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Abstract

Angiosarcoma is an aggressive vascular sarcoma with an extremely poor prognosis. Due to the 

relative rarity of this disease, its molecular drivers and optimal treatment strategies are obscure. 

DICER1 is an RNase III endoribonuclease central to microRNA biogenesis, and germline 

DICER1 mutations result in a cancer predisposition syndrome, associated with an increased risk of 

many tumor types. Here we show that biallelic Dicer1 deletion with aP2-Cre drives aggressive and 

metastatic angiosarcoma independent of other genetically engineered oncogenes or tumor 

suppressor loss. Angiosarcomas in aP2-Cre;Dicer1Flox/−mice histologically and genetically 

resemble human angiosarcoma. MicroRNA-23 target genes including the oncogenes Ccnd1 as 

well as Adam19, Plau, and Wsb1 that promote invasiveness and metastasis were enriched in 

mouse and human angiosarcoma. These studies illustrate that Dicer1 can function as a traditional 

loss-of-function tumor suppressor gene, and they provide a fully penetrant animal model for the 

study of angiosarcoma development and metastasis.
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Introduction

Angiosarcoma is a rare vascular tumor composed of proliferating and invasive endothelial 

cells. The prognosis for patients is extremely poor with a 5-year survival rate of only 30–

40% (1). Patients are treated aggressively with surgery, radiation, and chemotherapy and 

unfortunately 50% die within one year of diagnosis. Angiosarcoma occurs as two distinct 

entities either spontaneously (primary) or more commonly secondary to ionizing radiation or 

chronic lymphedema. Recently, recurrent mutations in genes involved in angiogenesis, 

PTPRB and PLCG1, have been identified in secondary angiosarcomas while the drivers of 

spontaneous angiosarcoma are less clear (2), highlighting the need for genetic, in vivo 
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animal models to further understand the molecular mechanisms of angiosarcoma 

development and assess novel therapeutics.

MicroRNAs are short non-coding RNAs that regulate target gene expression through 

translational repression or transcript degradation. MicroRNAs are involved in essentially 

every cellular process and their deregulation has been linked to numerous pathologic 

processes including cancer. DICER1 is a ribonuclease III enzyme that processes pre-

microRNAs into mature 20–23 nucleotide microRNAs and thus is required for canonical 

microRNA biogenesis (3). DICER1 cleavage of pre-microRNAs results in the separation of 

the hairpin loop and production of two mature microRNA products, a 5-prime (5p) 

microRNA derived from the 5’ end of the stemloop and a 3-prime (3p) microRNA from the 

3’ end of the stemloop. The 5p and 3p microRNAs from a single pre-microRNA have 

different base pair sequences and therefore have distinct target genes. Due to indispensable 

functions of microRNAs in development, global Dicer1 loss causes embryonic lethality in 

mice (4). Numerous studies have described Dicer1 dysregulation in cancer. In several mouse 

models, Dicer1 functions as a haploinsufficient tumor suppressor where loss of a single 

allele promotes tumorigenesis yet loss of both alleles abrogates tumor formation (5).

Heterozygous germline DICER1 loss-of-function mutations in humans is associated with a 

distinct cancer predisposition syndrome in which affected kindreds present with rare 

malignant and benign neoplasms including pleuropulmonary blastoma (PPB), 

pineoblastoma, embryonal rhabdomyosarcoma (ERMS), and others (6). Interestingly, some 

of these tumors have recently been shown to have secondary somatic missense mutations in 

the remaining DICER1 allele in exons 24 and 25 encoding the RNAse IIIb domain. These 

DICER1 RNAse IIIb domain missense mutations specifically block 5p microRNA 

processing while leaving 3p microRNA processing intact (7, 8). In addition, complete 

DICER1 loss has been shown to contribute to human pineoblastoma as well as mouse PPB 

in cell-autonomous and non-cell-autonomous mechanisms respectively (9, 10).

Previously, we described a genetically engineered mouse model of ERMS driven by 

activation of an oncogenic Smoothened allele, SmoM2, with adipocyte protein 2 (aP2)-Cre 
(11). The aP2 promoter drives expression of Cre recombinase in adipose tissue as well as 

other tissues including endothelium but not in skeletal muscle (12, 13). The cell of origin in 

the aP2-Cre;SmoM2 ERMS model remains to be determined. Given the occurrence of 

DICER1 mutations in both sporadic ERMS and DICER1 syndrome associated ERMS (8, 

14), we sought to further interrogate the role of Dicer1 in ERMS oncogenesis utilizing mice 

with conditional deletion of Dicer1 with aP2-Cre. Here we describe our findings illustrating 

Dicer1 deletion in aP2 expressing cells results in angiosarcoma.

