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Abstract Angiosarcomas are rare, malignant soft tissue tumors in children that arise in a
wide range of anatomical locations and have limited targeted therapies available. Here,
we report a rare case of a pediatric angiosarcoma (pAS) with Li—Fraumeni syndrome (LFS)
expressing a novel NOTCHT1-ROS1 gene fusion. Although both NOTCH1 and ROS1 are es-
tablished proto-oncogenes, our study is the first to describe the mechanistic role of
NOTCH1-ROS1 fusion arising via intrachromosomal rearrangement. NOTCH1-ROS1 dis-
played potent neoplastic transformation propensity in vitro, and harbors tumorigenic po-
tential in vivo, where it induced oncogenic activation of the MAPK, PI3K/mTOR, and
JAK-STAT signaling pathways in a murine allograft model. We found an unexpected con-
tribution of the NOTCH1 extracellular region in mediating NOTCH1-ROS1 activation and
oncogenic function, highlighting the contribution of both NOTCH1 and ROS1 fusion part-
ners in driving tumorigenicity. Interestingly, neither membrane localization nor fusion pro-
tein dimerization were found to be essential for NOTCH1-ROS1 fusion oncogenicity. To
target NOTCH1-ROS1-driven tumors, we tested both NOTCH1-directed inhibitors and
ROS1-targeted tyrosine kinase inhibitors (TKI) in heterologous models (NIH3T3, Ba/F3).
Although NOTCH1 inhibitors did not suppress NOTCH1-ROS1-driven oncogenic growth,
we found that oral entrectinib treatment effectively suppressed the growth of NOTCH-
ROS1-driven tumors. Taken together, we report the first known pAS case with a novel
NOTCH1-ROS1 alteration along with a detailed report on the function and therapeutic tar-
geting of NOTCH1-ROS1. Our study highlights the importance of genomic profiling of rare
cancers such as pAS to reveal actionable drivers and improve patient outcomes.

[Supplemental material is available for this article.]
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NOTCH1-ROS1 fusion in pediatric angiosarcoma

INTRODUCTION

Angiosarcomas are vascular tumors that arise in cells lining blood or lymphatic vessels and
display significant clinical heterogeneity in terms of anatomic distribution (Young et al.
2010). These soft tissue sarcomas are extremely rare in children, representing ~0.3% of pe-
diatric sarcomas overall, with greater prevalence in adults and elderly patients (Ferrari et al.
2002; Young et al. 2010). Pediatric angiosarcomas have a more aggressive clinical course
than in adults, requiring multimodal therapies including surgical resection, chemotherapy,
and/or radiation therapy, albeit with little success (Ayadi and Khabir 2010). Despite dismal
outcomes in children, there have been no significant therapeutic advancements as the mo-
lecular and genetic drivers of pediatric angiosarcoma remain largely uncharacterized.

Much of our prior understanding of the genetic drivers of angiosarcoma come from analysis
of adult cases. These studies have discovered oncogenic alterations that activate the phosphati-
dylinositol-3'-kinase/mammalian target of rapamycin pathway (PI3K/mTOR) (ltaliano et al. 2012;
Painter et al. 2020), leading to clinical testing of mTOR inhibitors in angiosarcoma patients
that demonstrated partial responsiveness (Seki et al. 2012; Yoo et al. 2013). In addition to the
PI3K/mTOR pathway, several sequencing studies have revealed frequent genetic mutations in
TP53, KDR, PIK3CA, RAS, BRAF, MAPK1, and NF1, and amplifications in MAPK1/CRKL,
CRAF, or BRAF driving activation of the mitogen activated protein kinase (MAPK) pathway in
angiosarcomas (Garcia et al. 2000; Murali et al. 2015; Painter et al. 2020). These findings have
supported successful preclinical testing of MEK inhibitor, trametinib in combination with either
mTOR inhibitor, and everolimus in a genetic mouse model of adult angiosarcoma (Chadwick
et al. 2018) or with pan-vascular endothelial growth factor receptor (VEGFR) inhibitor cediranib
in angiosarcoma cell lines (Wagner et al. 2021). However, a single clinical report of a pediatric pa-
tient with KRAS-altered angiosarcoma showed no clinical benefit of treatment with MEK inhibitor
(trametinib) therapy (Jeng et al. 2014), suggesting that the treatment modalities that are effective
in preclinical models of adult angiosarcoma may not be translatable in the pediatric setting.
Furthermore, pediatric angiosarcoma can occur in patients with germline TP53 mutations who
have Li~Fraumeni syndrome (LFS), a rare familial cancer predisposition syndrome. LFS renders
patients susceptible to different types of tumors including sarcomas in muiltiple locations, which
may further differentiate the pediatric and adult angiosarcoma genetic landscape (Kamihara et al.
2014; Calvete et al. 2015). Hence, there is a need to specifically understand molecular pathogen-
esis and develop targeted therapeutics for children with LFS and pediatric angiosarcomas.

To address this, we performed genetic and molecular analysis of a rare case of LFS-relat-
ed pediatric angiosarcoma. In addition to TP53 loss, our clinically validated, next-generation
sequencing panel (Surrey et al. 2019) reported a unique translocation event between
NOTCHT and ROS1 that led to formation of a novel NOTCH1-ROS1 fusion product. Up
to 20% of soft tissue sarcoma subtypes have chromosomal translocations (Nakano and
Takahashi 2018) with rare cases of angiosarcomas harboring structural variants. We charac-
terized the oncogenic profile of NOTCH1-ROS1 to understand the collaborative mecha-
nisms of both NOTCH1 and ROST fusion partners. Furthermore, we sought to identify
optimal targeted therapeutic options for NOTCH1-ROS1-driven pediatric angiosarcomas
using orthotopic mouse models.

