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Abstract

Angiosarcomas are aggressive vascular sarcomas that arise from endothelial cells and have an extremely poor prog-
nosis. Because of the rarity of angiosarcomas, knowledge of molecular drivers and optimized treatment strategies is
lacking, highlighting the need for in vivo models to study the disease. Previously, we generated genetically engi-
neered mouse models of angiosarcoma driven by aP2-Cre-mediated biallelic loss of Dicer1 or conditional activation
of Kras®'?° with Cdkn2a loss that histologically and genetically resemble human tumors. In the present study, we
found that DICER1 functions as a potent tumor suppressor and its deletion, in combination with either KRAS®'2P
expression or Cdkn2a loss, is associated with angiosarcoma development. Independent of the genetic driver, the
mTOR pathway was activated in all murine angiosarcoma models. Direct activation of the mTOR pathway by condi-
tional deletion of Tsc7 with aP2-Cre resulted in tumors that resemble intermediate grade human kaposiform heman-
gioendotheliomas, indicating that mTOR activation was not sufficient to drive the malignant angiosarcoma
phenotype. Genetic dissection of the spectrum of vascular tumors identified genes specifically regulated in the
aggressive murine angiosarcomas that are also enriched in human angiosarcoma. The genetic dissection driving
the transition across the malignant spectrum of endothelial sarcomas provides an opportunity to identify key deter-
minants of the malignant phenotype, novel therapies for angiosarcoma, and novel in vivo models to further explore
angiosarcoma pathogenesis.
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tumors. Vascular tumors are then subclassified based
upon malignant potential. Benign vascular tumors
include infantile hemangiomas, congenital hemangi-
omas, tufted angiomas, and others. Vascular tumors
of intermediate malignant potential can be locally
aggressive but rarely metastasize and include kaposi-
form hemangioendotheliomas (KHE), Kaposi sarco-
mas, and others. KHE tumors can be especially
difficult to manage, as 70% of KHE patients develop
a severe thrombocytopenia from platelet trapping
within the tumors known as Kasabach—Merritt phe-

Introduction

Normal endothelial cell function is critical for vascu-
lar development and cardiovascular health. The
abnormal organization and proliferation of endothe-
lial cells can lead to a wide spectrum of vascular mal-
formations and neoplasms, ranging from benign
hemangiomas to metastatic angiosarcomas. The clas-
sification of each of these neoplasms can be challeng-
ing, but is critical for patient care. The International

Society for the Study of Vascular Anomalies devel-
oped a classification system that is adopted broadly
and used clinically [1]. First, vascular anomalies are
classified as either vascular malformations or vascular

nomenon [2]. Malignant vascular tumors include
epithelioid hemangioendothelioma driven by TAZ-
CAMTAI1 or YAP-TFE3 oncofusion proteins as well
as angiosarcoma [3,4].
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Patients with angiosarcoma have a poor prognosis,
with a 5-year survival of 30—-40% [5]. Angiosarcomas
can arise in various anatomic locations spontaneously/
de novo (primary angiosarcoma) or following exposure
to toxins, radiation, UV damage, or chronic lymph-
edema (secondary angiosarcoma). Recent efforts to
sequence angiosarcoma tumors and subclassify patients
have identified some recurrent mutations and differential
patient clusters [6—-10]. Such studies have identified
recurrent putative driver mutations in genes such as
TP53, KDR, PIK3CA, RAS, ARIDIA, POTI, PTPRB,
and PLCGI. Similar mutations have been reported
recently in studies of canine hemangiosarcomas where
TP53, PIK3CA, NRAS, PTEN, and PLCG]1 are the most
commonly mutated genes [11-14]. These studies have
begun to reveal common aberrations among specific
anatomic locations and subtypes of tumors. In primary
breast angiosarcomas, PIK3CA (16-50%) and RAS
(11-16%) mutations have been observed [8,10]. In
addition, MYC amplification is reported in many sec-
ondary angiosarcomas, whereas CDKN2A losses are
associated with patients with no radiation exposure or
MYC amplification [7,15]. Data from the Angiosar-
coma Project and others are highly suggestive of effec-
tive immunotherapy responses, particularly in head/
neck angiosarcoma patients with a high tumor mutation
burden [8,10,16]. Despite this greater understanding of
the genomic landscape of angiosarcoma, optimal treat-
ment strategies for many patients are still lacking. Fur-
thermore, due to the rarity of vascular tumors, there are
few resources for studying the etiology and mecha-
nisms of transformation [17].

We previously generated and characterized novel
genetically engineered mouse models (GEMMs) of
angiosarcoma [18,19]. In these models, the conditional
deletion of Dicer! or the combined activation of onco-
genic Kras®'?? and inactivation of the tumor suppressor
Cdkn2a in cells expressing aP2-Cre led to angiosarcoma
development. We sought to utilize these models to fur-
ther define the mechanisms of transformation. Here we
report our findings that DICER1, RAS-MEK-ERK,
and mTOR signaling pathways are important for angio-
sarcoma. However, the activation of the mTOR pathway
alone in cells expressing aP2-Cre results in vascular
tumor development that mimics human KHE tumors.

Materials and methods

Mouse strains and methods

All experiments involving animal studies were reviewed
and approved by the Institutional Animal Care and Use
Committee at St. Jude Children’s Research Hospital.
All mouse strains were generated and described
previously including: aP2-Cre (Tg(Fabp4-Cre)lJmgr)
[20], Dicerl™™ (DicerI™"™) [21], LSL-Kras®?"
(Kras"™™) [22], Cdkn2a"" (Cdkn2a"**%) [23], Tsc1"**
(TscI™"™% [24], and R26-tdTomato (Gt(ROSA)
26s0rtml4(CAG—thomato)/Hze) [25], as detailed in
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supplementary material, Table S1. All mice were
maintained on a mixed genetic background; thus, litter-
mate controls were used for each study. Primary genetic
ATKO (aP2-Cre;Tscl" vE l) tumors were transplanted into
the flanks of immunocompromised SCID-Beige animals as
described previously [18]. Whole blood was collected from
AT© tumor mice and littermate controls immediately fol-
lowing euthanasia through cardiac puncture with a syringe
precoated with 10% EDTA. Complete blood counts were
performed in the St. Jude Children’s Research Hospital Vet-
erinary Pathology Core using the Forcyte Analyzer follow-
ing manufacturer’s instructions.

