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Abstract 

Chimeric fusion transcription factors are oncogenic hallmarks of several devastating cancer entities including pediat‑
ric sarcomas, such as Ewing sarcoma (EwS) and alveolar rhabdomyosarcoma (ARMS). Despite their exquisite specific‑
ity, these driver oncogenes have been considered largely undruggable due to their lack of enzymatic activity.

Here, we show in the EwS model that – capitalizing on neomorphic DNA‑binding preferences – the addiction to the 
respective fusion transcription factor EWSR1‑FLI1 can be leveraged to express therapeutic genes.

We genetically engineered a de novo enhancer‑based, synthetic and highly potent expression cassette that can elicit 
EWSR1‑FLI1‑dependent expression of a therapeutic payload as evidenced by episomal and CRISPR‑edited genomic 
reporter assays. Combining in silico screens and immunohistochemistry, we identified GPR64 as a highly specific cell 
surface antigen for targeted transduction strategies in EwS. Functional experiments demonstrated that anti‑GPR64‑
pseudotyped lentivirus harboring our expression cassette can specifically transduce EwS cells to promote the expres‑
sion of viral thymidine kinase sensitizing EwS for treatment to otherwise relatively non‑toxic (Val)ganciclovir and 
leading to strong anti‑tumorigenic, but no adverse effects in vivo. Further, we prove that similar vector designs can be 
applied in PAX3‑FOXO1‑driven ARMS, and to express immunomodulatory cytokines, such as IL‑15 and XCL1, in tumor 
entities typically considered to be immunologically ‘cold’.

Collectively, these results generated in pediatric sarcomas indicate that exploiting, rather than suppressing, the neo‑
morphic functions of chimeric transcription factors may open inroads to innovative and personalized therapies, and 
that our highly versatile approach may be translatable to other cancers addicted to oncogenic transcription factors 
with unique DNA‑binding properties.
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Background
Unlike most malignancies in adults, childhood sarco-
mas are commonly characterized by a striking paucity of 
somatic mutations [1]. However, these entities often har-
bor tumor-defining fusion oncogenes, such as EWSR1-
FLI1 (EF1) in Ewing sarcoma (EwS) and PAX3-FOXO1 
(P3F1) in alveolar rhabdomyosarcoma (ARMS) acting as 
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potent drivers of malignancy [2, 3]. Both chimeric onco-
genes exert their function as aberrant transcription fac-
tors equipped with neomorphic features allowing them 
to bind unique DNA motifs that differ from the binding 
sites of their parental constituents [4, 5]. For example, 
EF1 binds to otherwise non-functional GGAA-microsat-
ellites (msats), which are thereby converted into potent de 
novo enhancers [6]. Even though the interaction between 
EF1 and GGAA-msats is incompletely understood, accu-
mulating evidence suggests that EF1 preferentially binds 
to GGAA-msats with a specific structure (min. 4 GGAA-
repeats; optimal binding at 15–25 GGAA-repeats) [4, 
7]. Similarly, P3F1 binds to a highly specific motif (ATT 
WGT CAC GGT ), which induces disease-defining, myo-
genic super enhancers [5, 8]. In both cancer entities, 
these aberrant DNA binding preferences of the respec-
tive chimeric oncoproteins massively deregulate the cel-
lular transcriptome, which promotes their malignant 
phenotype and oncogene-addiction [5, 9].

Based on the specificity of their interaction with 
fusion transcription factors and the oncogene-depend-
ency exhibited by the tumors expressing these onco-
proteins, we hypothesized that these aberrantly bound 
neo-enhancers would represent ideal candidates to drive 
tumor-specific expression of therapeutic genes.

Results
Synthetic msat‑promoter designs are functional and allow 
EF1‑dependent gene expression
Since the neomorphic DNA-binding preferences of EF1 
are very well characterized, we first turned to EwS as a 
model disease [10–14]. Although reanalysis of pub-
licly available ChIP-seq data generated from two EwS 
cell lines (A-673, SK-N-MC) demonstrated that most 
(97.7%) EF1-bound GGAA-msats (defined as at least 4 
consecutive GGAA-repeats) were located in intergenic 
and intronic regions, we identified 4 EF1-bound GGAA-
msats located in direct proximity (defined as -1,000 bp to 
+ 100 bp distance) of the transcriptional start site (TSS) 
of genes annotated in RefSeq (0.4%) (Additional Fig. 1a, 
Additional Table  1) [4, 6]. Among those, the shortest 
interval between the identified EF1-bound GGAA-msat 
and the respective TSS (interval = 49  bp) corresponded 
to the lncRNA FEZF1-AS1 (Additional Fig.  1b), which 
reanalysis of published RNAseq data showed to be sig-
nificantly downregulated after shRNA-mediated knock-
down of EF1 (Additional Fig.  1c). Hence, we assumed 
that even minimal distance between these EF1-bound 
neo-enhancers and TSS does not abrogate the transacti-
vating function of EF1.

