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Abstract

Sarcomas are malignant mesenchymal tumors that are extremely rare and divergent.
Fusion genes are involved in approximately 30% of sarcomas as driver oncogenes;
however, their detailed functions are not fully understood. In this study, we deter-
mined the functional significance of 59 sarcoma-related fusion genes. The transform-
ing potential and drug sensitivities of these fusion genes were evaluated using a focus
formation assay (FFA) and the mixed-all-nominated-in-one (MANO) method, respec-
tively. The transcriptome was also examined using RNA sequencing of 3T3 cells trans-
duced with each fusion gene. Approximately half (28/59, 47%) of the fusion genes
exhibited transformation in the FFA assay, which was classified into five types based
on the resulting phenotype. The sensitivity to 12 drugs including multityrosine ki-
nase inhibitors was assessed using the MANO method and pazopanib was found to
be more effective against cells expressing the COL1A1-PDGFB fusion gene compared
with the others. The downstream MAPK/AKT pathway was suppressed at the pro-
tein level following pazopanib treatment. The fusion genes were classified into four
subgroups by cluster analysis of the gene expression data and gene set enrichment
analysis. In summary, the oncogenicity and drug sensitivity of 59 fusion genes were
simultaneously evaluated using a high-throughput strategy. Pazopanib was selected
as a candidate drug for sarcomas harboring the COL1A1-PDGFB fusion gene. This as-
sessment could be useful as a screening platform and provides a database to evaluate

customized therapy for fusion gene-associated sarcomas.
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1 | INTRODUCTION

Sarcomas represent the second most common solid tumors in
children and adolescents, although they constitute only approx-
imately 1% of all human malignancies.1 They are heterogeneous
with more than 100 histological subtypes; however, most are
biologically aggressive, rare bone and soft tissue cancers.? The
treatment for osteosarcoma, the most common primary malig-
nant bone tumor, has improved with adjuvant chemotherapy.
The relapse-free survival at 2 years is under 20% without chemo-
therapy compared with approximately 60% with chemotherapy.®
Randomized controlled clinical trials confirmed a benefit for che-
motherapy in the 1980s, but the treatment regimen and results
have not changed much since then. Approximately 40%-50% of
patients with a large (>5cm), deep, and high-grade soft tissue
sarcoma develop distant metastasis, especially in the lung.* The
absolute risk reduction in survival with adjuvant chemotherapy
is only 6% and even now, many sarcoma subtypes are considered
difficult-to-treat tumors.

Many studies have identified genetic changes in sarcomas.> Of
these, several oncogenic driver genes are known, such as EWSR1-
FLI1 in Ewing sarcoma, PAX3/7-FOXO1 in alveolar rhabdomyosar-
coma, and S$518-55X1/2/4 in synovial sarcoma.”® Most fusion gene
products act as aberrant transcription factors or cofactors and dys-
regulate downstream gene expression.” Although these sarcoma-
related fusion genes were discovered decades ago, the successful
development of drugs are limited for fusion of kinase genes such as
ALK and NTRK.X® The major challenge in developing drugs against
fusion transcription factors in contrast to kinase inhibitors is con-
sidered to be the absence of structural binding pockets; however,
drugs that promote protein degradation could be developed in the
future.!

The rarity of sarcoma makes it difficult to evaluate drug efficacy
in clinical trials for the various histological subtypes associated with
respective fusion genes. Because each fusion gene corresponds to
a completely different subtype, experiments using patient-derived
cell lines or xenografts carrying the fusion gene could be affected by
some conditions other than the fusion gene in itself. Due to the di-
versity of sarcoma fusion genes, reliable experimental systems have
not been developed to compare the function and drug sensitivity of
multiple fusion genes with one another.