Immunoblots, histology, and
immunohistochemistry (IHC)

Protein lysates of cells and tissues were prepared in
RIPA lysate buffer as previously described [26]. Protein
concentrations were determined by the BCA Protein
Assay Kit (23225, Pierce, Rockford, IL, USA). Equally
loaded lysates were resolved by SDS-PAGE. Blots were
probed overnight at 4 °C with primary antibodies
detailed in supplementary material, Table S2. Following
washing, the membranes were then probed with the
species-appropriate secondary antibody. After washing
the membranes again, protein expression was visualized
using chemiluminescence Luminol reagent (SC-2048,
Santa Cruz Biotechnology, Dallas, TX, USA) and film
exposure (45-001-508 Amersham Hyperfilm ECL Film,
Cytiva, Marlborough, MA, USA). H&E histology and
IHC were performed following standard protocols [27].
The antibodies utilized and staining protocol details are
provided in supplementary material, Table S3.

Cell lines and allografts

Cells were obtained from the following sources: HMEC-1
(CRL-3243, American Type Culture Collection [ATCC],
Manassas, VA, USA), MS1 (ATCC, CRL-2279), SVR
(ATCC, CRL-2280), EOMA (M. Roussel, St. Jude Chil-
dren’s Research Hospital), NIH/3T3 (L. Solario, Purdue
University), and C2C12 (S. Kuang, Purdue University).
The ADC106 cell line was derived from a cutaneous
angiosarcoma from an aP2-Cre;Dicer”™°; Cdkn2a%°;
R26"™™* mouse. The tumor was diced using a razor
blade then passed through a 100 pm filter. HMEC-1 cells
were maintained in MCDB131 (15100CV Corning,
NY, USA) supplemented with 10 ng/ml EGF (23626,
R&D Systems, Minneapolis, MN, USA), 1 pg/ml
hydrocortisone (0219456901, MP Biomedicals, Irvine,
CA, USA), 1x Glutamax (35050, Gibco/Thermo Fisher
Scientific, Waltham, MA, USA), and 10% FBS
(SH3091003, Hyclone, Logan, UT, USA). The EOMA,
MSI1, SVR, C2C12, NIH/3T3, and ADC106 cells were
maintained in DMEM (SH30243, Hyclone) with 10%
FBS (Hyclone), 1x antibiotic-antimycotic penicillin,
streptomycin, and amphotericin B (PSA) (A5955,
Sigma-Aldrich, St. Louis, MO, USA) and incubated at
37 °C in 5% CO,. For low adherence conditions, cells
were grown on low attachment plates (3471, Corning) in
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neurobasal media (12348, Gibco) supplemented with
10 ng/ml EGF, 20 ng/ml FGF (233-FB-025, R&D
Systems), 2x B27 supplement (17504-44, Gibco), 2x
Glutamax (35050, Gibco), and 1x PSA. Endothelial tube
assays were performed by seeding 1.5 x 10° cells
(in 300 pl) per well of a 24-well dish previously coated
with 250 pl Matrigel matrix (354234, Corning). Cells
were then incubated for 4 h at 37 °C. Cells were treated
with trametinib (16292, Cayman Chemical, Ann Arbor,
MI, USA) or rapamycin (13346, Cayman Chemical) at
indicated concentrations or a kill control (20% DMSO)
for 72 h. Cell viability was determined using the Cell Titer
Glo Assay (G7570, Promega, Madison, WI, USA) mea-
suring luminescence with a BioTek Synergy 2 (BioTek/
Agilent, Winooski, VT, USA). The percentage of growth
inhibition was calculated using the following formula:
(luminescence of treated well — luminescence from kill
control)/(luminescence of vehicle treated well —
luminescence from kill control) [28].

RNA and gene expression

Total RNA was isolated from tumors of aP2-Cre;LSL-
Kras®"?";Cdin2a™"" (AKC™®, n=4) or aP2-Cre;
Tsc1™ " (AT, n = 4) using a bead mill TissueLyser
LT (85600, Qiagen, Valencia, CA, USA) and the
miRNEasy mini kit (217004, Qiagen) according to man-
ufacturer’s instructions. The GeneChip Mouse Gene 2.0
ST Microarray was utilized for gene expression analysis.
Gene expression data will be available in NCBI’s Gene
Expression Omnibus (GEO accession GSE191239).
Signal data were summarized by the RMA method,
Z-score batch corrected, and compared statistically by
unequal variance t-tests for each probe set (Partek
Genomics Suite 6.6, St. Louis, MO, USA). Then, a
Benjamini-Hochberg multiple test correction was applied
to limit the false discovery rate (FDR) [29]. We utilized the
previously described cohort GSE85834 of aP2-Cre;
Dicerlk¢ tumors, normal aorta, and normal quadriceps
for comparisons [18]. Two human angiosarcoma cohorts
previously described were also used for comparison
[9,30] and a statistical analysis performed with DESeq2
v.1.26.0 [31]. Mouse and human gene orthologs were
identified using the BiomaRt Bioconductor package. The
top 508 genes commonly enriched in the human datasets
with mouse homologs were used as a gene set for Gene
Set Enrichment Analysis (GSEA) [32,33]. Differentially
expressed genes were analyzed by gene ontology using
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) [34]. Functional classification and
clustering of terms or pathways were performed based
on biological process gene ontology terms (BP_FAT) or
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways [35] with the exclusion of redundant terms.

Reverse phase protein arrays (RPPA)

Lysates were prepared from frozen tumor tissue (n = 3)
or normal aorta (n = 3) in lysis buffer (1% Triton X-100,
50 mm HEPES, pH 7.4, 150 mm NaCl, 1.5 mm MgCl,,
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1 mm EGTA, 100 mm NaF, 10 mm Na pyrophosphate,
1 mm Na3VOy, 10% glycerol, containing protease inhib-
itor and phosphatase inhibitors (05056489001 and
04906837001, Roche Applied Science, Indianapolis,
IN, USA) with 40 mg tissue/ml lysis buffer. The tissue
was homogenized by an electric hand homogenizer, then
centrifuged at 4 °C, 14,000 x g for 10 min. The concen-
tration of the lysate was determined using a BCA Protein
Assay Kit (23225, Pierce) and adjusted to 1.5 pg/pl prior
to adding 4x SDS sample buffer (40% glycerol, 8%
SDS, 0.25 M Tris—HCI, pH 7.8) and boiling for 5 min.
Lysates were then shipped to and analyzed at the RPPA
Core Facility at the MD Anderson Cancer Center. Com-
parisons between normal aorta and AT tumors were
made using the normalized linear expression and Stu-
dent’s t-test, with a Welch correction for unequal vari-
ance and Benjamini—Hochberg adjusted P values.