Materials and Methods

Mouse strains

Mice were maintained in mixed genetic backgrounds thus littermate controls were used for 

all comparisons. All strains have been described previously: aP2-Cre (12), Dicer1Flox/Flox 

(15), and Rosa26LSL-tdTomato (16). Global Dicer1+/− animals were generated by breeding 

Dicer1Flox/Flox to CAG-Cre (17). Primary angiosarcoma tumors were transplanted into 
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immunocompromised mice as described previously (18). All mouse studies were reviewed 

and approved by the Institutional Animal Care and Use Committee at St. Jude Children’s 

Research Hospital.

Immunohistochemistry and mRNA in situ hybridization

Histology and IHC performed following standard protocols (19) using antibodies detailed in 

Supplementary Table S2. RNAScope mRNA in situ hybridization performed following 

manufacturer’s protocol using the RNAscope 2.5 VS Reagent kit–Red and Dicer1 probes 

(456799, Advanced Cell Diagnostics, Inc).

RNA and gene expression

Total RNA was prepared from tissue using the miRNeasy Mini Kit (217004, Qiagen) after 

homogenizing the tissue using the TissueLyser LT (Qiagen) according to manufacturer’s 

instruction. qRT-PCR was performed with Taqman probes (Applied Biosystems) and SYBR 

primers detailed in Supplementary Table S3. Relative expression by qRT-PCR was 

quantified using the ΔΔCT method normalized to 18S ribosomal RNA or β-Actin and 

expressed relative to WT tissue. Mature microRNA expression was normalized to snRNA 
U6 and also expressed relative to WT tissue.

Gene Microarray Analysis

The GeneChip Mouse Gene 2.0 ST Microarray (902463, Affymetrix) was utilized for gene 

expression analysis of mouse angiosarcoma tumors (n = 7) and normal tissue from WT adult 

mice including quadriceps femoris (n = 4), sternocleidomastoid (SCM, n = 4), and aorta (n = 

4). A previously described cohort of primary human angiosarcoma (n = 7) (20)) and cohort 

of normal human tissue from GSE7307 (skeletal muscle n = 5, deltoid muscle n = 6, aorta n 

= 4, and coronary artery n = 3) were utilized for cross species comparison and human aortas 

from GSE26155 were used for comparison to human angiosarcoma. Normalized signal data 

was log2 transformed in STATA/MP 14.1 (College Station, TX) and the transformed data 

was batch corrected and compared. Each probeset was compared by unequal variance t-test 

comparing mouse angiosarcomas to mouse quadriceps (Partek Genomics Suite 6.6 St. Louis, 

MO, USA). Mouse and human data were deduplicated with respect to gene, keeping only 

the most highly expressed probeset for each species. Next the median absolute difference 

(MAD) was calculated for each probe set across all mouse samples. Next the top 1,000 by 

MAD scoring genes were selected. This data was joined to the human set and rank 

transformed in STATA/MP 14.1. The ranks were then imported in Partek 6.6 Genomics Suite 

for visualization. Unsupervised hierarchical cluster analysis was performed using average 

linked Euclidean distance metrics of z-transformed ranks. Principle component analysis 

(PCA) was then performed on the top 1,000 genes MAD score. Separately the maximum 

orthologous probesets per gene symbol were compared cross species resulting in 13,267 log2 

ratios of angiosarcoma to quadriceps (mouse) and angiosarcoma to skeletal muscle (human) 

STATA/MP 14.1. We compared mouse angiosarcomas to a panel of human soft tissue 

sarcomas, including angiosarcoma (20), fusion-negative and fusion-positive RMS (21), 

Ewing Sarcoma (GSE37371), osteosarcoma (22), dedifferentiated liposarcoma, 

differentiated liposarcoma, leiomyosarcoma, myxofibrosarcoma, and undifferentiated 

sarcoma (GSE71121)(23). Again the mouse and human probesets were de-duplicated with 
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respect to gene, only the highest for each probeset was retained for each gene. Mouse and 

human genes were then merged by gene symbol resulting in 12,993 genes. The mean of each 

disease was found and ranked. The mouse and human sets were joined and ranked according 

to the mean for each disease and the global mean of the ranks was calculated to generate a 

synthetic reference for comparison. First, unsupervised hierarchical cluster analysis was 

performed using average linked Euclidean distance metrics of z-transformed ranks, 

represented as a dendogram. Finally, the difference in ranked mean expression for each 

sample type versus the global mean of the ranks was calculated. The difference in the rank 

of each data set verses the mean of all ranked data was calculated and correlated. Expression 

of microRNA targets were analyzed using Enrichr (24) using the overexpressed genes in 

comparing angiosarcoma tumors to normal aorta with a P value < 0.05 and log ratio > 2.5. 