In this study, we established a drug screening system to evalu-
ate drugs and fusion genes in a high-throughput manner using the
MANO method developed in our laboratory.}? The system might
not only predict potentially effective drugs, but could also provide
insight into the function of the associated fusion gene. A total
of 59 sarcoma-related fusion genes were selected by a manual
review of published reports and evaluated with the drug screen-
ing system. Furthermore, RNA-seq of fusion gene-expressed cells
was carried out to classify the fusion genes based on clustering
and GSEA.

2 | MATERIALS AND METHODS
2.1 | Celllines

Mouse 3T3 fibroblasts, human embryonic kidney 293T cells, mouse
C2C12 myoblast cells, and mouse MSC were acquired from ATCC.
They were cultured in DMEM-F12 supplemented with 10% FBS,
2mmol/L glutamine (all from Thermo Fisher Scientific), and 1%

penicillin/streptomycin.

2.2 | Construction of a retroviral vector with
random barcodes

The pcxé vector was constructed by inserting random 10bp DNA
barcode sequences upstream of the start codon of the target genes
in the pcx4 vector.'® Table S1 lists the barcode sequences. The
full-length cDNA for a human fusion gene was inserted into the
pcxé vector. A total of 59 fusion genes representing known sarco-
mas subtypes were collected manually and selected for the study.
Plasmids encoding fusion gene variants were created by GENEWIZ
(Azenta). Three clones each containing an individual barcode were
constructed for the respective variants to obtain triplicate data for
all assays.

2.3 | Production of retrovirus and infection of
3T3 cells

The recombinant plasmids were transduced together with packaging
plasmids (TaKaRa Bio) into human embryonic kidney 293T cells to
produce recombinant retroviruses. The 3T3 cells were infected with
ecotropic recombinant retroviral particles in 96-well plates using
10pg/mL Polybrene (Sigma-Aldrich) for 24 h.

2.4 | Focus formation assay

To assess anchorage-independent growth, 3T3 cells expressing vari-
ous fusion genes were cultured in DMEM-F12 supplemented with
5% bovine calf serum for 2 weeks, followed by staining with Giemsa
solution. The FFA was scored as follows: Type 1, round-shaped and
anchorage-independent focuses were diffusely observed; Type
2, transformed cells were diffusely piled up; Type 3, transformed
cells were focally piled up; Type 4, transformed cells were partially
observed; and Type 5, no focus formation was observed. Fisher's
exact test using the Benjamini-Hochberg method in R was used to
determine whether there was a statistically significant association
between the numbers of fusion genes in the individual type and the
results of the MANO method (“High” or “Low”), which is described

below.
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2.5 | MANO method

As shown in Figure S1, the MANO method utilizes a retroviral vector
that can stably integrate individual fusion genes into the genome
of cells, such as 3T3 cells, along with 10bp barcode sequences.
Individually transduced assay cells were mixed and cultured in a
competitive manner to assess their in vitro transforming potential
and drug sensitivity. Following culture, the genomic DNA was ex-
tracted from the cell lysates with the QlAamp DNA Mini Kit (Qiagen)
and amplified by PCR with primers, indices, and adaptors using
Illumina technology (the primer sequences are described in our

).1* The PCR products were purified using AMPure

previous report
beads (Beckman Coulter). The sequencing libraries were constructed
with the NEB Next Q5 Hot Start HiFi PCR Master Mix (NEB) ac-
cording to the manufacturer's instructions. Library quality was ex-
amined with a Qubit 2.0 fluorometer (Thermo Fisher Scientific) and
the Agilent 2200 TapeStation system (Agilent Technologies). The
resulting libraries were sequenced on an lllumina MiSeq system with
the Reagent Kit V2 (300cycles) and 150bp paired-end reads were
generated (the sequencing primers mixed into the MiSeq cartridge
are shown in our previous report).14 The barcode sequences (10 nu-
cleotides; Table S1) were included in the sequencing results and the
number of the barcode per mutant was quantitated.