Statistics

Statistical analyses were performed using Prism Version
9 (Graph Pad Software, Inc., San Diego, CA, USA). All
results are expressed as the mean + SEM unless stated
otherwise. Pairwise comparisons were performed with
a two-tailed, unpaired Student’s 7-test after ensuring nor-
mality using the Shapiro—Wilk test. Analyses of data
with multiple comparisons were performed with one-
or two-way ANOVA, followed by Tukey’s multiple
comparison tests. A Kaplan—Meier survival analysis
was performed using a Log-rank (Mantel-Cox) test.
All P values <0.05 were considered significant.

Results

Disparate angiosarcoma mouse models converge on
RAS-MEK-ERK and mTOR pathway activation

We and others have illustrated that the adipose protein
2 (aP2) promoter drives expression of Cre recombinase
in endothelial cells in aP2-Cre transgenic mice [19,36,37].
Previously, we found that aP2-Cre;Dicerl™" (AD©)
and aP2-Cre;LSL-Kras®'*P:Cdkn2a"™™" (AKCK©)
compound mutant mice spontaneously developed
angiosarcomas with epithelioid histology and 100%
penetrance [18,19]. These models displayed a marked
difference in tumor-free survival, with AD€© animals
developing tumors in 250 days and AKC* animals
developing tumors in 20 days. Despite the striking
difference in genetic drivers, both tumor models dis-
played similar pathway activity with enhanced phos-
phorylation of ERK and S6 illustrating activation of
the RAS—-MEK-ERK and mTOR pathways (see sup-
plementary material, Figure S1A-D). In addition, the
AKC®© tumors lacked enhanced phosphorylated
AKT as previously observed in AD*® tumors [18].
This suggests that Dicerl loss- and oncogenic
Kras-driven tumors ultimately lead to similar down-
stream signaling consequences.
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We sought to determine if gene expression of AKCK©

and AD®® tumors were similar to gene expression alter-
ations in human angiosarcoma using two recently pub-
lished human cohorts consisting of 25 total patients
[9,30]. We observed 613 commonly enriched genes
between the two human cohorts (Figure 1A) and 538 genes
commonly increased in AKCO and AD¥C tumors, with
a fold-change >2 and FDR < 0.05. Overlap analysis of
these gene sets revealed a significant enrichment of
123 genes increased in expression in both mouse and
human angiosarcoma (Figure 1B). GSEA [32,33] indi-
cated that the mouse angiosarcoma upregulated genes
were also significantly enriched in human angiosarcomas

JA Hanna et al

(Figure 1C). Finally, gene ontology analysis of the
123 overlapping genes revealed terms related to cell cycle,
extracellular matrix, and blood vessel development
(Figure 1D and supplementary material, Table S4) consis-
tent with recent findings in human and canine tumors
emphasizing the role of extracellular matrix [12,38]. Fur-
thermore, pathway analysis of genes enriched in the
AKC®© and AD® tumors revealed KEGG pathways
such as RAP1 signaling, pathways in cancer, axon guid-
ance, MAPK signaling, and focal adhesion (see supple-
mentary material, Table S4). Interestingly, these are also
enriched pathways In both canine hemangiosarcoma and
human angiosarcomas [39].

A B AKCGKO
1981 genes Kim et al. 2021
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Q 1122
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Figure 1. Gene expression alterations in mouse and human angiosarcomas. (A) Volcano plot of the —logqo of the FDR value versus the log
fold-change in mRNA expression in AKC®™® angiosarcomas (n = 4) versus normal wildtype aortas (n = 4) with enriched (yellow) and under-
represented (blue) with FDR < 0.05 and log,, fold-change >1 or <—1, respectively. (B) Venn diagram of genes increased in expression with
FDR < 0.05 and fold-change >2 in ADYC and AKC™*® (mouse angiosarcomas compared with normal aorta) and human angiosarcomas sam-
ples from previously published cohorts [9,30]. (C) GSEA of the genes increased in expression in mouse angiosarcomas compared with the
enriched human angiosarcoma gene set with a normalized enrichment score (NES) = 3.24 and FDR = 0.00. (D) Gene ontology enrichment
analysis with significantly enriched biological processes (BP_FAT) in the 123 commonly enriched genes in mouse and human angiosarcomas.
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Kras€'2® and Cdkn2a loss cooperate with

Dicer1 deletion

We next sought to determine if Kras®'?” or Cdkn2a dele-
tion could cooperate with Dicerl loss to accelerate tumor-
igenesis in the AD®C model. We first generated
compound mutant aP2—Cre;LSL—KrasGIZD;DicerIF’/Fl
(AKD®¥©) mice to determine the consequences of onco-
genic Kras activation combined with Dicerl loss (see
supplementary material, Figure S2A). AKD®® mice
developed tumors with a median onset of 24.5 days
(Figure 2A) similar to the time frame of tumor develog—
ment in aP2-Cre;LSL-Kras®"*";Cdkn2a™"" (AKC**?)
mice [19]. AKD®C mice developed tumors predomi-
nantly in the interscapular region of the back and in the
inguinal adipose, skeletal muscle, abdominal visceral adi-
pose, heart, and lungs. Tumors arose as violaceous, hem-
orrhagic multicentric masses with areas of necrosis and
invasive endothelial cells configured in irregular vascular
channels. Cytologic analysis revealed high-grade, large,
atypical nuclei and prominent nucleoli analogous to
human epithelioid angiosarcomas. These cytologic fea-
tures are consistent with human angiosarcoma and tumors
expressed diagnostic markers of angiosarcomas, includ-
ing PECAMLI, ERG, and PLVAP (Figure 2B and supple-
mentary material, Figure S2B).