Enrichr analyzes gene sets for enrichment of computationally predicted microRNA target 

genes identified by the TargetScan algorithm for every known microRNA. Array data 

deposited in GEO database (GSE85834).

DNA and genomic PCR

Genomic DNA was isolated from tissue using the DNeasy blood and tissue kit (Qiagen 

69504). Dicer1 genotypes were determined using primers as described previously (15). 

Microdissection was performed on H&E stained sections (Arcturus Paradise Plus LCM 

Staining Kit, Thermo Fisher KIT0312-S) of mouse angiosarcoma samples followed by 

genomic DNA extraction using the PicoPure DNA extraction kit (KIT0103 Thermo Fisher).

Immunoblots

Immunoblots were performed on total cell lysates prepared in RIPA buffer as described 

previously (25). Blots were probed with antibodies detailed in Supplementary Table S4.

Transmission electron microscopy

Angiosarcoma tumors were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M 

sodium cacodylate buffer (pH 7.4) and post-fixed in 2% osmium tetroxide in 0.1 M 

cacodylate buffer with 0.15% potassium ferrocyanide. The sample was dehydrated in a 

graded series of ethanol to propylene oxide, and embedded overnight at 70° C in epoxy 

resin. Ultrathin sections (80 nm) were imaged using a JEOL 1200EX TEM with an AMT 

XR111 camera or Tecnai TF20 TEM with an AMT XR41 camera.

Results

aP2-Cre;Dicer1Flox/Flox mice are viable

We initially sought to interrogate if Dicer1 loss in aP2-Cre expressing cells cooperates with 

SmoM2 in our genetically engineered mouse model of rhabdomyosarcoma and phenocopies 

DICER1 syndrome rhabdomyosarcoma in humans. Our studies used the aP2-Cre mouse 

generated by Tang et al. (12) and the Dicer1Flox mouse generated by Murchison et al. (15). 

We first bred compound mutant aP2-Cre;Dicer1Flox/+ (ADFlox/+) to Dicer1Flox/+ (DFlox/+) 

mice to determine the viability of aP2-Cre;Dicer1Flox/Flox (ADFlox/Flox) mice. Multiple 

independent aP2-Cre transgenic mouse lines have been generated utilizing the same 5.4-kb 

aP2 promoter/enhancer directing Cre recombinase expression (12, 26–28). Interestingly, 
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ADFlox/Flox mice derived from independently generated aP2-Cre transgenic mice (created by 

the laboratories of Barbara Kahn (27) and Ronald Evans (28)) and different conditional 

Dicer1Flox alleles (generated by Stephen Jones (29) and Clifford Tabin (30)) were previously 

found to die shortly after birth (13, 31).

In contrast, ADFlox/Flox mice in our studies using the aP2-Cre generated by Jonathan Graff 

(12) and Dicer1Flox allele generated by Gregory Hannon with loxP sites flanking regions of 

the RNaseIII domain (15) were born at normal Mendelian ratios and were phenotypically 

indistinguishable from AD+/+ and ADFlox/+ littermates. In addition, ADFlox/Flox animals 

maintained normal adipose weight and histology (Supplementary Fig. S1A and S1B). Thus, 

no early postnatal death or lack of WAT was observed in our studies using the aP2-Cre 
generated by Tang et al. (12). Dicer1 expression decreased although was still detectable in 

both BAT and WAT from ADFlox/+ and ADFlox/Flox animals suggesting incomplete Cre-

mediated recombination of the Dicer1Flox allele (Supplementary Fig. S1C). To assess Cre-

mediated recombination efficiency of Dicer1Flox allele we performed genomic PCR from 

DNA isolated from BAT and WAT with oligonucleotides to detect the wild-type, non-

recombined and recombined Dicer1Flox allele (Supplementary Fig. S1D). We detected 

retention of the Dicer1Flox allele in both the BAT and WAT (Supplementary Fig. S1E and 

S1F). This incomplete Cre-mediated excision and resulting Dicer1 expression may allow 

viability of the animals. Therefore, the phenotypic distinction in our findings from previous 

studies is likely related to recombination efficiency variability associated with the 

independent Cre drivers, although we cannot exclude differing positional effects from 

random transgene insertion.

Angiosarcomas develop in aP2-Cre;DicerFlox/− mice

Given that ADFlox/Flox animals were viable and exhibited incomplete Dicer1Flox Cre-

mediated recombination in adipose tissue, we generated mice with global heterozygous 

Dicer1 deletion (Dicer1+/−) by breeding Dicer1Flox/Flox mice to mice with ubiquitous Cre 
expression under control of the cytomegalovirus immediate early enhancer and chicken β-

actin promoter (CAG-Cre). Then, aP2-Cre;Dicer1+/− mice were bred to DicerFlox/Flox (Fig. 