2.6 | Cell growth and drug sensitivity assays
using the MANO method

For cell growth assays, 3T3 cells expressing each fusion gene vari-
ant were cultured in DMEM-F12 medium with 5% and 10% FBS.
The cultured cells were collected on days O (the day when the 3T3
cells were mixed), 2, 5, 8, 11, and 14. The number of the barcode
was calculated by the MANO method. For drug sensitivity assays,
the 3T3 cells expressing the respective fusion gene variants were
cultured in DMEM-F12 medium with 1.5% FBS. The incubated 3T3
cells were mixed in amounts determined by the FFA results and
incubated for 5days with the indicated concentrations of the fol-
lowing 12 drugs: barasertib, Aurora B inhibitor; doxorubicin, DNA
topoisomerase |l inhibitor; pazopanib, multi-TKI; PF-562271, focal
adhesion kinase inhibitor; ridaforolimus, mTOR inhibitor (Apexbio);
crizotinib, c-MET, ALK, and ROS1 inhibitor (LC Laboratories); GSK
126 (Cayman Chemical), EZH2 inhibitor; JQ1, BET bromodomain in-
hibitor (Abcam); Nutlin-3a, MDM2 inhibitor (BOC Sciences); olaparib,
poly(ADP-ribose) polymerase inhibitor (Funakoshi); panobinostat,
histone deacetylase inhibitor (Ark Pharm); and tazemetostat, EZH2
inhibitor (Chemscene) (all drugs at 100 pM-10puM).

The experiments were carried out in triplicate. The number
of the individual barcode was calculated by the MANO method.
Considering the different doubling times of the 3T3 cell variant, the
GFP variants were used as a reference to normalize the cell clones
in the cell growth assay. The relative cell growth on 1day was cal-
culated as the ratio of the average read counts across replicates for
that specific day to that obtained on day O (the day when the 3T3

cells were mixed). The relative cell growth of the mutant cells on
day 14 was compared with that of the GFP-expressing cells (as the
reference controls) using a paired t-test. Every variant with a signifi-
cantly high (p <0.05) relative growth rate was marked with an aster-
isk. On day 14, the increasing 3T3 cells expressing the fusion gene
compared with expressing GFP are termed “High” and the decreasing
ones “Low”. The relative growth inhibition rate of each variant was
calculated as the ratio of the average read numbers across triplicates
to that of the control in drug-free medium. The assessment of sensi-

tivity was based on the resulting IC, for all drugs.

2.7 | PrestoBlue cell viability assay

The 3T3 cells expressing three fusion gene variants, CIC-DUX4L1,
COL1A1-PDGFB, KIRREL-PRKCA, and KRAS as a control variant, were
cultured in 96-well plates with 100 pL DMEM-F12 medium contain-
ing 1.5% FBS. Pazopanib, sorafenib (Selleck Chemicals), and sunitinib
(Combi-Blocks; 100 pM to 10 uM) were added at different concentra-
tions. Next, 10 uL PrestoBlue (Thermo Fisher Scientific) was added
5days after exposure to the drugs and fluorescence was measured

(excitation 530nm, emission 590nm) after 3 h of incubation at 0.1s.

2.8 | RNA sequencing

Total RNA was extracted from the 3T3 cells expressing each fusion
gene variantusing TriZol reagent (Thermo Fisher Scientific). RNA con-
centration and quality were checked using NanoDrop 2000/2000c
Spectrophotometers (Thermo Fisher Scientific). cDNA synthesis and
library preparation were done using 1 ug of the sample, the NEBNext
Ultra Directional RNA Library Prep Kit for lllumina, and the NEBNext
Poly(A) mRNA Magnetic Isolation Module (lllumina), according to
the manufacturer's protocol. Next-generation sequencing was done
from both ends of respective clusters using a HiSeq2500 platform
(lllumina). Raw fastq files were analyzed with FastQC version 0.11.3
and mapping reads to the reference genome GRCm38 was done
using BWA, Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml), and NovoAlign (http://www.novocraft.com/products/
novoalign/). The expressed mRNA for the fusion gene was calcu-
lated and normalized using the DESeq2 package (https://bioconduct
or.org/packages/release/bioc/html/DESeq2.html). Genes were
excluded from the analysis if five or more samples had normalized
counts equal to 0. Heat maps for the expression data were gener-
ated using the pheatmap package (https://cran.r-project.org/web/
packages/pheatmap). Ward's clustering method and correlation dis-
tances were used to generate hierarchical clusters of samples and
genes from the heatmaps. The genes selected to create hierarchi-
cal clusters were the 100 and 500 most variable genes to identify
differences for each fusion gene efficiently, because all RNA was
extracted from the same background 3T3 cells.