In contrast to AKC¥© animals that develop rare cases
of other tumors, including malignant triton tumor and
pleomorphic spindle cell carcinoma, AKD®© mice only
develop angiosarcomas [19]. AKD®® animals develop
angiosarcoma with similar kinetics to AKC¥? animals,
suggesting Dicerl loss in this context exhibits equiva-
lent tumor suppressor potency as Cdkn2a loss. We previ-
ously reported that aP2-Cre; LSL-Kras®’ 2D compound
mutant mice do not form tumors [19]. Interestingly,
aP2-Cre;LSL-Kras®'?P;Dicer™" (AKD™®") animals
also developed fully penetrant angiosarcoma with het-
erozygous deletion of Dicerl, suggesting that in this
context DICER1 functions as a conventional tumor sup-
pressor where loss of both alleles promotes tumor devel-
opment (Figure 2A). This contrasts with some mouse
models of Dicerl deletion where it functions as a hap-
loinsufficient tumor suppressor [40,41].

Given that tumors in AKD®® and AKC**° mice dis-
play the same kinetics and histology, we next wanted to
determine if Cdkn2a loss and Dicerl loss performed
redundant roles in angiosarcoma development. To deter-
mine this, we next asked if Cdkn2a deletion accelerated
tumor onset for the ADX® model. For this, we bred
aP2-Cre;Dicer™" ;:Cdkn2a™* (ADH'CH®Y mice to
Cdkn2a™"; Dicer"™ mice and compared tumor devel-
opment in aP2-Cre;Cdkn2a™" (AC™®), aP2-Cre;
Dicerl™"! (ADCKO) aP2—Cre;Cdkn2aF VE: l;DicerIF vl
(AD®OCK9) littermates (see supplementary material,
Figure S2C). Indeed, AD*°C*° mice developed tumors
with a median onset of 125 days compared with 243 days
in AD© mice (Figure 2C). Angiosarcomas also devel-
oped in aP2-Cre;Dicerl™'Cdkn2a"™" (ADKOCH)
(Figure 2D) with 100% penetrance. Again, angiosarco-
mas primarily developed in the interscapular region of
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the back and anatomic locations, as in AD¥C and

AKC®© mice. The angiosarcoma tumors that developed
appeared to be histologically similar to AD® tumors
and expressed diagnostic markers of angiosarcomas,
including PECAMI, CD34, ERG, and PLVAP
(Figure 2E and supplementary material, Figure S2D).

We previously reported no observable tumor develop-
ment in aP2-Cre;Cdkn2a®° (AC™*®) mice up to
200 days [42]. We have now extended our observation
of AC*®© animals to over 600 days and found that they
developed histiocytic sarcomas with 87.5% penetrance
and a median tumor-free survival of 350 days
(Figure 2C,D). Histiocytic sarcomas are thought to arise
from non-Langerhans histiocytic cells of the monocyte/
macrophage lineage [43]. Tumors in AC®© mice were
evident in the livers, spleens, lymph nodes, and the
lungs. In the liver, the proliferation of atypical mono-
cytic/macrophages was associated with an extensive
granulocyte proliferation that caused effacement,
destruction, and necrosis of the hepatic architecture. In
the spleen, the granulocytic cell hyperplasia caused fol-
licular atrophy involving the white and red pulp and a
marked decrease of T and B cells. The neoplastic cells
consisted of pleomorphic and anaplastic cells with atyp-
ical mitosis and expressed IBA-1, MHCII, and F4/80
consistent with histiocytic sarcomas (Figure 2F and sup-
plementary material, Figure S2F). Histiocytic sarcomas
developed in AD"'C®© animals and to a lesser extent
in ADH'CHet (Figure 2D). Histiocytic sarcoma was
never observed in ADCC®C animals, probably
because they succumb to high angiosarcoma tumor bur-
den before developing histiocytic sarcoma. Although
initially thought to be an adipose-specific protein, aP2
(also known as FABP4) is also expressed in other cell
types, including macrophages [36,44]. In the AC*© ani-
mals, histiocytic sarcomas probably developed from
aP2-Cre expression in macrophages leading to Cdkn2a
deletion and transformation.

In comparing the tumor histology and onset kinetics
of AKCCKO, AKDCKO, ADCKOCCKO, ACCKO, and ADCKO
it suggests that Dicer! and Cdkn2a are not completely
functionally redundant tumor suppressors in angiosar-
coma. In the context of oncogenic KRAS, the deletion
of Dicerl or Cdkn2a results in rapid tumor development.
However, independently only Dicerl deletion leads to
angiosarcoma development in aP2-Cre-expressing cells,
suggesting Dicerl ablation provides an oncogenic signal
capable of activating both the RAS-MEK-ERK and
mTOR pathways, leading to tumorigenesis.

mTOR signaling dependence in murine ADC?
angiosarcoma

We and others have had difficulty generating cell lines
from angiosarcoma tumors [18,45]. We thought that in
addition to Dicerl deletion, the deletion of Cdkn2a
may allow angiosarcoma cells to overcome cellular
senescence and facilitate angiosarcoma cell line genera-
tion. Thus, we isolated tumor cells from an aP2-Cre,
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Figure 2. KRAS activation and Cdkn2a deletion cooperate with Dicer1 loss to accelerate angiosarcoma development. (A) Kaplan-Meier survival
analysis for aP2-Cre;Dicer1™ (ADC) (blue, n = 7), aP2-Cre;LSL-Kras®'?°;Dicer1™ (AKD)(green, n = 12), and aP2-Cre;LSL-Kras®'?>;
Dicer1?|* (AKD*9(orange, n = 14) Log-rank p < 0.0001. (B) Representative histology and IHC staining of an AKD*® tumor for markers of
angiosarcoma, scale bar 25 pm. (C) Kaplan-Meier survival analysis for aP2-Cre;Cdkn2a™" (ACY®)(black, n = 16), aP2-Cre;Dicer1™/™ (AD?)
(olue, n = 7), and aP2-Cre:Dicer1™-Cdkn2a™" (ADKOC*) (red, n = 21). Log-rank p < 0.0001. (D) Histogram of tumor types that developed
in the indicated genotype. (E) Representative histology and IHC staining for markers of angiosarcoma from an aP2-Cre;Dicer17":Cakn2a™"
(AD*C™) tumor, scale bar 25 pm. (F) Representative histology and IHC staining for markers of histiocytic sarcomas from an aP2-Cre;
Cdkn2a™" (AC™®) tumor, scale bar 25 pm.
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Dicer™".Cdkn2a"™"":R26™™" (AD¥°C¥°T) mouse
where the tumor cells express the tdTomato fluorescent
reporter indicating Cre recombinase activity in the tumor
cells [25]. The cells were passaged until a homogenously
tdTomato-positive cell line was established (eight pas-
sages). We found that this ADC106 cell line was able to
grow both in adherent and non-adherent tumor sphere con-
ditions on low attachment plates (Figure 3A,B). We also
found that the cells maintained high expression of endothe-
lial genes, such as Pecaml, Erg, Kdr, and Flt4 (see supple-
mentary material, Figure S3A). We next tested if the
ADCI106 cells would form endothelial-like tubes when
grown on Matrigel, as observed in the human dermal
microvascular endothelial HMEC-1 cell lines and
the mouse hemangioendothelioma, EOMA cell lines.
Unlike the HMEC-1 and EOMA cell lines, the ADC106
cells failed to form organized tubes but instead maintained
spheroid growth with disorganized extensions and
networks potentially due to their transformed state
(Figure 3C). When injected subcutaneously into SCID-
Beige immunocompromised mice, ADC106 cells formed
tumor allografts that retained histologic characteristics of
angiosarcoma and maintained expression of the endothelial
cell markers, PECAM1, ERG, and CD34 (Figure 3D,E and
supplementary material, Figure S3B). Thus, the ADC106
cells represent a valuable murine angiosarcoma cell line
to interrogate angiosarcoma pathobiology in vitro.