To test this hypothesis, we generated a EwS reporter 
cell line, in which we inserted a GGAA-msat directly 
upstream of a synthetic minimal promoter (YB-TATA) 

by CRISPR-mediated homology-directed repair (HDR) 
[15]. Indeed, these clones showed a strong and persis-
tent overexpression of the reporter gene GFP, which was 
not observed in clones lacking the GGAA-msat (Fig. 1a). 
Thus, the transactivating functionality of EF1 appears to 
be retained when the GGAA-msat-enhancer is located 
closely to the respective promoter.

Prior reports have demonstrated that the affinity of 
EF1 to GGAA-msats, and thereby their enhancer activ-
ity, correlates positively with the number of consecutive 
GGAA-repeats [4, 7]. We therefore tested three different 
expression cassettes consisting of 17, 21, or 25 GGAA-
repeats cloned directly upstream of YB-TATA in a dual 
luciferase reporter assay in 6 EwS cell lines (including 
TC-106, a cell line harboring the less common EWSR1-
ERG fusion oncogene, which is structurally and function-
ally similar to EF1) and 7 control cell lines, comprising 7 
different non-EwS cancer entities or tissue types [1, 16]. 
Excitingly, we observed a very strong and length-depend-
ent induction by the evaluated GGAA-msats in all tested 
EwS cell lines whereas there was only minimal induc-
tion of reporter activity in the transfected control cell 
lines (Fig. 1b). To further assess the EF1-dependency of 
Firefly luciferase expression, we repeated these reporter 
assays in a EwS cell line harboring a doxycycline-induc-
ible shRNA targeting EF1 (A-673/TR/shEF1) or a con-
trol shRNA (A-673/TR/shCtrl). Strikingly, conditional 
knockdown of EF1 dramatically reduced the reporter 
signal, which was not observed in cells expressing a non-
targeting control shRNA (Fig.  1c, Additional Fig.  1d-e). 
Conversely, ectopic expression of EF1 in non-EwS osteo-
sarcoma and rhabdomyosarcoma cells (U2-OS, RH30) 
transfected with the GGAA-msat containing luciferase 
reporter vector induced the reporter signal while expres-
sion of a mutant EF1 lacking its DNA-binding capacity 
(EF1_mut R2L2 (ΔEF1) [17]) showed no relevant induc-
tion (Additional Fig. 1f ). To control for EF1-independent 
variance in transcriptional activity, we also tested the 
constitutive promoter of the human elongation factor 
1-alpha gene (EEF1A1) in transfection-based luciferase 
assays. In sharp contrast to our newly designed expres-
sion cassette, control cell lines showed similar luciferase 
activity as EwS cell lines when a constitutive promoter 
was used (Additional Fig.  1g). These results reveal that 
functional EF1 (or EWSR1-ERG) is necessary for induc-
tion of this expression cassette in an episomal setting and 
demonstrate its superiority over traditional expression 
systems.

Based on these data, we reasoned that combining a 25 
GGAA-repeat element and a minimal promoter could 
serve as a backbone to mediate the EF1-dependent 
expression of any therapeutic gene for targeted therapy of 
EwS.
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To test this hypothesis in  vitro, we generated a lenti-
viral transfer plasmid (pLenti_25_LT_Puro), containing 
these regulatory elements followed by the gene encoding 
a modified Herpes simplex virus thymidine kinase (HSV-
TK SR39) coupled with a Firefly luciferase by a P2A linker 
peptide [18]. We chose HSV-TK as a first candidate gene 
due to its well characterized phenotype and clinical use 
as suicide-gene in CAR T cell-based therapies [19]. Next, 
EwS and non-EwS control cell lines were transduced 
using this vector or an identical control vector lacking 
the 25 GGAA-repeats (pLenti_0_LT_Puro). Success-
fully transduced cell lines were selected by puromycin 
and subjected to reverse transcription qPCR analysis for 
induction of HSV-TK transcription. EwS cell lines showed 
a significant induction of HSV-TK using the pLenti_25_
LT_Puro vector compared to the control vector without 
the GGAA-repeats (pLenti_0_LT_Puro), whereas in the 
non-EwS control cell lines the expression levels were sim-
ilar for both vectors (Additional Fig.  1h). In agreement 
with these findings at the mRNA level, immunoblotting 
confirmed that transgenes encoded by pLenti_25_LT_
Puro were only detectable in EwS cells but not in non-
EwS cells at the protein level (Fig. 1d). As single cell lines 
do not reflect the complexity of tissues or organisms, we 
sought to evaluate the specificity of our expression cas-
sette in vivo. To this end, we generated a transfer plasmid 
(pLenti_25_LT) similar to pLenti_25_LT_Puro but lacking 
the puromycin resistance cassette and intraperitoneally 
injected 1 ×  107 TU of VSV-G pseudotyped lentiviral 
particles carrying either pLenti_25_LT or a CMV-driven 