1A). We then observed mice with AD+/+, ADFlox/+, AD+/−, and ADFlox/− genotypes to assess 

phenotypes with both global heterozygous and conditional loss of Dicer1. Surprisingly, 

100% of ADFlox/− mice developed large multifocal hemorrhagic blood-filled masses 

consistent with angiosarcomas with a median onset of 266 days (Fig. 1B). Angiosarcomas 

were never observed in ADFlox/+, AD+/− or AD+/+ compound mutant mice (Fig. 1B). The 

hemorrhagic tumors in ADFlox/− mice occurred at various locations while primarily 

developing in the interscapular region of the back (75%) invading both the adjacent 

interscapular BAT and skeletal muscle. Angiosarcomas occurred in the inguinal region 

adjacent to and invading the inguinal WAT and skeletal muscle. Small tumors were also 

evident in the abdominal visceral fat, and lungs (Fig. 1C). Both the locations and histologic 

appearance of the tumors were consistent with human angiosarcoma of soft tissue with 

epithelioid appearance composed of sheets of rounded endothelial cells with pleomorphic 

nuclei and prominent nucleoli and IHC demonstrating strong expression of CD31, CD34, 

VEGFR2, MECA-32, and Ki67 consistent with highly proliferative angiosarcoma (Fig. 1D). 

Ultrastructural analysis with transmission electron microscopy revealed tumor cells contain 
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storage granules consistent with Weibel-Palade bodies in endothelial cells that store von 

Willebrand factor, P-selectin, and chemokines thus suggesting endothelial tumor origins 

(Fig. 1E). The recent findings that aP2 is expressed in endothelial cells further suggests an 

endothelial cell origin of these tumors (13, 32, 33). Lung angiosarcomas were observed to 

similarly express VEGFR2 and CD31 (Supplementary Fig. S2). Although the lung is the 

most common metastatic site of angiosarcoma, it is unclear if the lung tumors are metastases 

or independent primary tumors.

Angiosarcomas in aP2-Cre;Dicer1Flox/− mice are autonomous and metastatic

To further assess the tumorigenicity of the ADFlox/− angiosarcomas, primary tumors were 

transplanted into the flank of immunocompromised mice, and 5 of 5 allografts formed 

subcutaneous tumors that recapitulated the primary tumors histology and expression of 

CD31 and VEGFR2 (Fig. 2A). In order to indelibly label tumor cells we bred a conditional 

tdTomato reporter, R26LSL-tdTom (16), into the tumor model to generate aP2-
Cre;R26LSL-tdTom/+;Dicer1Flox/− (ATDFlox/−) compound mutant mice that fluorescently label 

aP2-Cre derived tumor cells. ATDFlox/− allografts metastasized to the lungs highlighting the 

aggressive potential of the tumors (Fig.2B and 2C). Although aP2-Cre;Dicer1Flox/− 

angiosarcoma tumors were successfully serially transplanted, we were unable to establish 

cell lines from either primary or transplanted tumors. This difficulty is consistent with 

previous angiosarcoma models (34). Taken together, Dicer1 loss is sufficient to drive 

angiosarcoma development, leading to highly proliferative, invasive and metastatic 

angiosarcomas.

Biallelic loss of Dicer1 drives angiosarcoma

In the ADFlox/− angiosarcoma model, genetic evidence suggested that biallelic Dicer1 loss 

alone led to angiosarcoma development. To interrogate Dicer1 loss, expression was first 

assessed in tumors by qRT-PCR. Despite likely contamination of normal stroma and blood 

in tumor samples, Dicer1 expression was significantly reduced in tumors compared to 

Dicer1+/+ and Dicer1+/− heterozygous control aortas (Fig. 3A). In addition, mature 

microRNA expression of microRNAs expressed in endothelial cells (35) was significantly 

reduced in the tumors (Fig. 3B). Further evidence for biallelic Dicer1 loss in the tumors was 

observed by genomic PCR of microscopically dissected tumor cells from H&E stained 

tumor sections (Fig. 3C). Genomic DNA from angiosarcomas of ADFlox/− mice only 

amplified the Cre-excised Dicer1− allele without detecting the presence of the non-

recombined Dicer1Flox allele, indicating complete Cre-mediated recombination of 

Dicer1Flox and resulting Dicer1 deletion in angiosarcomas. Finally, in situ hybridization 

using RNAscope probe pairs directed to exons 22–23 (region flanked by LoxP sites in 