We have performed gene set enrichment analysis GSEA (http://

)15

www.gsea-msigdb.org/gsea/index.jsp),”> which is a computational
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method to estimate whether predetermined gene sets show statis-
tically significant differences between two biological states. All 3T3
cells with the individual fusion genes were divided into four groups
according to the RNA-seq clustering and different pairs of the four
groups were compared. GSEA was used as a functional enrichment
tool to explore the biological states and processes associated with a
hallmark gene set “h.all.v2022.1Hs.symbols.gmt”, which was down-
loaded from the Molecular Signatures Database (MsigDB). p values

<0.05 were considered statistically significant.

2.9 | Western blot analysis

Cells were treated with the indicated concentrations of inhibitors in
DMEM-F12 containing 10% FBS for 1day. Subsequently, the cells
were lysed in 1% NP-40 lysis buffer containing protease and phos-
phatase inhibitors on ice. The cell lysates were subjected to 7.5%
SDS-PAGE and immunoblotting was carried out using primary an-
tibodies against Akt (pan) (1:1000; C67E7), phospho-Akt (Ser473)
(1:1000; D9E), MEK1/2 (1:1000), phospho-MEK1/2 (Ser217/221)
(1:1000), p44/42 MAPK (Erk1/2) (1:1000; 137F5), phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (1:2000), and GAPDH (1:1000;
14C10). All primary antibodies were purchased from Cell Signaling
Technology. The secondary Ab was peroxidase-linked anti-rabbit
1gG (1:10,000, NA934; Cytiva). All blots were obtained from the

same experiment and processed in parallel.

3 | RESULTS

3.1 | Evaluation of transforming potential of
sarcoma-related fusion genes by FFA

A total of 59 sarcoma-related fusion genes reported previ-
ously were selected to evaluate their function (Tables S1 and
52).7816-64 Approximately 30 of these fusion genes are listed on
the Fédération Nationale des Centers de Lutte Contre le Cancer
grading system (Table S3). To assess the transforming potential of
every fusion gene variant, an FFA using 3T3 cells was carried out.
The results were classified into five groups as follows: Type 1, dif-
fuse round-shaped and anchorage-independent focuses; Type 2,
diffuse piling up of transformed cells; Type 3, focally piling up of
transformed cells; Type 4, partially transformed cells; and Type 5,
no focus formation (Figure 1A). We classified FFA based on two
characteristics: anchorage-independent growth and loss of con-
tact inhibition. Types 1 and 2 showed the anchorage-independent
growth with loss of contact inhibition. Type 3 showed loss of
contact inhibition and piling up with the anchorage dependence.
Types 4 and 5 did not show the anchorage-independent growth,
while Type 4 partially formed foci of the cells. Approximately half
of the fusion gene variants showed a transformation phenotype.
Fusion genes known as oncogenic drivers, such as S518-55X and
CIC-DUX4L1, or fusions consisting of genes encoding tyrosine

kinases, such as ALK, ROS1, and NTRK, showed focus formation.
In contrast, EWSR1-ATF1 or EWSR1-CREB1, which are both found
in angiomatoid fibrous histiocytoma and clear cell sarcoma, did
not induce focus formation, which is consistent with a previous
report.! As far as we know, the functional assay was performed
on only 23 of 59 fusion genes so far (Table $S3) and the rest of the
fusion genes were assessed for their function for the first time in
this FFA.