luciferase (pLenti_CMV_LG). Excitingly, no luciferase 
signal was detected in the pLenti_25_LT group, whereas 
strong luciferase signal was obtained in the thoracoab-
dominal region of pLenti_CMV_LG-transduced animals 
(Fig.  1e). To exclude differences in transduction effi-
ciency, we harvested the organs and found comparable 
copy numbers of both vectors by genomic qPCR (Addi-
tional Fig. 1i).

These results predicted that EwS cells transduced 
with this vector should react with increased sensitivity 
to treatment with ganciclovir (GCV) compared to non-
EwS cells. Indeed, when assessing cell viability after GCV 
treatment in resazurin-based viability assays, EwS cell 
lines transduced with pLenti_25_LT_Puro showed ~ 100-
fold lower effective dose 50 (ED50) concentrations than 
control cell lines (Fig. 1f ). To correct for transgene inde-
pendent differences in GCV-sensitivity, we also included 
pLenti_0_LT_Puro-transduced cell lines. Notably, GCV-
toxicity was only induced in EwS cell lines, whereas con-
trol cell lines showed similar ED50 values for both vectors 
(Additional Fig. 1j). In line with these observations, GCV-
treatment using the average ED50 values of EwS cell lines 
(0.4 µM) induced extensive cell death in EwS cells but 
not in non-EwS controls as evidenced by Annexin V/
Propidium iodide staining and flow cytometric analysis 
(Fig.  1g). Strikingly, upon systemic treatment with Val-
ganciclovir (VGCV) per os, complete tumor regression 
was observed in a pre-transduced EwS xenograft model 
(RD-ES) (Fig. 1h), without any detectable adverse effects, 
such as differences in body weight (Additional Fig. 1k) or 

