness/metastasis axis we 

implemented a systems biology approach to analyze 
published transcriptome profiles of 5 EwS cell lines 
with/without shRNA-mediated knockdown of EWSR1-
FLI1 or -ERG (< 20%) for 96 h [6] as described in Fig. 1a. 
This analysis yielded 348 differentially expressed genes 
(DEGs) being up- or downregulated (|log2 FC| ≥ 1.5) 
after knockdown of EWSR1-FLI1 or -ERG across all 
cell lines (Supplementary Table  1). We next filtered 
these DEGs for genes annotated with the significantly 
enriched gene ontology term ‘Regulation of Cell Dif-
ferentiation’ using PantherDB (P  = 4.93 ×  10− 12, false-
discovery rate = 1.97 ×  10− 9). The resulting 76 DEGs 
(Supplementary Table  2), were subjected to network 
analysis for pathway, physical, and genetic interactions 
using Cytoscape and GeneMania (Fig.  1b, c). To iden-
tify clinically relevant key hubs within this network we 
focused on TFs (n = 11) that were highly interconnected 
(> 10 interactions) with a significant (P  < 0.05, Mantel-
Haenszel test) association with overall survival in a 
cohort of 166 EwS patients with matched gene expression 
and clinical data [7]. After adjustment for multiple test-
ing (Supplementary Table 3), transcription factor 7 like 
1 (TCF7L1, alias TCF3) emerged as the most promising 
candidate for functional follow-up, whose low expres-
sion was associated with poor patients’ overall survival 
(nominal P  = 0.0057; P  = 0.0228 Bonferroni-adjusted) 
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(Fig.  1d). Next, we explored TCF7L1 protein levels in 
association with clinical outcome in tissue micro-arrays 
(TMAs) comprising 114 EwS tumors and found that low 
TCF7L1 protein expression was significantly (P = 0.035) 
associated with worse overall survival (Fig.  1e), sup-
porting that low TCF7L1 upregulation of TCF7L1 (Sup-
plementary Table  4), which was confirmed in 5 EwS 
cell lines by qRT-PCR (average ~ 6-fold upregulation) 
(Supplementary Fig.  1b) and validated in A673 cells 
xenografts with/without conditional knockdown of 
EWSR1-FLI1 (A673/TR/shEF1 cells) at mRNA and pro-
tein levels (Supplementary Fig. 1c).

Prior reports suggested that TCF7L1 may have either 
oncogenic or tumor suppressor properties depending on 
the cellular context. Indeed, TCF7L1 expression has been 
linked to promotion of cell proliferation, tumor growth 
and sphere formation in breast cancer [8], colorectal can-
cer [9, 10], acute lymphoblastic leukemia [11] and skin 
squamous cell carcinoma [12], while ectopic expression of 
TCF7L1 inhibits self-renewal of liver cancer stem cells [13]. 
To explore its role in EwS, we first analyzed the TCF7L1 
expression pattern across 18 cancer entities using microar-
ray data from the Cancer Cell Line Encyclopedia (CCLE) 
and an own study that compiled well-curated microar-
ray data from the same cancer entities [14]. Surprisingly, 

TCF7L1 was very highly, but variably, expressed in EwS 
cell lines and primary tumors (Fig. 1f).

Weighted Gene Correlation Network Analysis 
(WGCNA) based on enriched gene-sets in TCF7L1-corre-
lated genes in 166 EwS tumors showed that EwS tumors 
with low TCF7L1 expression were enriched in embryonic 
pathways (Fig.  1g). Although TCF7L1 is generally highly 
expressed in EwS, these data suggested that suppression 
of its transcription by EWSR1-FLI1 is associated with 
embryonic processes that may be linked with poor patient 
outcome. Thus, we generated two EwS cell lines (SK-N-
MC and TC-71, with lowest TCF7L1 expression across 
the 5 EwS cell lines tested (Supplementary Fig. 1a) with a 
doxycycline- (DOX)-inducible re-expression of TCF7L1 
(Fig.  1h). Consistent with the hypothesis that TCF7L1 
may be a EWSR1-ETS-repressed downstream transcrip-
tion factor (with a potentially indirect regulation, possibly 
partially mediated by TCF7L1 promoter hypermethylation 
as depicted in Supplementary Fig.  1d–g), transcriptome 
profiling of two EwS cell lines after either knockdown 
of EWSR1-ETS or re-expression of TCF7L1 showed a 
highly significant (P = 2.57 ×  10− 165 or P = 5.34 ×  10− 272) 
overlap of concordant DEGs (Supplementary Fig.  1e). 
Congruently, conditional re-expression of TCF7L1 sig-
nificantly reduced cell proliferation (Fig.  1i), clonogenic 