RESULTS

Clinical Presentation of a Pediatric Patient with Angiosarcoma Harboring
NOTCH1-ROS1 Fusion

The 11-yr-old female patient presented to our institution for management of progressive
Gorham-Stout disease (lymphatic malformation of the bones) with extensive bone
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resorption and chylothorax. A biopsy of the scapula performed 2 yr previously (age 9) was
reviewed and had shown fragments of reactive bone and cartilage with an atypical vascular
proliferation consisting of endothelial cells wrapping around individual muscle fibers
(Fig. 1A, upper panel). The endothelial cells stained positively for vascular (CD31) and lym-
phatic (D240) markers (Fig. 1A, middle panel). There was no atypia or mitosis, and the differ-
ential diagnosis included lymphovascular malformation, lymphangiomatosis or a low-grade
malignant vascular proliferation. For management of her progressive bone disease, the pa-
tient had received radiation to the chest and upper extremities ~6 mo prior to presentation.
At presentation to our institution (age 11), she was found to have soft tissue thickening of the
left chest, shoulder, left upper extremity, and paraspinal region, which was positron emission
tomography (PET)-avid, measuring more than 10 x 9 x 5 cm. Incisional biopsy of this lesion
revealed an epithelioid angiosarcoma with prominent mitotic activity involving the dermis
and subcutaneous tissue, with immunohistochemistry positive for endothelial markers
CD31, von Willebrand factor, D240, and CD34 (Fig. 1A, bottom panel). Based on histologic
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Figure 1. Histological and sequencing characteristics of a pediatric angiosarcoma with NOTCH 1-ROS 1 fusion
that drives oncogenic cellular phenotypes. (A) A biopsy of the scapula 2 yr previous show a low-grade vascular
lesion consisting of individual muscle fibers wrapped by a single layer of endothelial cells (hematoxylin and
eosin [H&E], top panel) that are positive for lymphatic marker D240 (middle panel). The bottom panel shows
6 mo after radiation, incisional biopsy revealed a proliferation of malignant cells forming irregular vascular
channels, consistent with angiosarcoma. All histology images are 20x. (B) Targeted RNA-seq results showing
multiple next-generation sequencing (NGS) reads spanning the breakpoint (top) with confirmatory Sanger se-
quencing of cDNA exhibiting breakpoint (bottom). (C) NOTCH1-ROS1 fusion protein retains: NOTCH1 exons
1-30 encoding epidermal growth factor (EGF) domains 1-36, LNR 1-3, and transmembrane domain. ROS1
exons 34-43 encoding the transmembrane domain and complete tyrosine kinase. (D) Soft agar colony assays
with stable NIH3T3 cell lines, quantification of colony counts shown for n=5. (E) Ba/F3 proliferation assay per-
formed in the absence of IL-3. (F) Flank xenograft tumor measurements of NSG mice engrafted with stable
NIH3T3 cell lines, n=5, P<0.05.
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features, this tumor was classified as Grade 3 under the French Federation of Cancer Centers
Sarcoma Group (FNCLCC).

Targeted RNA sequencing of the angiosarcoma identified a novel in-frame fusion be-
tween NOTCH1 exon 30 and ROS1 exon 34 (Fig. 1B). The fusion arises from a chromosomal
translocation between Chromosome 9 (NOTCH1) and Chromosome 6 (ROS1). The targeted
somatic next-generation sequencing (NGS) panel also identified additional DNA sequence
and copy-number variants of clinical significance, including a TP53 ¢.331_365dup
(p-T123Wrs*12) variant, whole chromosome gains of Chromosomes 7, 20, and 21, and
loss of heterozygosity of Chromosome 17, containing TP53 (Table 1). For evaluation of germ-
line TP53 status, the patient’s peripheral blood was tested, and the same TP53 pathogenic
variant (c.331_365dup) identified in the tumor was discovered as heterozygous germline var-
iant. These data established a previously unknown diagnosis of LFS. Her family history is no-
table because her mother was deceased from an unknown type of brain tumor, and no
further parental germline testing could be performed.

The NOTCH1-ROS1 fusion contains the amino-terminal region of NOTCH1, which is a
single-pass transmembrane receptor is fused to the carboxy-terminal of ROS1 tyrosine ki-
nase. In NOTCH1-ROS1, NOTCH1 extracellular regions encoding the 36 epidermal growth

Table 1. Clinically significant somatic tumor sequencing results

Variant
Type of Reference/ allele
Chromosome Gene(s) alteration lioform Nucleotide Amino acid fraction Comments
17p TP53 Duplication NM_001126114.2 ¢.331_265dup p.T123Wfs*12 0.427 Also present in
heterozygous
state in
patient’s
peripheral
blood
Xp11.4-p11.22 BCOR; Loss n/a n/a n/a n/a
KDM6A;
ARAF;
GATAT1;
KDM5C
1p36.22-g23.3 MTOR; SPEN;  Gain n/a n/a n/a n/a
SDHB;
ARID1A;
MPL;
MUTYH;
CDKN2C;
JUN; JAK1
Chr 7 (whole Gain n/a n/a n/a n/a
chromosome)
Chr 17 (whole Loss of n/a n/a n/a n/a Includes TP53
chromosome) heterozygosity
17924.2-25.3 PRKARTA; Gain n/a n/a n/a n/a
FAMZ20A;
RPTOR
Chr 20 (whole Gain n/a n/a n/a n/a
chromosome)
Chr 21 (whole Gain n/a n/a n/a n/a
chromosome)
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factor (EGF)-like repeats. and transmembrane regions are retained but the intracellular re-
gions, NOTCH1 ankyrin repeats and PEST domain, have been lost (Fig. 1C). Likewise, the ami-
no-terminal region of ROS1 is lost in the fusion context, leaving only the ROS1 intracellular
tyrosine kinase domain intact (Fig. 1C). Our observation highlights disruptions in
both NOTCH1 and ROS1 in the NOTCH1-ROS1 fusion context, thereby suggesting
that NOTCH1-ROS1 could be oncogenic through combinatorial effects of alterations in
both NOTCH1 and ROS1. We therefore sought to characterize the oncogenic mechanism
of action of both NOTCH1 and ROS1 in NOTCH1-ROS1-driven angiosarcoma.