(See figure on next page.)
Fig. 1  GGAA‑msats allow EwS‑specific and EF1‑dependent gene expression. a Fluorescence microscopy images (left) and flow cytometry 
histograms (right) of A‑673 stably transduced with GFP under the control of a minimal promoter and with or without CRISPR/Cas9‑mediated 
knock‑in of 25 GGAA‑repeats (A673_GFP_25 / A673_GFP_0) in two independent single cell clones. b Luciferase reporter assays of indicated EwS 
and non‑EwS cell lines after co‑transfection with a reporter plasmid containing the indicated number of GGAA‑repeats upstream of the minimal 
promoter YB‑TATA and a constitutively expressed Renilla‑encoding plasmid. Dots indicate Firefly to Renilla luminescence ratios normalized to a 
reporter plasmid without GGAA‑repeats for 4 biologically independent experiments. Horizontal bars indicate mean and whiskers standard deviation 
per group. c Luciferase reporter assays of A‑673/TR/shEF1 co‑transfected with the same plasmids as in Fig. 1b treated with / without Dox. Dots 
indicate Firefly to Renilla luminescence ratios normalized to a reporter plasmid without GGAA‑repeats for 4 biologically independent experiments. 
Horizontal bars indicate mean and whiskers standard deviation per group. d Detection of Firefly luciferase and GAPDH in protein lysates from EwS 
and non‑EwS cell lines transduced with pLenti_25_LT_Puro by Western blot. e Bioluminescence measurements (exposure time: 2 min) of NSG mice 
14 d after intraperitoneal injection of 1 ×  107 TU of VSV‑G‑pseudotyped pLenti_25_LT or pLenti_CMV_LG lentiviral particles. f Resazurin‑based cell 
viability assay of pLenti_25_LT_Puro‑transduced and selected EwS and non‑EwS cell lines 72 h after GCV addition. Dots indicate relative fluorescence 
units normalized to vehicle control for 4 biologically independent experiments. Lines show dose‑response curves with 95% confidence interval 
based on a three‑parameter log‑logistic regression model calculated for EwS or non‑EwS cells respectively. g Annexin V/PI‑staining of pLenti_25_
LT_Puro‑transduced and selected EwS and non‑EwS cell lines 72 h after GCV addition. Apoptotic cells were identified as Annexin V (APC) positive 
cells. Dots indicate the percentage of apoptotic cells for 4 biologically independent experiments. Horizontal bars indicate mean and whiskers the 
standard deviation. h Tumor volumes of pLenti_25_LT_Puro pre‑transduced subcutaneous xenografts. Valganciclovir (0.5 mg/ml in drinking water 
enriched with 5% sucrose) or sucrose (5% in drinking water) was administered orally ad libidum once the tumor had reached an average diameter 
of 5 mm. i Protein concentrations in conditioned medium of pLenti_25_IX_Puro‑transduced cell lines measured by ELISA. Dots indicate calculated 
protein concentration for 4 biologically independent experiments. Horizontal bars indicate mean and whiskers the standard deviation for EwS or 
non‑EwS cell lines. Concentrations below the range of detectability are not depicted in the graph. j Transwell Migration Assay using conditioned 
medium of pLenti_25_IX_Puro‑transduced and wildtype (wt) cell lines. Migrated  CD3+ T cells were identified and counted by flow cytometry 
after 4 h of incubation. Dots indicate the number of migrated  CD3+ T cells normalized to that in the wt control for each cell line for 4 biologically 
independent experiments. Horizontal bars indicate mean and whiskers the standard deviation. P‑values were determined with two‑tailed 
Mann‑Whitney test, *: p ≤ 0.05, ****: p ≤ 0.0001
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histomorphological changes in inner organs (not shown). 
Taken together, these in vitro and in vivo data generated 
in EwS models suggested that the DNA-binding pref-
erences mediated by neomorphic functions of fusion 

transcription factors could be exploited to deliver a ther-
apeutic payload with high specificity and fidelity.

To demonstrate the versatility of our expression cas-
sette for different therapeutic approaches, we explored its 

Fig. 1 (See legend on previous page.)
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suitability for tumor-specific overexpression of cytokines 
that may sensitize EwS for immunotherapeutic strate-
gies, such as chimeric antigen receptor (CAR) T cell 
therapy. Thus, we replaced the HSV-TK coupled to Firefly 
luciferase in pLenti_25_LT_Puro by the cytokines IL-15 
and XCL1 coupled by a P2A-linker peptide (pLenti_25_
IX_Puro). Both cytokines are known to confer a strong 
activating (IL-15) and chemoattractive (XCL1) effect on 
T cells [20–22]. Similar to our findings with HSV-TK, 
ELISA demonstrated that EwS cells, but not non-EwS 
control cells transduced with this new vector secreted 
these cytokines at relevant levels (Fig.  1i). Consist-
ently, conditioned medium of EwS cells transduced with 
pLenti_25_IX_Puro was able to stimulate the migratory 
activity of T cells (Fig. 1j). Taken together, these in vitro 
data suggested that our expression cassette can be used 
as a flexible tool for EwS-specific expression of therapeu-
tically exploitable genes.

GPR64 is a promising target for targeted gene delivery 
in EwS
Having successfully designed and characterized a highly 
specific expression cassette, we sought to develop a suit-
able delivery strategy for therapeutic purposes in  vivo. 
To increase the specificity and to enhance the viral load 
reaching the tumor in a therapeutic setting, we sought 
to combine the EwS-specific expression system with a 
EwS-specific transduction method, which should greatly 
diminish the amount of vector being lost by transducing 
non-target cells. Pseudotyping lentiviral particles with a 
modified and optimized Sindbis glycoprotein (2.2) con-
taining Fc region-binding sites of protein A has been 
shown to allow antibody-mediated transduction in  vivo 
[23, 24]. As previously described, 2.2-pseudotyped viral 
particles are devoid of any natural tropism and enable 
highly specific viral transduction by E1-mediated fusion 
of envelope and cell membrane only in presence of tar-
get cell-specific antibodies [23, 24]. While in principle 
CD99 would constitute a highly expressed surface pro-
tein in EwS, its ubiquitous expression in normal tissues 
renders this protein unsuitable for such an approach [25]. 
To identify EwS-specific candidate surface proteins that 
are highly expressed in EwS but only minimally in nor-
mal tissues, we analyzed a previously described set of 
gene expression microarray data from 50 EwS and 928 
normal tissues (comprising 70 tissue types) and identified 
36 genes that were significantly overexpressed in EwS 
compared to any other normal tissue (Additional Table 2) 
[25]. Of these, 3 genes (GPR64, FAT4 and LECT1) encod-
ing cell surface proteins were selected for in vitro analy-
sis based on the availability of commercial monoclonal 
antibodies targeting their extracellular domains (Fig. 2a, 
Additional Fig.  2). Indirect antibody staining and flow 