(See figure on next page.)
Fig. 1 Systems biology identifies TCF7L1 as a prognostically relevant EWSR1‑ETS‑regulated network hub whose re‑expression inhibits 
tumorigenesis in vitro and in vivo. a) Workflow depicting a systems biology approach to identify DEGs regulated by EWSR1‑ETS, involved in 
regulation of cell differentiation, functioning as highly interconnected TFs, and associated with overall survival in a cohort of 166 EwS patients. 
Number of genes represent remaining candidates after each filtering step. b) Network of EWSR1‑ETS‑regulated genes involved in regulation of 
cell differentiation. Genes are depicted as nodes (circles). Blue nodes represent TFs, node outline color show up‑ (green) or down‑ (red) regulation 
by EWSR1‑ETS. Node border width represent strength of regulation by EWSR1‑ETS (the thicker the border the higher the fold‑change). Black dots 
surrounding the nodes represent interconnections with other nodes within the network. Connecting lines show three types of interconnection: 
physical (red), pathway (blue), genetic (brown). Line width represents strength of interconnection. c) Close‑up image of highly interconnected 
TFs located at the center of the network (blue nodes). d) Kaplan‑Meier survival analysis of 166 primary EwS patients stratified by quintile 
TCF7L1 expression. Mantel‑Haenszel test, Bonferroni corrected. DEG: differentially expressed genes; KD: knockdown. e) Kaplan–Meier survival 
analysis of 114 EwS patients stratified by TCF7L1 protein expression intensity (low intensity≤1, high intensity> 1). P‑value was determined by 
Gehan‑Creslow‑Wilcoxon test. Representative micrographs of TCF7L1 IHC are depicted. Scale bar = 50 μm. f) TCF7L1 expression in cell lines or 
primary tumors from EwS and 17 additional tumor entities (Cancer Cell Line Encyclopedia, CCLE). Data are represented as bar plots where horizontal 
bars represent mean and SEM. The number of samples per group (n) is given in parentheses. RMS, rhabdomyosarcoma; NSCLC, non‑small cell 
lung carcinoma; SCLC: small‑cell lung carcinoma. g) Weighted Gene Correlation Network Analysis (WGCNA) of enriched gene‑sets obtained by 
Pearson correlation analysis of genes whose expression is negatively correlated with TCF7L1 expression in Affymetrix expression data of 166 EwS 
tumors. Network depicts signatures presenting NES > 1.5 and P < 0,05. NES, normalized enrichment score. h) Relative TCF7L1 expression (qRT‑PCR) 
of TC‑71 and SK‑N‑MC cells containing a DOX‑inducible re‑expression construct for TCF7L1. Cells were grown either with or without DOX for 
72 h. n ≥ 6 biologically independent experiments. Two‑sided Mann‑Whitney test. i) Viable cell count of TC‑71 and SK‑N‑MC cells containing a 
DOX‑inducible TCF7L1 re‑expression construct 72 h after DOX‑treatment. Data are mean and SEM, n = 7 biologically independent experiments. 
Two‑sided Mann‑Whitney test. j) Relative area covered by colonies (%) grown in soft‑agar of EwS cells containing a DOX‑inducible re‑expression 
construct for TCF7L1. Cells were grown either with/without DOX‑treatment. n = 3 biologically independent experiments. Two‑sided Mann‑Whitney 
test. k) Growth of subcutaneous xenografts of indicated EwS cells containing a DOX‑inducible TCF7L1 re‑expression construct (arrow = start of 
DOX‑treatment). Data are represented as means (n = 7 animals/group). Two‑sided Mann‑Whitney test. l) Ex vivo analysis of relative necrotic area 
(top) and mitotic index (bottom) of xenografted TC‑71 and SK‑N‑MC cell lines. Data are mean and SEM, n = 7 animals/group. m) Ex vivo analysis of 
Ki67 positivity of xenografted TC‑71 and SK‑N‑MC cell lines. Horizontal bars represent means and whiskers SEM, n = 7 animals/group. P‑values were 
determined via χ2 test testing all positives (high and moderate immunoreactivity) versus negatives. Histological images depict representative Ki67 
micrographs. Scale bar = 50 μm.
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growth in two-dimensional (2D) cultures (Supplementary 
Fig.  2b), anchorage-independent and three-dimensional 
(3D) growth (Fig.  1j), and local tumor growth in a pre-
clinical subcutaneous xenotransplantation mouse model 
(Fig. 1k). The xenografts exhibiting specific re-expression 
of TCF7L1 (DOX(+) group) (Supplementary Fig.  2e,f ) 
showed a reduced mitotic index (Fig. 1l), and a significant 
decrease of the proliferation marker Ki67 (Fig. 1m). Simi-
lar in vitro and in vivo experiments performed with both 
cell lines ‘empty’ controls exhibited no significant differ-
ences (Supplementary Fig. 2a, c-d, g-i).