3.2 | Evaluation of cell growth activity of
sarcoma-related fusion genes in vitro using the
MANO method

The 3T3 cells expressing each of the 60 different variants (59 fu-
sion genes and control GFP) were mixed and cultured to evaluate
growth competition using the MANO method (Figure 1B). Of the 59
fusion gene variants, cells with 16 variants were relatively increased
compared with those expressing GFP. Some fusion gene variants
that exhibited strong transforming potential in the FFA, such as
COL1A1-PDGFB and TFG-ROS1, also showed increased proliferation
compared with GFP. The ratio of variants showing a growth advan-
tage in the MANO assay was significantly high for Types 1, 2, and 5
compared with Type 4 (Fisher's exact test, p=0.05, 0.03, and 0.02).
The results of the growth competition assay were generally consist-
ent between 10% and 5% FBS-containing media (r=0.69), except for
cells expressing CIC-DUX4L1 and EWSR1-FLI1 (Figures 1B and S2).
Furthermore, we used mouse myoblast cells (C2C12) and MSCs for
additional MANO methods (Figure S3). In the experiments, moder-
ate correlation between 3T3 cells and MSCs was observed (coef-

ficient of association 0.54).

3.3 | Drug sensitivity screening against sarcoma
fusion genes using the MANO method

A mixture of 3T3 cells expressing 60 different variants was treated
with 12 drugs at different concentrations as described in the
Methods section (Table S4). The sensitivity to 12 drugs was evalu-
ated based on cell viability, which was calculated using the MANO
method. The variants in which the barcode read numbers on day O
were less than 100 were excluded from the analysis. The viability of
the cells with fusion genes treated with the 12 drugs are shown in
Figures 2A and S4. Cells expressing TPM4-ALK were relatively sensi-
tive to crizotinib compared with the other variants (Figure 2A), indi-
cating the validity of the assay. Cells expressing the COL1A1-PDGFB
fusion gene were sensitive to pazopanib, an inhibitor of multity-
rosine kinase receptors, such as vascular endothelial growth factor
receptor, PDGFR, fibroblast growth factor receptor, and c-kit. The
drug efficacies of JQ1 and panbinostat to the individual fusions were
different while the other drugs including doxorubicin, tazemetostat,
GSK126, barasertib, ridaforolimus, Nutlin-3a, PF-562271, and olapa-
rib did not show significant activity against any of the fusion gene
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FIGURE 1 Evaluation of the transforming potential using a focus formation assay with the fusion gene-transfected 3T3 cells and cell
growth with the mixed-all-nominated-in-one (MANQO) method. (A) 3T3 cells expressing 59 sarcoma-related fusion genes and GFP as a control
were cultured in DMEM-F12 supplemented with 5% FBS for 2weeks. Cells were then stained with Giemsa solution. The focus formation
assay (FFA) was scored as: Type 1, round-shaped and anchorage-independent focuses were diffusely observed; Type 2, transformed cells
were diffusely piled up; Type 3, transformed cells were focally piled up; Type 4, transformed cells were partially observed; and Type 5, no
focus formation was observed. (B) 3T3 cells expressing fusion genes were cultured in DMEM-F12 medium with 10% FBS. The cultured cells
were collected on day O (when 3T3 cells were mixed) and day 14. Then number of the barcode was then calculated using the MANO method.
Y-axis represents the log2 of the fold change. Based on the results in (A), the FFA data were added as the bar color.
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FIGURE 2 Drug sensitivity screening of the mixed-all-nominated-in-one (MANO) method identified that COL1A1-PDGFB fusion was a
potential target of pazopanib. (A) Using the MANO method, 3T3 cells expressing individual fusion gene variants (59 sarcoma-related fusion
genes and GFP) were treated with DMSO, doxorubicin, crizotinib, or pazopanib at the indicated concentrations for 5days. The TPM4-ALK
variant showed sensitivity to crizotinib, indicating the validity of this method. In the pazopanib group, the sensitivity in the COL1A1-PDGFB
variant was higher compared with the others. (B) 3T3 cells expressing the fusion genes CIC-DUX4L1, COL1A1-PDGFB, KIRREL-PRKCA, and
KRAS as a control, were treated with pazopanib, sorafenib, and sunitinib at various concentrations. After exposure to the drugs, cell viability
was assessed. Consistent with the MANO results, the COL1A1-PDGFB variant showed sensitivity to all multityrosine kinase inhibitor drugs.
(C) Western blot analysis of AKT and MAPK signaling. A375 (melanoma cell line), 3T3, and the GFP variant were compared. Following
pazopanib treatment, phosphorylated (p)-MEK1/2 and p-ERK1/2 were decreased compared with A375 or the GFP variant. (D) Volcano plot
of differentially expressed genes comparing the COL1A1-PDGFB variant with the other variants. Aaed1 and Mras were highly expressed in