Dicer1Flox mice) demonstrates Dicer1 mRNA levels were significantly reduced or absent in 

tumor cells compared to adjacent normal tissue (Fig. 3D). Thus, qRT-PCR, genomic PCR, 

mRNA in situ hybridization, and genetic evidence suggest biallelic Dicer1 loss results in 

angiosarcoma development independent of genetically engineered cooperating oncogenes or 

tumor suppressor loss. These data suggest that Dicer1 loss and resulting reduction of 

microRNAs drives the development of angiosarcoma in aP2-Cre expressing cells.
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ADFlox/− tumors display genetic signature and signaling pathway activation of 
angiosarcoma

To evaluate whether these were true angiosarcomas we sought to determine if gene sets 

related to endothelial cells and blood vessels were specifically altered in the tumors from the 

ADFlox/− mice. First, we used mRNA expression profiling to compare the gene expression of 

the tumors to a normal non-endothelial tissue, quadriceps femoris skeletal muscle, to 

determine if tumors were enriched for endothelial genes (Fig. 4A). Gene ontology analysis 

of the top 578 differentially expressed genes with a P value less than 0.05 and 4-fold 

increased expression in angiosarcoma compared to skeletal muscle identified 5 of the top 10 

gene ontology (GO) terms involved in angiogenesis and blood vessel development (Fig. 4B). 

With the tumors enriched in endothelial and blood vessels genes, we sought to determine 

what genes are enriched in the tumors compared to normal blood vessels (Figure 4C). Gene 

ontology analysis of the top 248 differentially expressed genes with P value less than 0.05 

and 4-fold increased expression in angiosarcoma compared to normal aorta enriched for 

terms involved in angiogenesis, migration and cell proliferation (Figure 4D). Furthermore, 

the ligand Apelin (Apln) and the Apelin Receptor (Aplnr) were among the top up-regulated 

genes in both the comparison to skeletal muscle and aorta and were validated by qRT-PCR 

(Fig. 4A, 4C, and 4E). APLNR and APLN are a known G protein-coupled receptor and its 

cognate ligand respectively involved in blood vessel development and angiogenesis (36). 

APLNR signaling can lead to downstream activation of the RAS-ERK1/2 pathway and or 

PI3K/AKT pathway, both potentially resulting in activation of mTOR and p70S6K. 

Immunoblots of angiosarcoma tumor lysates indicate hyperphosphorylation of p-ERK and 

p-S6 (Fig. 4F). Activation of the mTOR pathway is consistent with many mouse models of 

angiosarcoma as well as human vascular disease (37, 38). Furthermore, a lack of elevated 

AKT phosphorylation is also consistent with recent findings in an mTOR driven mouse 

model of lymphangiosarcoma (39).

Mouse angiosarcomas are similar to human angiosarcoma

We hypothesized that the mouse angiosarcomas would be related to human angiosarcomas. 

Therefore, we compared mouse angiosarcomas to a human cohort of 7 primary 

angiosarcomas (20) and a collection of normal human (GSE7307) and mouse tissues 

(Supplementary Fig. S3A). Principle component analysis (PCA) revealed that the mouse and 

human angiosarcomas clustered distinctly and more closely to each other than the normal 

mouse aorta clustered to the human aorta and coronary artery (Fig. 5A). We further illustrate 

that the ADFlox/− angiosarcomas gene expression profile more significantly resembles 

human angiosarcoma than a broad panel of other human sarcomas (Fig.5B and 5C). 

Interestingly, the human angiosarcoma only has a positive correlation with the mouse 

angiosarcoma and none of the 9 other sarcoma types. To account for species specific gene 

expression variability, we further corroborated the association of the mouse and human 

angiosarcomas with 13,267 orthologous gene pairs normalized to skeletal muscle in a cross-

species comparison and observed 62% agreement in genes expression between mouse and 

human angiosarcomas with a modest 0.49 Pearson’s correlation (Supplementary Fig. S3B). 

In addition APLNR is also overexpressed in human angiosarcomas as in the mouse model 

(Fig. 5D). Thus, the mouse angiosarcomas closely resemble human angiosarcoma by gene 
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expression analysis and demonstrate an angiogenic and migratory signature with activation 

of cell signaling pathways known to be activated in human angiosarcoma.

MicroRNA-23 target genes enriched in angiosarcoma

The deletion of Dicer1 with aP2-Cre is sufficient to drive angiosarcoma formation and 

results in decreased mature microRNA expression. Therefore, we hypothesized that 

expression of target genes of the key microRNAs contributing to angiosarcoma development 

in the ADFlox/− mice would be enriched in tumors compared to normal blood vessels (Fig. 