Since stemness features, such as elevated clonogenic 
capacity and anchorage-independent growth, are essen-
tial for circulating tumor cells to colonize and develop into 
clinically apparent metastases in distant organs, we rea-
soned that TCF7L1 may be linked to the metastatic pro-
cess in EwS. In support of this hypothesis, transcriptome 
profiling, subsequent gene-set enrichment and WGCNA 
of TCF7L1-reexpressing SK-N-MC and TC-71 EwS cells 
uncovered that low TCF7L1 levels led to overrepresenta-
tion of gene-sets involved in cellular migration (Fig.  2a). 
Accordingly, re-expression of TCF7L1 resulted in sig-
nificantly reduced transwell migration (Fig. 2b), invasion, 
and single-cell 3D migration in fibrin gel using advanced 
microfluidic chambers (Fig.  2c). Next, we employed an 
orthotopic spontaneous in  vivo metastasis model by 
injecting TCF7L1 re-expressing cells into the proximal 
tibiae of immunocompromised mice. Remarkably, while 
there was no significant difference in local tumor growth 
in the limited space of the tibial plateau (Supplementary 

Fig. 3a,b), we observed a strong inhibition of macrometa-
static spread to liver, lungs, and kidneys upon re-expres-
sion of TCF7L1, and significantly reduced micrometastatic 
burden in the same organs (Fig.  2d,e, Supplementary 
Fig.  3c–e). In agreement with these in  vivo findings, we 
observed that TCF7L1 was significantly (P = 0.016) lower 
expressed in EwS metastases (n = 7) compared to primary 
tumors (n = 118) in situ as defined by RNA-sequencing of 
tumor tissue (Fig. 2f). Strikingly, this result became even 
more significant when focusing on gene expression data of 
4 matched pairs of metastases and primaries (P = 0.0078) 
(Fig. 2g).

To further investigate the mechanism of action of 
TCF7L1, we generated two EwS cell lines with condi-
tional re-expression of different TCF7L1 deletion mutants 
for its major domains (ΔHMG: DNA binding domain; 
ΔCTNNB: β-catenin binding domain) and observed that 
only the ΔHMG mutants exhibited a normal clonogenic 
growth and migration capacity in  vitro (Fig.  2h,i), and 
tumor growth in  vivo (Fig.  2j). Moreover, further analy-
sis of our WCGNA on TCF7L1-regulated signatures dis-
played in Fig. 2a highlighted several downregulated ‘driver 
target genes’ (aka leading-edge genes), including ANXA1, 
LMO7, SLC9A9, and TMEM71 as potential key mediators 
of TCF7L1 inhibition of the EwS migratory phenotype. 
These genes were selected for validation as they ranged 
among the top 10 downregulated genes by TCF7L1 and 
as their upregulation has been previously implicated in 
cancer progression [15–18]. As shown in Supplemen-
tary Fig. 3f, these genes are strongly downregulated upon 