NOTCH1-ROS1 Gene Fusion Drives Oncogenic Transformation in Heterologous
Cell Models

Previous studies have shown gene fusions involving either NOTCH1 or ROS1 to be oncogen-
ic driver mutations (Kumar-Sinha et al. 2015; Roskoski 2017). This led us to assess the trans-
formation potential of NOTCH1-ROS1 fusion protein. Because of insufficient tumor tissue,
we were unable to create an angiosarcoma patient-derived cell line. To pursue molecular
characterization, we created NOTCH1-ROS1 stable expression in two independent heterol-
ogous cell model systems, NIH3T3 and Ba/F3, along with ROS1 full-length (FL), NOTCH1 FL,
and vector control (Supplemental Figs. 1a,b, respectively). In soft agar colony formation as-
says, the NOTCH1-ROS1 expressing NIH3T3 cells show significant colony growth compared
to vector control and NOTCH1 FL (Fig. 1D, P<0.01). ROS1 FL expressing NIH3T3 exhibits
significant growth compared to the vector control, but lower than seen with NOTCH1-ROS1,
highlighting a proliferative advantage provided by the fusion context (Fig. 1D, P<0.01). In
the Ba/F3 cell model, we observed IL-3-independent proliferation in the NOTCH1-ROS1
and CD74-ROS1 (positive control) expressing cells but not in the ROS1 FL or parental cells
(Fig. 1E). Next, we tested tumor forming capacity of NOTCH1-ROS1 in vivo by performing
NIH3T3 flank allograft injections in immune-compromised NSG mice and observed
tumor formation in only the NOTCH1-ROS1 fusion context (Fig. 1F), indicating that
NOTCH1-ROS1 is an oncogenic driver.

Activated ROS1 Kinase in NOTCH1-ROS1 Triggers Oncogenic Activation
of the MAPK, PI3K/mTOR, and JAK-STAT Pathways

Because of the inclusion of the intact ROS1 tyrosine kinase domain in NOTCH1-ROS1, we
investigated ROS1 downstream signaling pathway levels in our cell models. In serum-starved
conditions, higher phosphorylation of ERK, AKT, S6, and STAT3 was observed, suggesting
activation of the MAPK, PI3K/mTOR, and JAK-STAT pathways, respectively, in the
NOTCH1-ROS1 expressing NIH3T3s compared to NOTCH1 FL and vector control (Fig.
2A). No apparent activation was observed in ROS1 FL expressing NIH3T3s compared to vec-
tor control (Fig. 2A). NOTCH1-ROS1-driven activation of MAPK, PI3K/mTOR, and JAK-
STAT pathways was corroborated by our observations in Ba/F3 cells, where NOTCH-ROS!1
expressing cells uniquely exhibited elevated phosphorylation of ERK, AKT, STAT3, and ribo-
somal Sé in a serum-independent manner (-FBS) as compared to ROS1 and control (Fig. 2B).
Next, we assessed ROS1 kinase phosphorylation at Y2274, a site known to activate ROS1
kinase [20]. Within the NOTCH1-ROS1 expressing NIH3T3 and Ba/F3 cells, we noticed an
unexpected, smaller band at ~75 kDa with pROS’IY2274, suggesting a truncated, activated
fragment of NOTCH1-ROS1 (Fig. 2C,D, respectively, denoted via double arrows).
This cleaved NOTCH1-ROS1 fragment shows higher pROS17%?’* compared to the full
NOTCH1-ROS1 fusion, suggesting higher activation of ROS1 kinase domain in the cleaved
fragment (Fig. 2C,D, respectively). We concluded that this cleaved NOTCH1-ROS1 protein
could be a product of the wild-type NOTCH1 processing machinery acting on the fusion

Jain et al. 2022 Cold Spring Harb Mol Case Stud 8: a006222 50of 16


http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a006222/-/DC1

NOTCH1-ROS1 fusion in pediatric angiosarcoma

A _ B c _ D B
— I — _
B oS O = Vector NOTCH1 e B & _ L B —
82685 8 Conol_ Rost  _HOS! BERZ P 3 BEPZ 2
AELE R FBS: + -+ -+ . 28z = & 28 zx ¢
PERK e ‘ imin =
e ., % )
B VRS a0,
pAKT= [E— ] pAKT NS SIS Tag 1004 8 e ' «
pS6 [S— TAKT [ 751 g 65
56 [Coamm—— N ——r——— 250 50-
pSTAT3Y705 El tS6 pROS172274150
tSTAT3 [ —— | GAPDH | S0 &% sue s w50 s 1(7)2_ -
NIH3T3 BalF3 1 .- « 225- <
250 < 115-
% 80-
150 @
tROS1 Q 65 «
100 (2
754 « 50-
NIH3T3
GAPDH | Sm——|