the COI1A1-PDGFB variant and statistically significant.

variants (Figures 2A and S4). Individual PrestoBlue cell viability assay
confirmed the sensitivity of KMT2B-GPS2 toward JQ-1 (Figure S5).

3.4 | Evaluation of pazopanib sensitivity in cells
expressing COL1A1-PDGFB fusion gene

Next, the effectiveness of pazopanib against COL1A1-PDGFB-
expressing cells was assessed by the PrestoBlue cell viability assay
(Figure 2B). A lower dose of pazopanib inhibited the growth of
COL1A1-PDGFB-expressing cells compared with the other fusion-
expressing variants. In addition, cells expressing COL1A1-PDGFB
were sensitive to sorafenib and sunitinib, both of which are multi-
TKils including PDGFR. Drug sensitivity assay for pazopanib was also
carried out using DFSP patient-derived cell lines.®>¢¢ However, pa-
zopanib did not inhibit the growth of DFSP cell lines as well as DLD1,
a colon cancer cell line with KRAS mutation (Figure Sé). This result
was consistent with the previous report, in which the authors at-
tributed their resistance to kinase inhibitors to the different protein
expressions of cell lines from the original tumors and the heteroge-
neity of the original tumors.

We examined the activation of the AKT and MAPK signal-
ing pathways by western blot analysis. Whereas COL1A1-PDGFB
expression increased the phosphorylation of AKT, MEK1/2, and
ERK1/2 in 3T3 cells, pazopanib treatment inhibited those phosphor-
ylations (Figure 2C). RNA sequencing was undertaken to assess gene
expression in 3T3 cells expressing COL1A1-PDGFB compared with
the other fusion genes (Table S5). Among the highly expressed genes
in COL1A1-PDGFB expressed cells, Aaed1 and Mras are known to be

involved in MAPK signaling pathways (Figure 2D).”¢®

3.5 | Cluster analysis and search for drug
sensitivity using RNA-seq expression data in 3T3 cells
with fusion genes

Clustering was carried out using the 100 or 500 most variable genes
among the 3T3 cells expressing different fusion genes (Figures 3,
S7, and S8). We undertook the unsupervised clustering analysis to
discover a new biomarker for treatment or diagnosis. A cluster may
have common treatment targets. Clustering using the 100 most vari-
able genes classified fusion gene variants into four groups. GSEA

annotated groups 1, 2, and 4 as the epithelial-mesenchymal transi-
tion group, oxidative phosphorylation group, and PI3K/Akt/mTOR
signaling group, respectively. Information regarding the differen-
tiation and the category of the tumor by WHO classification,? the
results of FFA, and the MANO method are presented in the upper
part of the clustering diagram (Figure 3) and summarized with ad-
ditional information for the functional assays from previous studies
in Table S3.