4C). Using predicted microRNA target gene sets for each microRNA from TargetScan, we 

performed gene set enrichment analysis with Enrichr to identify the microRNAs with target 

genes enriched in mouse angiosarcomas compared to normal aorta with a Log2 ratio > 2.5 

(99 genes). Target genes for miR-23 and miR-520a/miR-525 were significantly enriched in 

the most up-regulated genes; however, miR-520 and miR-525 are not conserved in the 

mouse shifting our focus to miR-23 (Fig. 6A, and Supplementary Table S1). MiR-23 is 

expressed in a polycistronic cluster with miR-27 and miR-24 with two clusters encoded in 

both the mouse and human genomes (Supplementary Fig. S4A and S4B). Mature miR-23a, 

27a, and 24 expression is decreased in the ADFlox/− tumors (Fig. 3B), but only miR-23 target 

genes were enriched in the ADFlox/− angiosarcomas, although miR-27 is trending in the top 

12 microRNAs (Fig. 6A). Eight of the 99 genes increased in ADFlox/− tumors with Log2 

ratio > 2.5 are predicted targets of miR-23 (Ammerc1, Adam19, Ccnd1, Plau, Rai14, 
Sema6d, Tfpi2, Wsb1) and these were validated by qRT-PCR in independent tumor samples 

(Fig. 6B, and Supplementary Fig. S4C). Importantly, these eight miR-23 target genes are 

also enriched in human angiosarcoma (Fig. 6C). Thus, ADFlox/− mice develop angiosarcoma 

driven by biallelic Dicer1 loss resulting in decreased mature microRNA expression.

Discussion

Our results illustrate that biallelic Dicer1 loss in cells expressing aP2-Cre drives 

angiosarcoma development providing a fully penetrant and metastatic model that mimics 

human angiosarcoma by histology and gene expression. Angiosarcoma is a rare and highly 

lethal vascular tumor accounting for 2–3% of all soft tissue sarcomas (1). Because of the 

rarity of the disease, most treatment decisions are based on retrospective, anecdotal studies 

consisting of relatively small numbers of cases, highlighting the need for more basic and 

clinical research to more accurately model the disease. Some mouse models of 

angiosarcoma exist, but are restricted to either hepatic angiosarcomas or specific to 

lymphangiosarcomas associated with lymphedema, exhibit variable penetrance and 

incidence, or complicated with the occurrence of other tumor types (34, 39, 40). The 

ADFlox/− genetic murine model of primary angiosarcoma is simple involving only two 

alleles, 100% penetrant, and specific with angiosarcomas being the only gross lesions 

detected.

Insights from DICER1 syndrome patient tumors illustrate that DICER1 functions as a tumor 

suppressor but with a non-traditional mechanism of action (3). DICER1 syndrome patients 

harbor germline nonsense or frameshift mutations resulting in DICER1 protein truncation 

and loss of enzymatic activity. In most cases, second hit somatic mutations do not exhibit 
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loss of heterozygosity (LOH) of DICER1 but rather missense mutations in the RNase IIIb 

domain (exons 24– 25). The RNase IIIb domain is primarily responsible for generating 5p 

microRNAs, thus mutations in this domain affecting the metal-ion binding residues result in 

deficient pre-microRNA processing for mature 5p microRNAs while retaining expression of 

mature 3p microRNAs (7, 8). It is unclear if the loss of 5p microRNAs or the disruption in 

the balance of 3p to 5p microRNAs drive tumorigenesis.

An exception occurs in human pineoblastomas that display LOH of DICER1 and thus 

bialleic loss (41). This initially appeared to conflict with experiments suggesting Dicer1 was 

required for cell survival. However several groups have recently reported studies in cells 

with complete deletion of Dicer1 (42, 43). In these studies, survival of Dicer1 null cells was 

contingent on cooperating oncogenes such as KrasG12D and/or loss of tumor suppressors 

such as p53. Interestingly, Chen et al. found that Dicer1 deletion in non-small cell lung 

cancer led to an angiogenic phenotype (42). In this context, loss of Dicer1 relieved 

repression of the HIF inhibitor FIH1 leading to a non-cell autonomous reduction in tumor 

angiogenesis through down-regulation of Hif1a and Vegf. In contrast, we found that Dicer1 
deletion directly in endothelial cells leads to cell-autonomous tumorigenesis with no 

significant changes in Hif1a and Vegfa expression. Our aP2-Cre;Dicer1Flox/− angiosarcoma 

model represents the first in vivo evidence that biallelic Dicer1 loss functions as a cell-

autonomous cancer driver. However, given the prolonged latency of angiosarcoma onset in 

ADFlox/− mice we cannot exclude the acquisitions of secondary “hits.” These results suggest 

that Dicer1 loss and resulting loss of microRNA function is sufficient for the formation of 

angiosarcoma.