We and others have previously identified activation of
the RAS-MEK-ERK and mTOR pathways in mouse
angiosarcoma tumors illustrated by hyperphosphoryla-
tion of ERK and S6, respectively (see supplementary
material, Figure S1A) [18,46]. To determine the rele-
vance of these pathways in the ADC106 cells, we treated
cells with the MEK inhibitor trametinib to inhibit the
RAS-MEK-ERK pathway and the mTOR pathway
inhibitor rapamycin. ADC106 cells were sensitive to tra-
metinib at similar doses as the HMEC-1 and EOMA
cells, with ECsy values of 6.3 nm, 19.14 nm, and
3.5 nm, respectively. We observed similar reductions in
phospo-ERK expression with trametinib treatment
(Figure 3F,G). In contrast, ADC106 cells were signifi-
cantly more sensitive to rapamycin than the EOMA
and HMEC-1 cells, despite similar reductions in phos-
phorylated S6 levels upon mTOR inhibition with 1 nm
rapamycin treatment (Figure 3H,I). Based on this result
and this higher dependence of the ADCI106 cells on
mTOR signaling, we sought to determine the genetic
role of the mTOR pathway in angiosarcoma in vivo.

JA Hanna et al

Tsc1 deletion cooperates with Dicer1 loss-driven
angiosarcoma

To determine the contribution of the mTOR pathway to
angiosarcoma pathogenesis, we conditionally deleted
Hamartin (Tscl) in our ADK© angiosarcoma model
using Tscl*® mice [47]. TSCI negatively regulates
the mTOR pathway by functioning in a complex that
acts as a GTPase-activating protein of the GTPase
RHEB, which activates mTORCI1 [48]. We bred
aP2-Cre;Dicerl™ ;Tsc1™*  (ADHTHY  mice to
Dicer™" Tsc1™* (DMTH") mice and compared
tumor development in littermate offspring (Figure 4A
and supplementary material, Figure S4A). Tscl deletion
in aP2-Cre;Dicer]™;Tsc1™" (AD*°T*?) animals
accelerated tumor onset without changing the distribution
of anatomic location or histologic characteristics of the
angiosarcoma tumors found in aPZ—Cre;Dicer]F vl
(AD®) and aP2-Cre;Dicer1™"TscI™" (ADOT)
mice (Figure 4B and supplementary material,
Figure S4B). Similar tumors developed in ADKOTHe
mice, whereas no tumors developed in ADTH mice,
Thus, mTOR pathway activation cooperates with Dicerl
deletion to accelerate tumor development. However, tumor
onset kinetics suggest that the mTOR pathway and Cdkn2a
deletion contribute similarly, whereas KRAS®!?P oncogene
activation dramatically enhances tumor development, sug-
gesting the RAS-MEK-ERK pathway as a major driver
in angiosarcoma.

aP2-Cre;Tsc1C tumors resemble human KHE

Although Tscl loss contributed to angiosarcoma devel-
opment in the Dicer]““® model, we also observed tumor
development independent of Dicer! deletion in aP2-Cre;
Tsc1F1o (AT®%9) mice. Therefore, we generated an
independent cohort of these mice (see supplementary
material, Figure S5A). Interestingly, AT*“? mice devel-
oped tumors in their paws (Figure 5A). These paw
tumors only developed in animals with homozygous
Tscl1™* deletion, but were not observed in the
aP2-Cre;Dicerl®°:Tsc1°5° mice, suggesting Dicerl
expression is required for the development of these
tumors. Because of this interesting anatomic location
and similarity to other T'sc/ tumor models [48-50], we
decided to further study these tumors. AT*C mice
developed bilateral hindlimb paw tumors with a median
onset of 150 days with 100% penetrance (Figure 5B).
Tumors occasionally developed in the forepaw and in

Figure 3. Generation of a novel murine angiosarcoma cell line and activated pathway inhibition. (A) Brightfield and tdTomato fluorescence of
ADC106 cells grown in adherent conditions, scale bar 25 pm. (B) Brightfield and tdTomato fluorescence of ADC106 spheres grown in low
adherence conditions, scale bar 100 um. (C) Tube formation assay of HMEC-1, EOMA, and ADC106 cells grown on Matrigel for 4 h, scale
bar 25 pm. (D) ADC106 cell allograft formation in SCID-Beige mice, with 1 x 10° cells injected subcutaneously in the flank (arrow).
(E) Representative histology and PECAM1, ERG, and CD34 IHC staining of ADC106 cell allograft, scale bar 25 um. (F) Growth inhibition curve
of HMEC-1 (ECgo = 19.14 nm), EOMA (ECso = 3.5 nm), and ADC106 (ECso = 6.3 nw) cells treated with the indicated concentration of trame-
tinib, data presented as mean + SEM. (G) Immunoblot analysis of cells treated with the indicated concentration of trametinib and antibodies
probed indicated on the left. (H) Growth inhibition curve of HMEC-1, EOMA, and ADC106 (ECso, = 0.96 nw) cells treated with rapamycin, data
presented as mean 4= SEM (*p < 0.05,*p < 0.01). (I) Immunoblot analysis of cells treated with rapamycin and antibodies probed indicated on
the left.
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Figure 4. Tsc1 deletion cooperates with Dicer7 loss accelerating
tumor development. (A) Kaplan-Meier survival analysis of aP2-Cre;
Dicer1™*:Tsc1™+ (ADTHeY(black, n = 21), aP2-CreDicer1™"
(AD*)(blue, n = 8), aP2-Cre:Dicer1™:Tsc1™" (ADKCTKO)(green,
n=12), and aP2-Cre;Tsc1™™ (AT*?) (red, n=10) Log-rank
p < 0.0001. (B) Representative histology and IHC staining for
markers of angiosarcoma in an aPZ—Cre,'Dicer1F’/F’,'TscIF'/F'
(ADSK°T) tumor, scale bar 25 pm.