cytometry analysis confirmed the surface-expression 
of GPR64 and, to a lesser extent, of FAT4 in 6 EwS cell 
lines at the protein level (Fig. 2b). Interestingly, the mem-
brane-bound disialoganglioside GD2, which was recently 
identified as potential target for antibody- or CAR T 
cell-based therapies, showed only a weak staining signal 
in the 6 EwS cell lines tested [26]. Thus, due to its higher 
expression levels, GPR64 was selected for further experi-
ments and its specific expression was confirmed in  situ 
in patient-derived EwS tumor tissue (n = 18) and nor-
mal tissues (n = 29) by immunohistochemistry (Fig.  2c). 
Notably, apart from the epididymis, only minimal GPR64 
expression was found in any other organ whereas the 
majority of EwS samples showed positive staining in 
immunohistochemistry (Additional Table 3).

To evaluate the suitability of GPR64 as a candidate for 
targeted transduction of EwS cells, lentiviral particles 
were produced using a transfer plasmid containing a 
GFP reporter expressed by a CMV promoter and the 2.2 
packaging plasmid. Next, EwS (A-673, RD-ES, TC-71) 
cell lines and non-EwS (HeLa, Jurkat, U2-OS) control 
cell lines were transduced with these vectors combined 
with either a GPR64 antibody, a CD99 antibody, or an 
isotype control. Remarkably, flow cytometry analysis 
showed specific GFP expression of EwS cells when target-
ing GPR64 while no significant GFP-positivity was seen 
in control cells or when isotype-coated virus was added 
(Fig.  2d). In accordance with its ubiquitous expression, 
CD99-coated viral particles showed non-specific trans-
duction of both EwS and control cell lines.

To assess whether the addition of this transduction-
based targeting strategy could further increase the thera-
peutic specificity of our transcription-based approach, 
3 EwS and 3 control cell lines were treated with equal 
amounts of lentivirus either pseudotyped by VSV-G, or 
antibody-coated 2.2 (GPR64, CD99 or isotype control) 
using the aforementioned transfer plasmid pLenti_25_LT. 
Subsequent addition of GCV (20 µM) revealed a signifi-
cant reduction in GCV sensitivity in non-EwS control 
cells treated with GPR64-coated viral particles compared 
to those treated with VSV-G pseudotyped virus, indicat-
ing less specific incorporation of VSV-G pseudotyped 
virus, which underlines the benefit of the additional EwS-
specific delivery strategy (Fig. 2e).

Next, we aimed to investigate whether antibody-medi-
ated transduction of EwS cells was also feasible in  vivo. 
To this end, we intratumorally injected 2.2-pseudotyped 
and antibody-coated lentiviral particles carrying the 
Firefly luciferase transgene under control of our EwS-
specific expression cassette (pLenti_25_LT) or driven 
by the ubiquitous CMV promoter (pLenti_CMV_LG) 
into subcutaneous RD-ES xenografts (Fig.  2f ). Notably, 
comparable tumor-derived luminescence was detected 
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when injecting GPR64- or CD99-directed, 2.2-pseudo-
typed compared to VSV-G-pseudotyped lentiviruses that 
served as positive control. Moreover, plain, uncoated 
2.2-pseudotyped viruses achieved no detectable trans-
duction both in the pLenti_25_LT and pLenti_CMV_LG 
group. These results were confirmed in a second cell line 
(A-673) (Additional Fig.  3a). In sum, these experiments 
demonstrate the feasibility of antibody-mediated GPR64-
targeted transduction of EwS cells in vivo.