Ba/F3

Figure 2. Activated ROS1 kinase in NOTCH1-ROS1 drives downstream signaling via MAPK, PI3K/Mtor, and
JAK-STAT pathways. Western blot analysis of (A) stable NIH3T3 and (B) Ba/F3 cell lines showing phosphory-
lated (p-) and total (t-) protein levels of MAPK, PI3K/Mtor, and JAK-STAT pathways. Western blot analysis to
show activation of ROS1 kinase in (C) stable NIH3T3 and (D) Ba/F3 cell lines showing phosphorylated (p-) and
total (t-) protein levels. High exposure tROS1 blot is included in Supplemental Figure 1a to show ROS1 levels in
ROS1 NIH3T3 cell model.

protein, suggesting functional involvement of ROS1 but also possibly NOTCH1 as fusion
partners.

NOTCH1 Extracellular Domain Regulates NOTCH1-ROS1 Function but Targeting
with NOTCH Inhibitors Does Not Suppress Oncogenicity

Under normal conditions, binding of ligands to the NOTCH1 receptor triggers downstream
signaling through release of the NOTCH1 intracellular domain (NICD) that translocates to
the nucleus and mediates transcriptional activation (Lieber et al. 1993). NOTCH1 processing
is facilitated by two proteases, ADAM10 and y-secretase (respective cleavage sites S2 and S3
shown by arrows in Fig. 3A), which are well-studied antitumor targets (Katoh and Katoh
2020). In NOTCH1-ROS1, the NICD is lost suggesting a loss of NOTCH1 transcriptional reg-
ulation as seen in our gene expression analysis in which NOTCH1-ROS1 expressing NIH3T3
cell models show significant difference in NOTCH1 pathway-regulated genes compared to
NOTCH1 FL cells (Supplemental Fig. 2). This led us to investigate the contribution of the re-
tained NOTCH1 extracellular region (EGF repeats 1-36) in NOTCH1-ROS1.

To assess this, we synthesized a shorter, experimental fusion construct, termed trunc.
NOTCH1-ROS1 (trunc. denotes truncated) by deleting NOTCH1 exons 1-23 that encode
EGF-like repeats 1-33 housing majority of NOTCH1 ligand-binding sites (Fig. 3A; Katoh
and Katoh 2020). First, we investigated the subcellular localization of NOTCH1-ROS1 and
trunc. NOTCH1-ROS1 as plasma membrane localization is essential for NOTCH1 receptor
function. Furthermore, subcellular localization has been shown to modulate oncogenic sig-
naling induced by ROS1 fusions (Neel et al. 2019). Using an in silico topological analysis tool
(Dobson et al. 2015), we predicted both NOTCH1-ROS1 and trunc. NOTCH1-ROS1 to be
membrane-anchored with a cytoplasmic ROS1 kinase domain (Fig. 3A). By subcellular frac-
tionation, we observed localization of NOTCH1-ROS1 primarily at the cell membrane in
NIH3T3 whereas trunc. NOTCH1-ROS1 was partially localized at the membrane with a
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Figure 3. Truncation of NOTCH1 extracellular domains causes loss of NOTCH1-ROS1 oncogenicity, despite
lack of efficacy with existing preclinical NOTCH1 inhibitors. (A) Diagrammatic representation of NOTCH1,
ROS1, NOTCH1-ROS1, and Trunc. NOTCH1-ROS1 predicted protein domains and localization. (B) Soft
agar colony assays with stable NIH3T3 cells, quantification of colony counts shown for n=5. (C) Ba/F3 prolif-
eration assay performed in the absence of IL-3. Western blot analysis of (D) stable NIH3T3 and (E) Ba/F3 cell
lines showing phosphorylated (p-) and total (t-) protein levels of MAPK, PI3K/mTOR, JAK-STAT pathways, and
activation level of ROS1 kinase. fx1 represents NOTCH1-ROS1 (256 kDa); < represents Trunc. NOTCH1-
ROS1 (118 kDa); fx2 represents Cleaved NOTCH1-ROS1 (~75 kDa). (F,G) Soft agar colony formation analysis
with NIH3T3 cell models in presence of increasing doses of (F) gamma secretase inhibitor, RO4929097, and
(G) ADAM 10/17 inhibitor, GW280264x. n=10 each.
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portion of the total protein detectable in the cytosol (Supplemental Fig. 1c). Similar mem-
brane localization of NOTCH1-ROS1 was observed in Ba/F3 cells that underwent biotinyla-
tion assays followed by neutravidin pulldown to represent proteins at the cellular membrane
(Supplemental Fig. 3).

We next assessed the oncogenic profile of trunc. NOTCH1-ROS1 and observed loss of
neoplastic transformation potential in both soft agar and IL-3 withdrawal assays in NIH3T3
and Ba/F3 expressing trunc. compared to full-length NOTCH1-ROS1 (Fig. 3B,C, respective-
ly). Trunc. NOTCH1-ROS1 cells also showed lower MAPK phosphorylation and insignificant
PI3K/mTOR and JAK-STAT pathway activation in NIH3T3s (Fig. 3D), correlating with lack of
cellular transformation seen in soft agar assays. In Ba/F3 cells, no pathway activation was ob-
served in serum-starved conditions with trunc. NOTCH1-ROS1 compared to NOTCH1-
ROS1 (Fig. 3E). This shows that despite appropriate membrane localization, trunc.
NOTCH1-ROS1 is not oncogenic. Interestingly, the cleaved NOTCH1-ROS1 fragment is
seen only with the NOTCH1-ROS1 cells but not with trunc. NOTCH1-ROS1 (Fig. 3D,E;
Supplemental Fig. 3, denoted via double arrows). This indicates that both NOTCH1-
ROS1T and trunc. NOTCH1-ROS are trafficked to the plasma membrane but loss of
NOTCH1 EGF repeats 1-33 in trunc. NOTCH-ROS1 likely leads to differential protein pro-
cessing. These data indicate the relevance of NOTCH1 EGF repeats 1-33 in mediating on-
cogenic phenotype driven by NOTCH1-ROS1 via formation of the phosphorylated and
cleaved NOTCH1-ROS1 fragment.