other anatomic locations, including hindlimb muscle,
tail, semitendinosus muscle near the tail base, inguinal
adipose, and liver (Figure 5C). In addition to the unique
anatomic location, these tumors were also histologically
distinct from the angiosarcoma tumors described
previously in AD¥?, AKC©, and ADT*® animals.
Tumors displayed a nodular spindle cell-like morphol-
ogy with glomeruloid nests reminiscent of Kaposi
sarcomas (Figure 5D,E and supplementary material,
Figure S5B,C). The tumors expressed markers of endo-
thelial cells, such as PECAMI1, CD34, and ERG. They
also expressed lymphatic endothelial cell markers, such
as FLT4 (VEGFR3) and PROX1 (Figure 5E,F). In con-
trast, ADC and AKC®® angiosarcomas did not
express PROX1 (Figure 5F), suggesting the ATKC
tumors may be derived from lymphatic endothelial cells,
in which aP2 is known to be expressed [S1].

These features of the AT tumors resembled human
KHE. KHE tumors are rare vascular tumors that occur
most often in the extremities of infants and exhibit lym-
phatic endothelial cell differentiation [2]. This anatomic
predilection for the extremities is of note given the occur-
rence of tumor development in the hind paws of the ani-
mals. The mouse KHE-like lesions were composed of
irregular lobules with coalescing and non-coalescing nod-
ules of spindled cells without nuclear pleomorphism
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forming elongated slit like lumina or curving around
and/or merging with glomeruloid-like areas of round cells.
The KHE-like nodules with glomeruloid areas had an
alternating positive and negative podoplanin (PDPN) pat-
tern and diffusely positive expression of PECAMI1 and
CD34 (see supplementary material, Figure S5D). The
tumors also had capillary-like areas and some lobulated
nodules in the dermis had an occasional large, dilated lym-
phatic and a few small lymphatics at their periphery (see
supplementary material, Figure S5B-D). A few cells
expressing alpha-smooth muscle actin (a-SMA; ACTA2)
were evident in occasional glomeruloid structures (see
supplementary material, Figure SSE). ITGA2B (CD41)
IHC, which labels megakaryocytes and platelets, showed
that there was an abundant number of platelets in some
of the glomeruloid capillary structures, as occurs with
microthrombi commonly found in human KHE:s (see sup-
plementary material, Figure SSE).

KHE tumors are generally of intermediate malignancy
in that they invade locally but rarely metastasize. We
transplanted eight AT tumors, including five paw
tumors and three inguinal tumors, into the flanks of
SCID-Beige immunocompromised mice. We did not
observe any allograft tumor growth, unlike the aggressive
growth and lung metastasis previously reported for
AD®© allografts [18]. KHE is often associated with a
clinical condition known as Kasabach—Merritt phenome-
non, a consumptive coagulopathy and thrombocytopenia
as a result of platelet entrapment in the tumor [2]. Impor-
tantly, we observed a similar thrombocytopenia in tumor-
bearing AT®C animals with a significant decrease in
platelets compared with aged-matched controls
(Figure 5G). Importantly, RBC counts in tumor mice
were not altered compared with control mice
(Figure 5H). These results suggest that the tumors in
AT®C mice resemble human KHE, indicating that this
is a potential model to study this rare pediatric vascular
neoplasm, as well as the Kasabach—Merritt phenomenon.

Integrative transcriptomic and proteomic analysis
of KHE-like tumors in AT? mice

In order to gain insight into the mechanism by which
Tscl deletion drives KHE-like tumor formation in
AT®© mice, we performed mRNA expression profiling
of the paw tumors as well as normal mouse aorta. In
ATKO tumors, there were 2,196 genes with increased
and 2,381 genes with decreased expression compared
with normal aorta, with log ratio>1 or <—1 and
FDR < 0.05 (Figure 6A). Using gene ontology analysis
of the 588 most enriched genes in AT*° KHE-like
tumors compared with aorta with log ratio >2 and
FDR < 0.05, we found enrichment of terms involved in
cell migration, angiogenesis, and blood vessel morpho-
genesis and development (Figure 6B). In addition, genes
related to lymph vessel development, including Prox1,
Fitd4, Tbxl, SoxIl8, Nfatcl, and Efnb2, were also
enriched, thus suggesting a potential lymphatic endothe-
lial origin for the ATO tumors (see supplementary
material, Table S3).
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Figure 5. Tsc1 deletion with aP2-Cre results in KHE-like sarcoma tumors in the paw. (A) Kaplan-Meier tumor-free survival analysis in
aP2-Cre;Tsc 1™+ (AT"*Y(black, n = 17) and aP2-Cre:Tsc1™™ (AT™O)(red, n = 20), Log-rank p < 0.0001. (B) Representative paw tumor in
an ATC mouse. (C) Histogram of anatomic locations of tumor development in AT® mice. (D) Low resolution scan of an H&E-stained paw
tumor from an AT*C_ (E) Representative histology and IHC for markers of angiosarcoma (PECAM1, CD34, ERG) and lymphatic endothelial cells
(FLT4) in an ATC tumor, scale bar 100 pm top left (black), all others 25 pm (white). (F) Representative histology and PROX1 staining of ATC,
ADYC, and AKC®™® tumors, scale bar 25 pm. (G) Platelet count (*p < 0.01) and (H) RBC count in tumor-bearing AT® mice (n = 4) and age-
matched control animals (n = 6), data presented as mean + SEM.
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Figure 6. Gene and protein expression in KHE mouse model. (A) Volcano plot of the —logo of the FDR value versus the log ratio fold-change in
mRNA expression in aP2-Cre:Tsc 177 (AT™O) (n = 4) versus normal aorta (n = 4). Genes with FDR < 0.05 and log, ratio > 1 (yellow) < —1
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AT*® tumors compared with normal aorta with log ratio > 2 and p < 0.05 (588 genes). (C) Heatmap of the top 20 statistically significant up-
and downregulated proteins ranked by mean difference in AT tumors (n = 3) compared with normal aorta (n = 3) by RPPA. Comparisons
between normal aorta and AT*° tumors were made using the normalized linear expression and Student’s t-test with a Welch correction for
unequal variance and Benjamini-Hochberg adjusted Pvalues. (D) Immunoblot analysis of lysates from AT*? tumors and normal aorta. Anti-
bodies used are shown to the right.