The combination of EwS‑specific delivery and gene 
expression improves specific tumor therapy in vivo
Having established both, a EwS-specific expression cas-
sette and delivery strategy, we moved on to combine 
these two for therapeutic purposes in  vivo. Therefore, 
we subcutaneously inoculated A-673 EwS cells and, once 
the average tumor diameter had reached 5  mm, intra-
tumorally injected GPR64-directed, 2.2-pseudotyped 
treatment (pLenti_25_LT) or mock (pLenti_CMV_LG) 
virus. Excitingly, upon oral VGCV administration, most 
tumors in the pLenti_25_LT-transduced group showed 
significant reduction in tumor growth compared to the 
control groups (Fig.  2g). In a second step, we evaluated 
the efficacy of our treatment strategy in a more system-
atic setting by inoculating luciferase-expressing A-673 
cells intraperitoneally and repeatedly injecting GPR64-
directed, 2.2-pseudotyped lentivirus expressing HSV-TK 

(pLenti_25_TK) or PBS (negative control) into the peri-
toneal cavity 3 days after tumor inoculation. Excitingly, 
while the control group showed a strong increase of 
luminescence over time corresponding to strong increase 
in peritoneal tumor mass, a significantly lower increase 
in bioluminescent signal was detected in the treatment 
group (Fig. 2h and Additional Fig. 3b). Next, we set out to 
assess the efficacy of immunomodulatory strategies using 
our expression cassette. To this end, we injected GPR64-
directed, 2.2-pseudotyped viral particles carrying the 
transgenes IL-15 and XCL1 coupled by a P2A linker pep-
tide (pLenti_25_IX) or PBS (negative control) into subcu-
taneous A-673 xenografts. Additionally, we transferred 
1 ×  107 GFP-transduced human T cells by intravenous 
injection. Notably, 5 days after T cell transfer, we found 
a significant intratumoral enrichment of human  CD8+ T 
cells in transduced mice compared to the untreated (PBS) 
control (Fig. 2i).

In conclusion, our results indicate that the neomorphic 
aberrant DNA-binding properties of EF1 enable EwS 
specific and EF1-dependent expression of therapeutic 
transgenes in vivo.

Highly specific, enhancer‑based gene expression systems 
can be designed for other fusion‑driven pediatric sarcomas
To investigate whether this principle can be trans-
lated to other cancers driven by an oncogenic fusion 

Fig. 2 Combination of EwS‑specific expression cassette and targeted gene delivery confers strong therapeutic effects in vivo. a mRNA log2 
expression intensities of GPR64, FAT4, LECT1, and CD99 from publicly available microarray data of EwS (n = 50) and normal tissues (n = 928, 
comprising 70 different tissue types). Data are presented as boxplots with the horizontal line representing the median, the box the interquartile 
range (IQR) and the whiskers 1.5×IQR of the expression intensity. b Validation of surface expression of GD2, GPR64, CD99, FAT4 and LECT1 by 
antibody staining and flow cytometry. Isotype controls for both antibody host species were included separately. Dots indicate mean fluorescent 
intensity (MFI) for 4 independent experiments. Mean and standard deviation per group are depicted as horizontal bars and whiskers. c IRS 
(immunoreactive score) of GPR64 in immunohistochemistry of primary EwS tumors and relevant normal tissues. Representative EwS samples 
with high, medium and low GPR64 expression are shown aside. d Flow cytometry analysis of EwS and non‑EwS cell lines after transduction with 
GPR64‑targeting, GFP‑encoding lentiviruses. CD99 and isotype‑ targeting lentivirus was used as positive and negative control. Dots indicate 
percentage of GFP positive cells determined by flow cytometry of 4 biologically independent experiments. Horizontal bars and whiskers represent 
mean and standard deviation per group. e Resazurin‑based cell viability assay of EwS and non‑EwS cell lines treated with GCV (20 µM) or DMSO 
vehicle control 24 h after GPR64‑targeted transduction with pLenti_25_LT. Readout was performed 72 h after GCV addition. CD99‑targeting 
lentiviruses, non‑targeting lentiviruses (isotype) and VSV‑G pseudotyped lentiviruses were included as controls. Dots indicate cell viability relative 
to that of vehicle control for 4 biologically independent experiments. Mean standard deviation per group are represented by horizontal bars 
and whiskers. f Bioluminescence measurements (exposure time: 20 s) of NSG mice bearing subcutaneous RD‑ES xenografts 14 d after a single 
intratumoral injection of 0.5 ×  106 TU of pLenti_25_LT or pLenti_CMV_LG lentiviral particles pseudotyped with 2.2. GPR64‑ or CD99‑targeting 
antibodies were used to coat 2.2 pseudotyped viruses. 2.2 pseudotyped viruses without antibodies were included as negative control. g Tumor 
volumes of A‑673 subcutaneous xenografts treated with GPR64‑targeting pLenti_25_LT or pLenti_CMV_LG (mock) lentiviruses. Valganciclovir (VGCV, 
0.5 mg/ml in drinking water enriched with 5% sucrose) or sucrose (5% in drinking water) was administered orally ad libidum once the tumor had 
reached an average diameter of 5 mm. Lentiviruses were intratumorally injected twice per week starting from day 7. Data are shown as mean tumor 
volume and SEM of 6–7 mice per treatment condition. P‑values were determined by one‑tailed Mann‑Whitney test. h Relative bioluminescence 
(right) and bioluminescent images (left) of NSG mice after intraperitoneal tumor inoculation with Firefly luciferase‑expressing A‑673. 3 days after 
tumor injection mice were randomized and repeatedly received either GPR64‑directed 2.2. pseudotyped lentivirus (pLenti_25_TK) or PBS by 
intraperitoneal injection. VGCV was orally administered in both groups 3 days after the first virus injection. The representative bioluminescent 
pictures show both groups 12 and 19 days after tumor inoculation. Dots indicate bioluminescence signal relative the mean measured on of VGCV 
initiation (day 6) for 6–7 mice per group. Horizontal bars indicate mean and whiskers SEM per group. P values were determined by one‑tailed 
Mann‑Whitney test. i  CD8+ T cell count per mg of tumor tissue and absolute  CD8+ T cell count per spleen 5 days after human T cell transfer into 
mice bearing subcutaneous A‑673 xenografts treated with GPR64‑coated lentiviral particles (pLenti_25_IX) or PBS. Where not indicated otherwise, 
P‑values were determined with two‑tailed Mann‑Whitney test, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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transcription factor, we extended our analyses to fusion-
positive ARMS, which harbors the dominant chimeric 
P3F1 oncoprotein in more than 50% of cases [27]. 
P3F1 mediates cell transformation by binding to spe-
cific DNA motifs thereby establishing de novo super-
enhancers (SEs) encompassing known oncogenes, such 
as ALK, causing dysregulating of the transcriptome [5, 
8, 28]. Thus, we first cloned a ~ 300  bp DNA segment 
(chr2:29,657,671–29,657,976; hg38) from the third intron 
of ALK, that has been identified as a strong P3F1-binding 