To further understand the mechanism of NOTCH1-ROS1 activation, we tested dimeriza-
tion potential of NOTCH1-ROS1 as several RTKs are known to be activated via ligand-medi-
ated dimerization (Kumar-Sinha et al. 2015). In coimmunoprecipitation assays, we observed
homodimerization of NOTCH1-ROS1 (Supplemental Fig. 1d). To further dissect which fusion
partner drives fusion dimerization, we tested heterodimerization of NOTCH1-ROS1 with
both wild-type NOTCH1 and ROS1. Our results show protein—protein interaction in both cas-
es with a stronger dimerization of ROS1 FL with NOTCH1-ROS1 compared to NOTCH1 FL
(Supplemental Fig. 1e). However, we also observed trunc. NOTCH1-ROS1 interacting with
NOTCH1 FL (Supplemental Fig. 1e). The absence of oncogenic phenotype with trunc.
NOTCH1-ROS1 despite dimerization highlights that dimerization is not key for the oncogen-
ic phenotype of the fusion.

Given our initial observations showing a role of NOTCH1 processing in NOTCH1-ROS1
oncogenicity, we assessed the response of NOTCH1-related targeted inhibitors on NIH3T3
cell models. We did not observe a decrease in soft agar growth of NIH3T3 expressing
NOTCH1-ROS1 with increasing concentrations of y-secretase inhibitor, RO4929097 (Fig.
3F) and ADAM 10/17 inhibitor, GW280264X (Fig. 3G) or any impact on downstream signal-
ing (Supplemental Fig. 4).

Targeted Therapy with ROS1 Kinase Inhibitors Is Effective in Suppressing
NOTCH1-ROS1-Driven Oncogenesis In Vitro and In Vivo
Tyrosine kinase inhibitors (TKIs) with activity against the ROS1-kinase domain have demon-
strated noteworthy efficacy in patients suffering from cancers driven by ROS1-fusion onco-
genes. Roughly 70% of ROS1-positive non-small-cell lung cancer patients exhibit an
objective response to crizotinib, a TKI with ROS1/ALK activity, whereas median progres-
sion-free survival varies between 9 and 19.2 mo (Shaw et al. 2014; Mazieres et al. 2015).
To target ROS1 kinase-driven oncogenic signaling, we tested several ROS1 TKls in the
NOTCH1-ROS1 onco-addicted Ba/F3 cells. AllROS1 inhibitors used in the screen were able
to inhibit ROS1 signaling (Fig. 4A). The U.S. Food and Drug Administration (FDA)-approved
ROS1 inhibitors, crizotinib and entrectinib, were chosen for further evaluation (Facchinetti
and Friboulet 2019). Both crizotinib and entrectinib induced significant, dose-dependent
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Figure 4. ROS1-directed targeted inhibitors target NOTCH1-ROS1-driven signaling and in vitro and in vivo
oncogenic growth. (A) Ba/F3 proliferation assay using clinical ROS1-directed inhibitors in BA/F3 cell growth.
(B) Soft agar colony formation analysis with NIH3T3 cell models in presence of increasing doses of entrectinib
and crizotinib. n= 10, * denotes P-value <0.05 and ** denotes P-value <0.01. Western blot analysis of (C) Ba/
F3 model and (D) NIH3T3 model upon treatment with crizotinib and entrectinib. (E) Tumor volume plot from in
vivo flank xenograft of NOTCH1-ROS1 expressing NIH3T3 and vector control cells in NSG mice and bi-daily
oral gavage treatment with entrectinib. n = 8 Significant decrease compared to * NOTCH1-ROS1 + Vehicle, **
NOTCH1-ROS1 + 15 mg/kg Entrectinib, *** NOTCH1-ROS1 + 30 mg/kg Entrectinib. (F) Western blot analysis
of mouse tumor lysates to show targeting of MAPK, PI3K, and JAK/STAT and expression of fusion protein in the
myc-tag blot.
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suppression of NIH3T3 colony growth in soft agar assays (Fig. 4B, P<0.05) and inhibited
MAPK, PI3K/mTOR, and JAK-STAT effector pathways in both Ba/F3 and NIH3T3 cell model
systems (Fig. 4C,D, respectively). To test entrectinib in vivo, NOTCH1-ROS1 expressing
NIH3T3 cells were injected as flank allografts in NSG mice. Oral-gavage with entrectinib re-
sulted in significant dose-dependent decrease in tumor volume (Fig. 4E). The entrectinib
steady state trough is reported as a benchmark for simulating the study’s effectiveness in rep-
licating true drug bioavailability in patients (Supplemental Fig. 5b). Treatment of NIH3T3
NOTCH1-allograft tumors with entrectinib significantly increased in survival time as com-
pared to vehicle for both the 30- and 60-mg/kg treatment groups (Supplemental Fig. 5a,
P<0.0001). Immunoblotting of lysates prepared from tumor tissue after oral treatment
showed inhibition of AKT and ERK activation concordant with NIH3T3 NOTCH1-ROS1 cells
in vitro (Fig. 4F). Thus, entrectinib therapy prolonged overall survival and decreased tumor
growth of NOTCH1-ROS1 tumors in vivo.