To compare the gene expression changes across the
GEMMs, we used principal component analysis of
transcrigtomes, and found that tumors from ADCKO,
AKC®C and AT®® mice clustered distinctly (see
supplementary material, Figure S6A). However, using
the top 8,000 differentially expressed genes of human

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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angiosarcoma, the aggressive AD®? and AKC¥°
tumors clustered together by unsupervised hierarchi-
cal clustering, whereas the less aggressive ATXC
tumors clustered more closely with normal aorta and
quadricep muscle (see supplementary material,
Figure S2B).
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To further explore the cell signaling and proteomic
consequences in AT tumors compared with normal
aorta, we performed RPPA and found the highest differ-
entially expressed protein to be phosphorylated S6
(S240/5244) (Figure 6C and supplementary material,
Table S6). Other highly differentially expressed proteins
included the COUP-TFII (NR2F2) transcription factor
known to interact with PROX1, leading to the expres-
sion of genes involved in lymphatic endothelial cell dif-
ferentiation [52]. In addition, the STAT3 transcription
factor and DNMT1 DNA methyltransferase were signif-
icantly expressed in AT*© tumors, which were recently
shown to be dysregulated in Kaposi’s sarcoma, an endo-
thelial cell tumor associated with Kaposi’s sarcoma-
associated herpesvirus (KSHV, HHV-8) [53].

The autophagy regulators ATGS and ATG7 were also
among the most enriched proteins in the AT tumors,
suggesting autophagy to be an important component of
these tumors, similar to other Tsc/-deleted cells and
tumor models [54-56]. To validate some of these
expression changes, we performed immunoblot analysis
and observed significant enrichment of phosphorylated
S6, ATGS5, ATG7, and COUP-TFII in AT tumors
compared with control aorta lysates (Figure 6D). Thus,
AT tumors are a vascular neoplasm resembling less
aggressive human lymphatic KHE tumors by histology,
gene expression, and cell signaling pathway activation.

Discussion

Pediatric and adult vascular tumors are rare, but can have
devastating consequences [57]. Benign tumors can lead
to lifelong disfigurement and malignant tumors are diffi-
cult to manage clinically, leading to a poor prognosis.
Further understanding of the genetic drivers and molec-
ular pathways active in these tumors is key to identifying
therapeutic vulnerabilities that benefit these patients
[4,58]. The development of GEMMs to model these
tumors can provide a valuable resource for studying
tumorigenesis in vivo. Here we have developed
genetically simple, fully penetrant mouse models of
angiosarcoma and KHE-like tumors (see supplementary
material, Table S7).

MicroRNAs (miRNAs) are short non-coding RNAs
that regulate gene expression and are dysregulated in
many diseases, including cancer [59,60]. miRNAs are
transcribed in the nucleus and undergo a series of proces-
sing events. DICERI is the enzyme that mediates the
second cleavage event, resulting in the mature approxi-
mately 22 nucleotide long miRNA [61]. A reduction in
miRNA processing machinery and a global reduction
of miRNAs promote cancer [62,63]. Furthermore,
DICER] mutations result in a tumor predisposition syn-
drome where patients inherit an inactivating mutation
and often acquire second hit mutations in the RNase IIIb
domain, altering miRNA processing and reducing
miRNA expression in tumors [64].

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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In many mouse models of cancer, DICERI acts as a
haploinsufficient tumor suppressor, where loss of one
allele promotes tumorigenesis, but loss of both alleles
is detrimental to tumor formation and potentially cell
survival [40]. Because of this, DICER1 has long been
thought to be required for cell survival and there are only
a few examples of viable cells with complete Dicer!/
deletion [65,66]. However, we have found that biallelic
loss of Dicerl in aP2-Cre mice is sufficient for angiosar-
coma formation independent of any other engineered
oncogene or tumor suppressor loss [18]. We hypothesize
that the long latency of AD®® tumors results from the
lack of cell viability with complete Dicerl loss, the even-
tual recombination of both Dicer1™** alleles, survival,
and transformation of a DicerI-depleted cell that results
in the activation of the RAS-MEK-ERK and mTOR
pathways. Alternatively, secondary mutations in AD<C
tumors could lead to downstream pathway activation
and tumorigenesis, although this mechanism is challeng-
ing due to the 100% penetrance of angiosarcoma devel-
opment in ADC mice.

Furthermore, heterozygous loss of Dicerl allows
tumor formation when combined with Kras®’??, which
is accelerated with homozygous deletion, analogous to
a conventional tumor suppressor. This suggests that
Dicerl harbors similar tumor suppressor potency as
Cdkn2a, which is known to activate both the RB1 and
TP53 pathways. The consequences of biallelic Dicerl
deletion and subsequent loss of miRNAs are still unclear
and an ongoing area of investigation. Nonetheless, we
found that the loss of Tscl and CdknZ2a, or the activation
of Kras®'?P, cooperate with Dicerl deletion to drive
angiosarcoma development.