site, into a luciferase reporter plasmid upstream of YB-
TATA [5]. Similar to our observations made in EwS 
(Fig.  1b), we found a significant induction of reporter 
gene expression in fusion-positive ARMS (RH4 and 
RH30) but not in fusion-negative embryonal rhabdomyo-
sarcoma (RD) or in non-rhabdomyosarcoma control cell 
lines (U2-OS, HeLa, Jurkat and A-673) (Fig. 3a). Interest-
ingly, Gryder et  al. showed that two point mutations of 
a single P3F1-binding motif, consisting of GTC ACG GT, 
abrogated the transactivating activity of the ALK-SE [5]. 

Fig. 3 Highly specific, enhancer‑based gene expression systems can be designed for other fusion‑driven pediatric sarcomas. a Luciferase reporter 
assays of indicated fusion‑positive ARMS (RH4 and RH30) and control cell lines after co‑transfection with a reporter plasmid containing the alk‑SE 
upstream of the minimal promoter YB‑TATA and a constitutively expressed Renilla luciferase‑encoding plasmid. Dots indicate Firefly to Renilla 
luminescence ratios normalized to a reporter plasmid without the alk‑SE. Horizontal bars indicate mean and whiskers standard deviation per group. 
b Luciferase reporter assays of the same cell lines as in Fig. 3a after co‑transfection with a reporter plasmid containing either syn_alk, syn_alk_3 or 
syn_alk_5 upstream of the minimal promoter YB‑TATA and a constitutively expressed Renilla luciferase‑encoding plasmid. Dots indicate Firefly to 
Renilla luminescence ratios normalized to a reporter plasmid without the alk‑SE. Horizontal bars indicate mean and whiskers standard deviation 
per group. c Resazurin‑based cell viability assay of pLenti_syn_alk_5_LT_Puro‑ or pLenti_0_LT_Puro‑transduced and selected P3F1‑positive ARMS cell 
lines 72 h after GCV addition. Dots indicate relative fluorescence units normalized to vehicle control for 4 biologically independent experiments. 
Lines show dose‑response curves with 95% confidence interval based on a three‑parameter log‑logistic regression model calculated for each 
cell line. d Resazurin‑based cell viability assay of P3F1‑negative control cell lines transduced as in Fig. 3c. Dots indicate relative fluorescence units 
normalized to vehicle control for 4 biologically independent experiments. Lines show dose‑response curves with 95% confidence interval based 
on a three‑parameter log‑logistic regression model calculated for each cell line. P‑values were determined by two‑tailed Mann‑Whitney test, ****: 
p ≤ 0.0001
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To further improve the induction capacity of this con-
struct, we optimized the sequence at this putative P3F1 
binding site to completely match the ATT WGT CAC 
GGT  motif (syn_alk) as annotated by HOMER motifs, 
which resulted in improved luciferase signals in fusion 
positive ARMS cell lines but not in control cell lines 
(Fig.  3b). Strikingly, the fusion positive ARMS-specific 
expression induction could be further increased by add-
ing three (syn_alk_3) or five (syn_alk_5) additional ATT 
WGT CAC GGT  motifs to the SE sequence (Fig.  3b). In 
accordance with our previous experiments in EwS, the 
best performing ARMS-specific expression cassette (con-
taining syn_alk_5) cloned upstream of HSV-TK induced 
GCV sensitivity only in P3F1-positive cells, while control 
cell lines showed  no increase in GCV sensitivity com-
pared to a control promoter containing YB-TATA alone 
(Fig. 3c-d).