Cluster group 4 included tyrosine kinase fusions that showed
strong focus formation, such as COL1A1-PDGFB, LMNA-NTRK1,
and TPM4-ALK. As reported previously, the fusion genes identified
in chondrosarcoma and rhabdomyosarcoma were grouped into the
epithelial-mesenchymal transition subgroup.®’ TPM4-ALK, COL1A1-
PDGFB, and EWSR1-FLI1 were grouped into the PI3K/Akt/mTOR sig-
naling subgroup, which is consistent with a previous report.”® We
further examined specific genes regulated by individual fusion genes
(Tables S6 and S7). These genes could be useful as diagnostic mark-
ers for sarcoma diagnosis and individualizing treatment.

Furthermore, the expression of the genes involved in drug sensi-
tivity was examined. For instance, overexpression of IGF1R is known
as a mechanism of resistance to pazopanib.”* The ERCC1 gene is
known as one of the complex molecules associated with nucleo-
tide excision repair and associated with platinum drug sensitivity.72
The expression of these genes in the cells with certain fusion genes
were significantly different compared with the cells expressing GFP
(Figure S9).

4 | DISCUSSION

To our knowledge, this is the first report to extensively evaluate the
oncogenicity and drug sensitivity of various sarcoma fusion genes.
Because fusion genes were introduced into one isogenic cell line, the
drug screening assay could detect the specific target by comparing
with one another. The screening system was validated by confirming
that the ALK fusion variant was sensitive to crizotinib at relatively
low concentrations.

With respect to the oncogenic mechanism of the COL1A1-
PDGFB fusion gene, Shimizu et al. reported that the chimera protein
COL1A1-PDGFB is produced and processed to increase the mature
PDGF-BB dimer, which results in autocrine growth stimulation.”®
The PDGFRs are not only activated at the cell surface, but also
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FIGURE 3 Cluster analysis of differentially expressed genes in 3T3 cells expressing sarcoma-related fusion genes. Cluster analysis of
RNA-sequencing (RNA-seq) expression data was carried out according to the 100 most variable genes among the 59 fusion genes and GFP.
The information regarding the differentiation and the category of the tumor by WHO classification, the results of the focus formation assay
(FFA), mixed-all-nominated-in-one (MANO) method, and RNA-sequencing (RNA-seq) cluster are shown.

intracellularly through ligands in the endoplasmic reticulum, Golgi,
and secretary vesicles.”*

The pazopanib efficacy on DFSP, which has been known to
frequently harbor the fusion gene COL1A1-PDGFB, remains con-
troversial.”>”’7 A phase Il trial was undertaken to evaluate pazo-
panib efficacy among DFSP patients and some responses were
reported.”® A partial response was observed in 22% (5 of 23) of
the patients, although 48% of the patients required dose reduc-
tion because of toxicity. In another case report, metastatic lesions
in the retroperitoneum and rib disappeared or shrank following
pazopanib treatment. The best response was stable disease, which
lasted for 5months.”” Not all DFSP patients respond to pazopanib,
suggesting the involvement of other tumor driving factors includ-
ing genetic or epigenetic changes. Thus far, 9p deletions, chro-
mosomes 17 and 22 amplification, and loss of chromosome 22q
have been reported to be associated with the transformation of
advanced DFSP.787?

In the drug sensitivity assay using the MANO method, it is
also important to focus on unexpected results that show the effi-
cacy of a certain drug against the fusion gene that is not a direct
target of the drug, even if the efficacy is not high. KMT2B-GPS2
expressed cells were identified to be relatively sensitive to JQ-1.
BET inhibitors were reported to be effective for MLL4 (KMT2B)
fusion in leukemia by the inhibition of transcription for key genes
(BCL2, MYC, and CDKé).8° However, our RNA-seq data indicated
no significant difference in those genes in the cells with KMT2B-
GPS2 compared with those with GFP. KMT2B-GPS2 is not com-
mon and reported in only one case with undifferentiated sarcoma
of a child.®*