Fig. 2 | High TCF7L1 expression inhibits metastasis in EwS through its DNA binding domain. a) Weighted Gene Correlation Network 
Analysis (WGCNA) depicting functional gene enrichment of down‑ or up‑regulated genes in TCF7L1 re‑expressing EwS cells. Network depicts 
signatures presenting P < 0,05, NES > 2. NES, normalized enrichment score. Arrows depict direction of gene regulation. b) Relative percentage 
of migrated cells in 6 h. TC‑71 and SK‑N‑MC EwS cells containing a DOX‑inducible re‑expression construct for TCF7L1 where pre‑treated with or 
without DOX for 72 h. n ≥ 7 biologically independent experiments. Two‑sided Mann‑Whitney test. c) Invasion and single cell migrated distance in 
15 h. TC‑71 and SK‑N‑MC EwS cells containing a DOX‑inducible re‑expression construct for TCF7L1 where pre‑treated with or without DOX for 72 h 
and added to a microfluidic chamber containing a fibrin compartment. n ≥ 3 biologically independent experiments. Two‑sided unpaired t‑test. 
d) Schematic representation of the experimental design: TC‑71 or SK‑N‑MC EwS cell lines containing a DOX‑inducible re‑expression construct 
for TCF7L1 were injected in the right tibia plateau. Animals were subsequently randomized and treated with or without DOX. At the end of the 
experiment, mice were evaluated ex vivo for presence of spontaneous metastases in inner organs. Pie charts depict percentage of metastasis‑free 
organs (blue) in each condition, n represents total number of metastasis. Bottom pictures show representative images of metastatic organs in 
DOX(−) and DOX(+) conditions. n = 8 animals/group. e) Graph depicts relative area of histological metastatic spread of orthotopically injected 
SK‑N‑MC EwS cells containing a DOX‑inducible re‑expression construct for TCF7L1. n = 21 slides/group. Two‑sided Mann Whitney test. Pictures show 
representative histological images of HE stainings from the evaluated organs. Scale bar is 50 μm. M, metastasis; N, normal tissue. f) Comparison of 
relative TCF7L1 expression of EwS primary tumors versus metastasis (n = 125), normalized using RPLP0 expression of the same samples. g) Analysis 
of relative TCF7L1 expression (normalized to RPLP0 expression of the same samples) in paired metastasis/primary samples from EwS patients 1–4. 
Independent one sample t‑test. h) Relative colony number of colony‑forming assays (CFAs) of TC‑71 (left) and SK‑N‑MC (right) cells containing a 
DOX‑inducible re‑expression construct for TCF7L1, empty control, or one of the two deletion mutants for TCF7L1 (deletion mutant for the β‑catenin 
binding domain, ∆CTNNB; deletion mutant for the DNA binding domain, ∆HMG). Cells were grown either with or without DOX. n = 4 biologically 
independent experiments. i) Relative percentage of migrated cells in 6 h. TC‑71 and SK‑N‑MC EwS cells containing a DOX‑inducible re‑expression 
construct for TCF7L1 DNA binding domain (∆HMG) where pre‑treated with or without DOX for 72 h. n ≥ 8 biologically independent experiments. 
j) Growth of EwS subcutaneous xenografts of TC‑71 and SK‑N‑MC cells containing a DOX‑inducible re‑expression construct for TCF7L1 deletion 
mutant ∆HMG (arrow indicates start of DOX treatment). Data are represented as means (n = 7 animals/group). Two‑sided Mann‑Whitney test

(See figure on next page.)
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re-expression of wildtype TCF7L1 in both EwS cell lines 
tested, but remain unaltered in the DNA-binding-domain 
deletion mutant (ΔHMG), further suggesting that DNA-
binding of TCF7L1 is required to suppress the tumori-
genic and migratory phenotype of EwS cells.

Conclusions
Previous studies proposed a binary model of EWSR1-
FLI1-high promoting proliferation and EWSR1-FLI1-low 
promoting metastasis [19] following a traditional epi-
thelial-mesenchymal-transition concept. However, our 
findings support an integrative concept of the ‘migratory 
stem cell’ [20]: EwS cells may reside in a ‘metastable’ state 
where all EwS cells of a tumor may be equipped with 
both proliferative and migratory capacities [21]. Upon 
different intrinsic/extrinsic cues (of which EWSR1-FLI1 
may not be the only important component) these cells 
could underlie a certain accentuation.

In this context, we demonstrated that TCF7L1 is a 
critical mediator of metastasis in EwS, which may be uti-
lized as a prognostic biomarker. Since we could detect 
a strong inverse correlation of TCF7L1 levels with 
patients’ overall survival in both the mRNA- as well as 
in the TMA-cohort, we believe that the most straight-
forward possibility to translate TCF7L1 into a routine 
clinical setting would be the IHC detection and semi-
quantitative evaluation of TCF7L1 in primary biopsies. 
This technique is readily available, inexpensive, and the 
conditions of IHC staining of TCF7L1 in EwS tumors 
have been established in the current study, which would 
offer the possibility of further evaluating the prognostic 
value of TCF7L1 in ongoing and prospective clinical tri-
als. In addition, it would be highly interesting to explore 
whether TCF7L1 may serve as a prognostic biomarker 
in other (EWSR1-rearranged) mesenchymal neoplasms, 
which is subject to future studies.

In summary, our study exemplifies the power of sys-
tems biology to decipher gene regulatory networks and 
to identify key players in the metastatic process, which 
may be highly relevant for, and translatable to, other oli-
gomutated (pediatric) cancers.
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