Collectively, these results indicate that, in principle, our 
approach is translatable to other cancers driven by onco-
genic transcription factors with unique DNA-binding 
properties.

Conclusion
In summary, our results provide evidence that the unique 
interaction of oncogenic fusion transcription factors with 
aberrant binding sites can be used for specific therapeu-
tic gene expression. In sharp contrast to existing strate-
gies for tumor specific gene expression, which usually 
take advantage of aberrant promoter activation (hTERT 
[29], AFP [30]), hypoxic conditions in the tumor-micro-
environment (HRE [31]) or tissue-of-origin-specific gene 
expression patterns (PSA [32]), our design relies on the 
unique and aberrant activity of tumor-defining fusion 
oncogenes, rather than the physiological action of non-
mutated, but aberrantly expressed transcription factors. 
Moreover, our design exploits the aberrant binding of 
single de-novo motifs (GGAA-mSat in EwS, ATTW GTC 
ACG GT in ARMS), while traditionally used promoter 
sequences usually allow the binding of a plethora of dif-
ferent transcription factors. Indeed, we could not detect 
any significant off-target activity  of our GGAA-mSat-
based expression cassette in mice after systemic delivery 
of VSV-G pseudotyped lentiviral particles, underlining 
the high specificity of our design.

In this study, we chose HSV-TK and immunostim-
ulatory cytokines as tumor-specifically expressed 
transgenes. While suicide-genes such as HSV-TK can 
eradicate even incompletely transduced tumors by the so-
called bystander effect, any off-target expression can con-
fer serious side effects. Similarly, immunotherapies need 
to be administered carefully due to their high potential 
to trigger autoimmune reactions against normal tissues 
[33]. Thus, the expression of transgenes that inactivate 

tumor-specific (onco)genes or replace mutated tumor 
suppressor genes might represent an appealing strategy. 
However, pediatric sarcomas are frequently oligomutated 
and alterations in oncogenes and tumor suppressor genes 
usually found in adult cancer entities (e.g., TP53, KRAS, 
PTEN, and BRAF), are exceedingly rare [34]. Moreover, 
tumorigenic networks are often redundant and the inhi-
bition or reactivation of certain components is there-
fore unlikely to achieve long-lasting therapeutic effects. 
Hence, tumor-specific expression of suicide genes and 
immunostimulatory cytokines represents an efficient and 
possibly translational strategy for cancer gene therapies 
especially in oligomutated pediatric tumors.

Apart from a lack of specificity, which our pro-
moter design alleviates, the delivery of the therapeutic 
transgene to sufficient numbers of cancer cells is another 
limitation of current cancer gene therapies and may limit 
their clinical translation. Despite their strength as pre-
clinical model vectors, the integrating and non-replicat-
ing nature of lentiviruses, such as the ones employed in 
this proof-of-concept study, render them less suitable for 
safe and sufficient gene delivery. However, as the fusion 
oncogene-based expression systems proposed by us are 
of a simple architecture and show tumor specificity both 
in integrating as well as episomal vectors, they could be 
used in future studies for any therapeutic approach rely-
ing on transgene expression in cancer cells, including 
replicating oncolytic viruses.
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