DISCUSSION

Pediatric angiosarcomas are extremely rare entities, and although there is some understand-
ing of the molecular pathophysiology or iatrogenic etiology for these patients, no effective
therapies exist. Our study describes a novel oncogenic mechanism of action and therapeutic
targetability of the NOTCH1-ROS1 fusion found in a rare case of pediatric angiosarcoma.
This is the first report, to our knowledge, describing the critical role of NOTCH1 extracellular
region in mediating membrane localization and dimerization of a therapeutically targetable
fusion protein in angiosarcomas. Genetic heterogeneity is pervasive across angiosarcomas,
with PI3K/mTOR and MAPK pathways being commonly affected, and some adult cases have
also been shown to harbor mutually exclusive MYC amplifications or TP53 alterations
and CDKNZ2A loss (Murali et al. 2015). In our study, the pediatric patient had LFS and several
clinically relevant copy-number variants. It is likely that radiation therapy to the low-grade
vascular lesion induced chromosomal breakage with subsequent transformation to angiosar-
coma in the setting of unrecognized LFS. She rapidly succumbed to disease before targeted
therapy could be initiated. An ongoing patient-partnered approach, called the
Angiosarcoma Project (Painter et al. 2020), has begun elucidating the etiology for rare adult
angiosarcomas leading to potential therapeutic opportunities. Such an effort in the pediatric
setting is lacking and could provide more biological insight into the etiology of angiosar-
coma in children.

Although several studies have previously shown gene fusions involving either NOTCH1 or
ROS1 to be oncogenic driver mutations across cancers (Kumar-Sinha et al. 2015; Roskoski
2017), ours is the first to define the mechanism of the unique combination of amino-terminal
NOTCH1 exons 1-30 to carboxy-terminal ROS1 exons 34-43 in a pediatric angiosar-
coma. Interestingly, NOTCH1 has been implicated as both an oncogene (in T-cell acute lym-
phoblastic leukemia [ALL], medulloblastoma, osteosarcoma) and a tumor suppressor (in
B-cell ALL, and acute myeloid leukemia [AML]) in pediatric cancers (Lieber et al. 1993;
Kumar-Sinha et al. 2015). Normally, Notch1 receptor protein is activated by cell—cell interac-
tions and regulates cell fate during development (Katoh and Katoh 2020). When acting as an
oncogene, NOTCH1 has been shown to harbor a hotspot of activating mutations in the PEST
domain, and as a 3’ gene fusion partner in constructs both dependent and independent
of y-secretase cleavage (Katoh and Katoh 2020). In the context of a tumor suppressor,
NOTCH1-mediated signaling has also been demonstrated to be absent in neuroendocrine
tumors, whereas activation of NOTCH1 in vitro significantly reduced tumor growth
(Kunnimalaiyaan and Chen 2007). These studies highlight the diverse functionality of
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NOTCH1 across the cancer landscape, and our finding provides a novel mechanism via which
the NOTCH?1 amino-terminal domain contributes to fusion biology.

ROS1 is a receptor tyrosine kinase (RTK) driving growth signaling via activation of the
PI3K/AKT, MAPK/ERK, and JAK-STAT pathways (Xiong et al. 1996; Zong et al. 1998;
Biskup et al. 2004). ROS1 is an orphan receptor, implying that its ligand is currently unknown
(Drilon et al. 2021). The ROS1 kinase domain has been detected in more than 50 different
fusions as the 3’ partner in both adult and pediatric cancers (Drilon et al. 2021). However,
it has not been previously reported as a fusion partner in pediatric angiosarcoma. GOPC-
ROS1 and CEP85L-ROS1 fusions have been previously reported in adult angiosarcomas
(Giacomini et al. 2013; Marks et al. 2019). ROS1 fusions drive oncogenesis via ligand-inde-
pendent, constitutive activation of canonical signaling pathways, partly driven by amino-ter-
minal partner-mediated intracellular protein localization (Neel et al. 2019). Interestingly, our
study demonstrates that NOTCH1-ROS1 has NOTCH1-mediated membrane localization
and dimerization as well as ROS1-mediated dimerization, suggesting that in the context of
this fusion, canonical dimerization might be required for ROS1 kinase fusion activation at
the membrane. This contrasts with the intracellular ROS1 fusions that show dimerization-in-
dependent activity (Neel et al. 2019). This brings up the possibility that NOTCH1-ROS1 may
function as a different mechanistic class of membrane-bound ROS1 oncogenic fusion.

The pathological diversity and rare occurrence of angiosarcomas makes it challenging to
determine optimal treatment strategies. The standard of care treatment options for angiosar-
comas include surgery, chemotherapy, and/or radiotherapy, which are often toxic among
pediatric patients. In adults, a few clinical trials with tyrosine kinase inhibitors have shown
partial responsiveness such as the use of sorafenib against vascular sarcomas (Penel et al.
2014). The aberrant expression of programmed death ligand 1 (PD-L1) in angiosarcomas
(Botti etal. 2017) has led to the successful use of anti-PD 1 immunotherapy in an older patient
(Sindhu et al. 2017). However, such clinical studies are lacking for pediatric angiosarcomas.
Our study highlights the preclinical efficacy of ROS1 inhibitors in targeting NOTCH1-ROS1-
driven tumors, which can be tested clinically as a potent targeted therapy in the arsenal
against angiosarcomas.