Dicer1 deletion drives angiosarcoma formation in our ADFlox/− model suggesting that 

abolishing microRNA regulation of target genes is central to tumorigenesis. Apelin (Apln) 

ligand and its receptor Aplnr were among the most overexpressed genes in the ADFlox/− 

angiosarcoma tumors and correlated with downstream mTOR signaling pathway activation 

in tumors. In addition, miR~23~27~24 cluster expression decreased and miR-23 target genes 

were significantly enriched in the ADFlox/− angiosarcoma tumors. The miR~23~27~24 

clusters are expressed in endothelial cells and are highly involved in angiogenesis (44). 

Interestingly, Apln and Aplnr 3’UTRs contain recognition sites in both human and mouse 

for microRNAs in the miR~23~27~24 cluster further highlighting potential regulation of 

APLN/APLNR signaling (Supplementary Fig. S4D). Furthermore, deletion of Dicer1 and 

subsequent increased expression of miR-23 target genes likely participate in the 

pathogenesis of angiosarcoma through facilitating the G1/S transition with increased 

CCND1 and resulting CDK4/6 activity. As well miR-23 targets Adam19, Plau and Wsb1 
may contribute to the invasiveness and metastasis in the ADFlox/− model as has been shown 

for miR-23b and PLAU in breast cancer (45). Furthermore, WSB1 can promote metastasis 

through promoting the degradation of RhoGDI2 leading to activation of RAC1 in 

osteosarcoma (46), a cancer where miR-23 functions as a tumor suppressor (47). 

Interestingly SEMA6D can function as an oncogene by activating VEGFR2 independent of 

ligand VEGF through facilitating interactions between PLEXINA1 and VEGFR2 (48). 

Although only miR-23 targets were enriched in the most up-regulated genes, we do not 

expect that angiosarcoma in the ADFlox/− model results from decreased miR-23 function 

alone but from the combination of global loss of microRNA regulation.
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In summary, we have identified a pivotal role of DICER1 in angiosarcoma development and 

illustrated biallelic Dicer1 loss is sufficient to drive tumorigenesis. Further interrogation of 

the essential microRNAs and respective target genes as well as the contribution of 

microRNAs to the tumor microenvironment could provide novel insights into the core 

dependencies in angiosarcoma. Mechanistic insights from these studies could offer novel 

therapeutic approaches with microRNA replacement therapy in angiosarcoma. Since a single 

microRNA targets many mRNAs, manipulating microRNAs therapeutically could prove 

more efficacious than directed agents against a single molecule. This study highlights the 

crucial and distinct roles of Dicer1 and microRNAs in sarcoma and suggests microRNA-

based therapeutics as a potential novel strategy in sarcoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Angiosarcomas develop in aP2-Cre;DicerFlox/− mice
(A) Breeding scheme to generate ADFlox/− mice that develop angiosarcomas. (B) Kaplan-

Meier tumor free survival comparing ADFlox/+ (black line n = 9) to ADFlox/− (blue line, n = 

17, median tumor free survival of 266 days, with 100% penetrance), Log rank P = 0.0001. 

(C) Percentage of mice with tumors at anatomic locations. (D) Representative histology of 

tumors from ADFlox/− mice with H&E and IHC for angiosarcoma markers CD31, VEGFR2, 

MECA-32, CD34, and Ki67. Scale bar, 25 µm. (E) Transmission electron microscopy of 

angiosarcoma tumor cell highlighting presence of Weibel-Palade bodies (arrowheads). Scale 

bar, 500 nm.
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Figure 2. aP2-Cre;DicerFlox/− angiosarcomas form allografts and metastasize
(A) Tumor formation in subcutaneous allograft of ADFlox/− angiosarcoma tumor with H&E 

and IHC for CD31 and VEGFR2. Scale bar, 25 µm. (B) R26LSL-tdTom/+;ADFlox/− primary 

allograft and lung metastasis visualized with tdTomato fluorescence. (C) H&E and IHC for 

CD31 and VEGFR2 in lung metastasis from (B). Scale bar, upper left 100 µm all others 25 

µm.
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Figure 3. Biallelic Dicer1 loss in angiosarcomas
(A) Relative expression of Dicer1 by qRT-PCR in ADFlox/− angiosarcoma tumors (n = 3) 

compared to normal aorta from wild type, AD+/+, (n = 3) and heterozygous, AD+/−, (n = 3), 

mice. P < 0.0001 for all comparisons of control to tumors. (B) Mature miRNA expression in 