There was a study of RNA-seq data using clinical sarcoma sam-
ples.82 The 10 most upregulated genes in Ewing sarcoma (EWSR1-
FLI1) or synovial sarcoma (S518-55X1) in the previous cohort were
hardly expressed in our dataset and, therefore, not identified as
specific genes associated with the fusions. In contrast, the expres-
sion of EGR1, a tumor suppressor gene reported to be significantly
inhibited by the S$18-SSX fusion,®® was consistent with our data
(comparing with other fusion genes, log,FC=-1.28, p<0.016). We
listed the top five highly differentially expressed genes of each
variant compared with GFP or others, respectively (Tables Sé and
S7). Although popular antibodies used in clinical practice were not
available for these genes, they could be new diagnostic markers or
targets for treatment in the future. Furthermore, to assess the cor-
relations between the clinical phenotypes and the cellular pheno-
types, we evaluated the markers for muscle differentiation such as
Myod1, Pax7, and Myfé or adipogenic differentiation markers such as
Alp, Ocn, and Bsp using RNA-seq data of 3T3 cells. Myod1 expression
was not significantly different between cells with PAX3-FOXO1 and
cells with GFP (Welch's t-test, data not shown). However, we are not

sure whether this cellular model reflects its clinical character accu-
rately because publicly available RNA-seq data accompanied with
clinical data is not sufficient.

This study had several limitations. First, there could be some
copy number differences in the induced fusion genes between
each transfected 3T3 cell variant. The length of every fusion gene
varies (Table S1), which might have affected the transfection effi-
ciency. Therefore, we generated three clones with different bar-
codes for the respective variants using recombinant retroviruses
in the same manner and analyzed them in triplicate sets. Second,
the assay used 3T3 mouse fibroblast cells, which is beneficial for
comparing the expression profile among individual fusion genes in
the same background. However, the cell origins of most sarcomas
are undetermined.8* The fusion genes could indicate other func-
tions if they are introduced in cells with different cell contexts.

For example, Komura et al.8>

reported that different responses to
EWSR1/ATF1 expression were observed depending on the cell type
in a mouse model of induced pluripotent stem cells. Other than
3T3 cells, we used C2C12 cells and MSCs for the MANO meth-
ods (Figure S3). Some fusion genes indicated similar phenotypes
in both cell lines, while others behaved differently. In this study,
3T3 was used because it is a popular cell line for the evaluation
of the growth advantage. However, the functions of sarcoma fu-
sion genes in different cell contexts remain unknown and should
be investigated in the future. Third, although FFA and the MANO
method evaluated loss of contact inhibition and increased prolif-
eration, respectively, sarcoma fusion genes had too diverse func-
tions to be fully understood. Sarcoma-related fusion genes are
composed of different types of genes such as transcription factor,
protein kinase, chromatin regulator, growth factor, and others.®*
Phenotypes were not always consistent between those observed
in FFA and the MANO method (Figure 3 and Table S3), suggest-
ing that fusion functions need to be evaluated from a variety of
perspectives. Fourth, we could not identify the novel biomarkers
to predict drug efficacies, although we could identify the efficacy
of pazopanib against COL1A1-PDGFB in this extensive evaluation
of 59 fusion genes. Finally, the MANO method does not take into
consideration other genetic or epigenetic effects on the results
other than the fusion genes themselves.

In conclusion, an extensive evaluation of fusion gene vari-
ants was carried out using the MANO method. The efficacy of
pazopanib was evaluated and selected as a candidate drug for the
COL1A1-PDGFB variant and it was validated in an individual assay
and was consistent with clinical reports. This preclinical screening
assay could be a valuable tool to identify the appropriate drug for
rare fusion-positive sarcomas and promote drug development in
this field, in which clinical data and experimental models are often
insufficient.
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