METHODS

Clinical Sequencing

Tumor tissue was sequenced using the Children’s Hospital of Philadelphia Comprehensive
Solid Tumor Panel as previously described (Surrey et al. 2019). Briefly, this custom panel in-
terrogates 238 genes for DNA sequence alteration and copy-number variation using cap-
ture-based NGS. The panel also includes targeted RNA-seq for 110 additional genes
using anchored multiplex polymerase chain technology followed by NGS to identify known
and novel gene fusions. Supplemental Table 1 contains sequencing coverage information
for the NOTCH1-ROS1 fusion gene breakpoint. Fusion gene confirmation was performed
by nested polymerase chain reaction (PCR) and Sanger sequencing on reverse-transcribed
RNA from tumor tissue. Sanger sequencing of peripheral blood leukocytes was used to con-
firm the TP53 constitutional variant with custom-designed primers.

Cell Culture

NIH3T3 and HEK293 cells were obtained from ATCC and maintained in 1x DMEM with 10%
Donor Bovine Serum (DBS) and Fetal Bovine Serum (FBS), respectively. Ba/F3 cells were
maintained in 1x RPMI with 10% FBS with or without addition of 2 ug/mL recombinant
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murine IL-3. Serum starvation of Ba/F3 cells was accomplished by suspending cells in 1x
RPMI with 1 mg/mL BSA. Cell lines were routinely tested for mycoplasma infection.

Cloning and Generation of Heterologous Cell Lines

NOTCH1-ROS1 and Trunc. NOTCH1-ROS1 constructs were synthesized as gateway com-
patible entry clones by GenScript. Full-length NOTCH1 and full-length ROS1 were pur-
chased as gateway entry clones from GenScript and PlasmID/Dana-Farber/Harvard
Cancer Center DNA Resource Core, respectively. Subcloning was conducted to integrate
NOTCH1-ROS1, Trunc. NOTCH1-ROS1, NOTCH1, and ROS1 into Gateway-compatible
N-MYC-tagged pMX-Puro Retroviral Vector (Cell Biolabs). NIH3T3 cells were transduced us-
ing a previously described infection protocol (Jain et al. 2017). Ba/F3 cells were transduced
with virus generated from the Plat-E retroviral packaging cell line (Cell Biolabs). Prior to infec-
tion, cells were treated with 10 pg/mL polybrene. Virus was harvested at 48 h and filtered
with a 0.45 pm syringe filter before addition. Upon viral infection and addition of 10 mM
HEPES, cells were inoculated for 90 min and then incubated for 72 h. An amount of 2 pug/
mL puromycin was then utilized to select stably transduced cells. All constructs were sub-
cloned into gateway destination vectors with amino-terminal Myc and Flag tags
Invitrogen). Expression of tagged proteins was detected using anti-Myc HRP Antibody
(Invitrogen R951-25; 1:5000) and anti-Flag HRP antibody (Sigma-Aldrich A8592; 1:5000).

Western Blotting and Antibodies

NOTCH1-ROS1 expressing NIH3T3 and HEK293 cells were lysed in RIPA buffer and normal-
ized using a Pierce 660-nm Protein Assay. Lysates were run on NuPAGE precast gels (4%—-12%
Bis-Tris or 3%—8% Tris-Acetate; Invitrogen). For MAPK, PI3K, and JAK/STAT pathway analysis,
PMEK (#9154), tMEK (#4694), pERK (#4370), pERK (#9101), tERK (#4695), tERK (#4696), pAKT
Thr308 (#4056), pAKT Serd73 (#9271), pAKT Serd73 (#4060), tAKT (#2920), pSé (#4858), tS6
(#2317), pSTAT3 (#9145), tSTAT3 (#9139), pROS1T Tyr2274 (#3078), tROS1 (#15027), and
GAPDH (#3683) antibodies were purchased from Cell Signaling (1:1000).

Soft Agar Colony-Forming Assays

Anchorage independent growth capability of stably expressing NIH3T3 cells was evaluated
via soft agar colony formation assay. NIH3T3 cells expressing NOTCH1-ROS1, Trunc.
NOTCH1-ROS1, NOTCH1, ROS1, and retroviral vector control were plated in 0.7% agar
with DMEM and DBS in cell-repellent 96-well plates in n=5 and n=3 for baseline and
drug studies, respectively. Cell colonies could form for 2 wk with media changed every
3 d and imaged. Image analysis was performed with ImageJ in which colonies of >500
pixels were included in the count.

IL-3 Withdrawal Assay

Oncogenicity of Notch-ROS1 fusion was assessed via IL-3 withdrawal assay performed in Ba/
F3 cells, as described previously (Marks et al. 2019). Briefly, cells expressing no transgene,
NOTCH-ROS1, Trunc. Notch-ROS1, CD74-ROS1, or ROS1 were suspended at 500,000
cells/mL in RPMI+10% FBS without addition of IL-3. Cells were manually counted every
3-4 d until cells either died out or grew 100-fold relative to starting cell number.

Coimmunoprecipitation

Protein—protein interactions of NOTCH1-ROS1 with itself, wild-type NOTCH1, and wild-
type ROST were investigated via cotransfections of Myc and Flag-tagged constructs into
HEK293 using manufacturer defined protocol for Lipofectamine 3000 (Invitrogen). Anti-
Flag antibody coated beads (Millipore-Sigma M8823) were used to immunoprecipitate
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the tagged proteins during rotation at 2 h at 4°C. Three 15-min washes using RIPA buffer
were performed at 4°C followed by a PBS wash and elution using 2x LDS (lithium dodecyl
sulfate). Following elution, samples were heated for 10 min to 70°C and analyzed through
western blotting.