ADFlox/− angiosarcoma and control AD+/+ aortas from (A), P < 0.01 for all except miR-133b 

P = 0.0207. (C) Genomic PCR for Dicer1 in microscopic dissected tumors with tail DNA as 

controls. (D) Dicer1 mRNA in situ hybridization (red) in angiosarcoma tumor and adjacent 

normal tissue. Scale bar, 25 µm.
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Figure 4. ADFlox/− tumors display genetic signature of angiosarcomas
(A) Volcano plot of the Log10 of the P value versus the log ratio fold difference in mRNA 

expression in ADFlox/− angiosarcomas (n = 7) versus normal quadriceps femoris skeletal 

muscle (n = 4). Genes with P < 0.01 and log ratio > 2 (red) or log ratio < −2 (green) and 

genes of interest are labeled. (B) Gene ontology analysis with significantly enriched 

pathways in genes upregulated in tissue from (A) with P value < 0.05 and > 4-fold increased 

expression in angiosarcoma (578 genes). (C) Volcano plot of the Log10 of the P value versus 

the log ratio fold difference in mRNA expression in ADFlox/− angiosarcomas (n = 7) versus 

normal WT aortas (n = 4). Genes with P < 0.01 and log ratio > 2 (red) or log ratio < −2 

(green) and genes of interest are labeled. (D) Gene ontology analysis with significantly 

enriched pathways in genes upregulated in tissue from (C) P value < 0.05 and > 4-fold 

increased expression in angiosarcoma (248 genes). (E) Expression of Apln and Aplnr by 

qRT-PCR in ADFlox/− angiosarcomas (n = 3), normal aorta (n = 3), and normal quadriceps (n 

= 3), P < 0.05 for all comparisons of angiosarcoma versus normal tissue. (F) Immunoblot 
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analysis of lysates from ADFlox/− angiosarcomas and control normal aortas. Antibodies used 

are shown to the left.

Hanna et al. Page 18

Cancer Res. Author manuscript; available in PMC 2018 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Mouse angiosarcomas gene expression consistent with human angiosarcoma
(A) Principle component analysis (PCA) of samples from human (sphere) and mouse 

(polyhedron) tissue; angiosarcomas (red), coronary artery (yellow) and aorta (blue). (B) 
Dendogram of panel of soft tissue sarcomas including human angiosarcoma and ADFlox/− 

mouse angiosarcomas showing ranked correlation clustering. Spearman correlation between 

mouse and human angiosarcoma = 0.75. (C) Ranked-correlation matrix among 12,993 

ortholog gene pairs in ADFlox/− mouse angiosarcomas and panel of human soft tissue 

sarcomas. Spearman correlation coefficients shown for each comparison. (D) APLN and 

APLNR expression in human angiosarcoma (n = 7) compared to human normal aorta 
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(GSE26155, n = 13) from deposited microarray analysis expressed as Log2 signal intensity. 

P value = 0.067 for APLN and P value < 0.001 for APLNR.
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Figure 6. miR-23 targets enriched in mouse and human angiosarcomas
(A) Gene set enrichment analysis for microRNA target genes among genes overexpressed in 

angiosarcoma compared to normal aorta (from Fig 4C) with a 2.5 or greater log ratio (99 

genes). MicroRNAs with enriched target genes on left represented as Log10 of P value. (B) 
Validation of enriched miR-23 target genes by qRT-PCR in independent samples, expressed 

as Log2 transformed relative expression of miR-23 targets in ADFlox/− angiosarcomas (n = 

3) compared to normal aortas (n = 3), P < 0.05 for all comparisons of angiosarcoma to 
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normal aorta. (C) Heatmap showing gene expression profiles of miR-23 gene targets in 

human angiosarcoma (yellow), normal aorta (black) and skeletal muscle (blue).

Hanna et al. Page 22

Cancer Res. Author manuscript; available in PMC 2018 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mouse strains
	Immunohistochemistry and mRNA in situ hybridization
	RNA and gene expression
	Gene Microarray Analysis
	DNA and genomic PCR
	Immunoblots
	Transmission electron microscopy

	Results
	aP2-Cre;Dicer1Flox/Flox mice are viable
	Angiosarcomas develop in aP2-Cre;DicerFlox/− mice
	Angiosarcomas in aP2-Cre;Dicer1Flox/− mice are autonomous and metastatic
	Biallelic loss of Dicer1 drives angiosarcoma
	ADFlox/− tumors display genetic signature and signaling pathway activation of angiosarcoma
	Mouse angiosarcomas are similar to human angiosarcoma
	MicroRNA-23 target genes enriched in angiosarcoma

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