DICERI mutations have been observed in a few
angiosarcomas and one recent canine hemangiosarcoma
[39]. Specifically, one mutation (Y1091F) was found
in a scalp angiosarcoma from a patient with no
UV-mutational signature [9]. A truncating mutation
(L1191*) has been reported in a recurrence of a
radiation-associated tumor [67]. Finally, a patient in the
Angiosarcoma Project has been reported to have a non-
start (M1L) mutation and a missense (N157T) mutation
[8]. A recent study also reported an AGO2-TRAPPC9
fusion gene in a patient [30]. Mature miRNAs are loaded
onto AGO2 to generate the RNA-induced silencing
complex for translational repression or mRNA degrada-
tion of miRNA target genes [61]. Thus, altered AGO2
could effectively reduce the function of miRNAs. How-
ever, the implications of this novel AGO2-TRAPPC9
fusion gene on AGO2 functions are unclear.

The histiocytic sarcomas in aP2-Cre;Cdkn2a
(AC®9) mice highlight that cell type expression of Cre
and genetic drivers cooperate to dictate tumorigenesis.
Histiocytic sarcoma is thought to arise from macrophage
progenitors and as such display morphologic and expres-
sion markers of mature histiocytes. Indeed, aP2 has been
shown to be expressed in macrophages, where it is
involved in inflammation signaling and neutrophil
recruitment during infection [68]. Histiocytic sarcomas
only developed in animals with Cdkn2a deletion,

FI/F1
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highlighting its role in histiocytic sarcoma development,
which is in agreement with other GEMMs and human
histiocytic sarcoma patients [69-71]. However, this
highlights the caveat that the potential promiscuity of
aP2-Cre expression in other cell types introduces the
potential for non-cell autonomous contributions in mod-
ifying the tumor microenvironments and contributions
of other non-endothelial cell types cannot be excluded
in these studies.

The combined deletion of Cdkn2a and Dicerl in
aP2-Cre animals allowed us to generate a novel murine
angiosarcoma cell line, which has been previously chal-
lenging for our group and others [18,45]. We validated
the endothelial features of the ADC106 cells, found that
the cells grow as allografts in immunocompromised
mice, and importantly maintain CD31 expression during
this process. The ADC106 cells are relatively sensitive
to MEK inhibition and mTOR inhibition, providing fur-
ther evidence for these pathways as attractive targets for
combined therapeutic approaches in angiosarcoma [72].
This finding led us to test the genetic contribution of the
mTOR pathway in angiosarcoma pathogenesis, which
has been shown to be active in human tumors. In fact,
mTOR expression was observed in all patients (11/11)
by IHC [30]. In other studies, 71-100% of angiosarcoma
patients examined exhibited positive expression and
increased phosphorylated S6 compared with normal
adjacent blood vessels by THC [49,73]. Furthermore,
the mTOR inhibitor everolimus was shown to give the
highest progression-free rate in angiosarcoma patients
(three patients) compared with other high-grade
sarcomas that failed anthracycline and ifosfamide regi-
mens [74].

As anticipated, mTOR pathway activation accelerated
angiosarcoma development driven by Dicerl loss. Sur-
prisingly, Tscl deletion alone with aP2-Cre led to
KHE-like tumor development. KHE was first named
because of its unmistakable resemblance histologically
to Kaposi sarcoma [75]. These rare tumors of infancy
most often develop in the extremities and are associated
with Kasabach—Merritt phenomenon in over 70% of
patients. This thrombocytopenia is thought to arise from
platelet trapping in the tumors and leads to fatalities in
10% of patients [2]. We observed a similar reduction in
platelets in KHE-like tumor-bearing mice and a similar
anatomic location of tumor development with paw and
hind limb tumors in the AT®° mice. Although 7SCI
deletion has not been reported in KHE, exciting results
from several groups recently reported efficacious treat-
ment of KHE patients with sirolimus [76,77]. In addi-
tion, results should be available soon from a phase
2 clinical trial of sirolimus in vascular anomalies includ-
ing KHE patients (NCT00975819). The AT*° model
provides a platform for further interrogation of both
KHE and the devastating associated Kasabach—Merritt
phenomenon.

The anatomic location and expression of lymphatic
endothelial cell markers are similar to those of tumors
previously reported by Sun and colleagues [49]. In their
model, Tscl deletion using End-Scl-CreERT leads to
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vascular tumor development, with nearly 100% pene-
trance upon tamoxifen administration to adult mice.
Cutaneous and liver tumors developed in this model.
The cutaneous tumors progressed into lymphangiosar-
comas or angiosarcomas of lymphatic origin. Interest-
ingly, aP2-Cre;Tsc1*° (AT*®) tumors in our study
did not progress to aggressive angiosarcomas, as
evidence by histologic appearance more resembling
intermediately malignant KHE tumors and lack of
autonomous allograft tumor growth in immunocompro-
mised mice. This distinction could be a result of
differences in the timing of Cre expression (tamoxifen
delivery in adults versus aP2-Cre during embryogene-
sis) or expression of Cre recombinase in different sub-
types of endothelial cells dictated by differences in
End-Scl-CreERT and aP2-Cre expression. Interestingly,
KHE paw tumors were not observed in ADKOT®O
(aP2-Cre; Dicer]™" :Tsc1"™"*") animals, suggesting DICER
expression is required for these tumors.

Evidence from our model and other models of endo-
thelial and global deletion of Tsc/ suggests that mTOR
pathway activation is insufficient to promote aggressive
vascular tumor formation [47,72,78]. Nonetheless, it is
apparent that the mTOR pathway is active in vascular
tumors. In one study, all 59 angiosarcoma patients exam-
ined exhibited increased phosphorylated S6 compared
with normal adjacent bloods vessel by IHC [73].
In another study, 71% of patients displayed positive
phosphorylated S6 [49].

In summary, we have found that DICER1 can func-
tion as a tumor suppressor and cooperate with other
genetic drivers of angiosarcoma tumorigenesis. Interro-
gation of the pathways active in angiosarcoma led us to
find that the mTOR pathway alone is insufficient to pro-
mote aggressive angiosarcoma, but rather results in
KHE-like tumor development. Gene expression analysis
across the spectrum of tumor models aligned with
human angiosarcoma gene expression analysis suggests
that aggressive tumors rely on extracellular matrix mod-
ifications to promote cell migration and invasion along
with steady proliferation and promotion of inflammatory
pathways. These findings provide insights into the path-
ogenesis of vascular tumors and highlight the key depen-
dencies of specific cell types to transformation. These
models can be further interrogated to identify therapeutic
vulnerabilities to benefit patients of these clinically chal-
lenging vascular tumors.
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