Nanostring Pathway Analysis

Nanostring pathway analysis was conducted with the nCounter PanCancer Pathways Panel
CodeSet (XT-CSO-PATH1-12, Nanostring) containing 770 human genes from 13 pathways
commonly associated with cancer. Multiplex gene expression analysis was performed ac-
cording to published protocol for using isolated RNA. Isolated RNA was obtained from stably
expressing NIH3T3 cells utilizing the RNeasy Plus Mini Kit (QIAGEN 74134) and was ana-
lyzed for RNA integrity using a bioanalyzer before use. Expression data was analyzed using
the nSolver Data Analysis Software Suite with heatmaps being generated through the ad-
vanced analysis add-on.

Subcellular Fractionation Assay

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit for
Cultured Cells (Thermo Scientific 78840) according to manufacturer's protocol with noted
changes. Wash step with cytoplasmic extraction buffer was performed 2x after initial extrac-
tion of cytoplasmic fraction to reduce contamination of the membrane fraction with residual
cytoplasmic extract. Samples were analyzed through western blotting using tROS1 (#15027),
HSP90 (#4877), and Na,K-ATPase (#3010) antibodies purchased from Cell Signaling (all
1:1000), in addition to the anti-Myc Antibody from Invitrogen (R951-25, 1:5000).

Biotinylation Assays

Biotinylation was performed using the EZ-Link Sulfo-NHS-SS-Biotin reagent (Thermo
Scientific 21331) adhering to the manufacturer’s protocol with minor changes. Cells were in-
cubated with biotin at 4°C to reduce cellular internalization of reagent. An initial wash with 25
mM Tris-HCI (pH 8.0) was also performed postbiotinylation to quench unreacted biotin re-
agent. Pierce NeutrAvidin Agarose resin was then used to bind biotinylated cell surface pro-
teins and washed to remove unbound intracellular proteins. Samples were analyzed through
western blotting using tROS1 (Cell Signaling15027; 1:1000) and anti-GAPDH (Origene
TA802519; 1:7000).

Cellular Drug Assays

Entrectinib was provided by Ignyta, whereas crizotinib and RO4929097 were purchased from
Selleck Chemicals. GW280264X was purchased from AOBIUS Inc. Aderbaib was purchased
from Astatech Inc. Cells were plated at 1 x 10 cells/well in a six-well plate and serum starved
for 24 h followed by exposure to specific drug for 1 h. All drugs were dissolved in dimethyl
sulfoxide and stored at —20°C. Ba/F3 cell viability assays were performed as described pre-
viously (Davare et al. 2015). Briefly, inhibitors were loaded at a 2x concentration onto 384-
well plates using a D300 Digital Dispenser (HP) and then NOTCH-ROS1 cells post-IL-3 with-
drawal were seeded onto the drug-printed plates using a Multidrop Combi Reagent
Dispenser (Thermo Scientific). Plates were incubated for 72 h at 37°C; 5% CO, and then vi-
ability was assessed via MTS (BioVision), in which absorbance was quantified using a Biotek
Synergy H1 microplate reader. ICsq determination and nonlinear curve fitting were subse-
quently performed with GraphPad Prism software. Experiments were performed at minimum
two separate times in triplicate.
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Animal Studies

The Children’s Hospital of Philadelphia Institutional Animal Care and Use Committee ap-
proved all associated animal protocols. Homozygous NSG mice were purchased from
Jackson Laboratories and housed under aseptic conditions. Mice used were 5-wk-old and
randomized for treatment with equal sex representation and no investigator blinding.

Mouse flank xenograft studies with NOTCH1-ROS1 fusion expressing NIH3T3 cells:
NIH3T3 cell lines were injected subcutaneously into NSG mouse flanks (baseline growth
study n=4 per cell line; entrectinib study n =8 per treatment arm). Tumor growth was mea-
sured daily and tumor volume calculated using the formula

volume = (/6) x (L x W x H/3)°.

Quantification of Entrectinib in Plasma (Pharmacokinetic Analysis)

Entrectinib was extracted from mouse plasma samples with an isotopically labeled internal
standard (entrectinib-d8; Ignyta) by liquid-liquid extraction using acetonitrile. Extracts
were injected onto an Xbridge C18 column (50 x 2.1 mm, 2.5 mm; Waters Corporation),
maintained at 40°C, and eluted with a binary mobile phase gradient using 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) with a constant flow rate of
0.4 mL/min. The initial mobile phase condition of 90:10, A:B, was held until 0.1 min, when
the composition changed to 5:95, A:B gradually until 0.5 min. From 0.5 min to 2.0 min, the mo-
bile phase held at 5:95, A:B, then reverted back to the initial conditions (90:10, A:B) at 2.15 min,
then held at these conditions until 6 min. Positive ion tandem mass spectrometry (MS/MS) with
multiple reaction monitoring (m/z 561.2 to m/z 302.1 for entrectinib) was used for analyte
detection. The lower limit of quantification (LLQ) for entrectinib was 2 ng/mL for a 15-mL ali-
quot of mouse plasma with a higher limit of quantification (HLQ) of 1000 ng/mL.
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Data Deposition and Access

Our genomic findings have been submitted to ClinVar (https:/www.ncbi.nlm.nih.gov/
clinvar/) and can be found under accession number VCV001710089.1.
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