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Nerve sheath tumors arising in the context of neurofibromatosis type 1 (NF1) include benign
tumors such as cutaneous, diffuse and plexiform neurofibromas; atypical neurofibromas or atypical
neurofibromatosis neoplasms of uncertain biological potential (ANNUBP); and the aggressive soft tissue
sarcoma, the malignant peripheral nerve sheath tumor (MPNST). Even benign tumors often represent a
significant cause of morbidity for many patients, due to disfigurement, disability, or organ dysfunction.
MPNST are aggressive, often metastasize, and are often lethal. An expanding body of literature
related to genomic alterations common to MPNST, signaling events that regulate tumorigenesis,
and novel models that recapitulate the human tumor, has informed novel therapeutic approaches.
Despite numerous clinical trials, curative responses to treatment remain limited for patients with this
malignancy. Here, we have compiled a series of articles that focus on the genomics of MPNST and the
latest models generated to study these tumors.

Included in this Special Edition are six manuscripts that present original research highlighting novel
therapeutic strategies, models, and genomic findings, as well as a whitepaper describing consortium
efforts to genomically characterize MPNST. Staedke et al. [1] present a chemoprevention strategy
repurposing two drugs already in clinical use for other indications (mebendazole and cyclooxygenase-2
inhibitors), utilizing one of the most commonly used preclinical models for preclinical testing of MPNST,
the cis Nf1+/−;Tp53+/− (NPcis) mouse model [2,3]. In these studies, they report that mebendazole
reduces levels of RAS-GTP, delays the formation of solid malignancy in at-risk mice, and increases
survival. Further clinical studies are needed to validate the potential of this strategy in humans, but the
study demonstrates the feasibility of a prevention strategy for NF1-associated malignancy. The article by
Scherer et al. highlights newer mouse models of MPNST that use somatic CRISPR/Cas9 tumorigenesis
to generate genomically-matched tumors in different background strains of wild-type mice [4]. This is
the first study to systematically evaluate the impact of host strain on CRISPR/Cas9-generated mouse
models and identifies several key strain-dependent phenotypes, including impacts on tumor onset
and the tumor immune landscape. Moon and Tompkins et al. performed a comprehensive genomic
analysis of multiple areas from within a single large MPNST. These authors identify varied genomic
profiles within each area, highlighting the need for further studies on intra-tumoral heterogeneity
in order to truly understand the genomic composition of any given tumor [5]. Such studies are
critical to aid in our understanding of tumor and patient responsiveness and non-responsiveness to
a range of therapies. Miller et al., on behalf of the Genomics of MPNST (GeM) consortium, present
a whitepaper describing the composition, design, and analysis plan of this consortium, founded by

Genes 2020, 11, 1024; doi:10.3390/genes11091024 www.mdpi.com/journal/genes1
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the NF Research Initiative at Boston Children’s Hospital. These authors have aimed to perform the
most comprehensive genomic analysis of the largest cohort of MPNST to date, data from which will
be shared on an outward-facing web-based interface made available to other investigators, in order
to accelerate collaborative and therapy-directed research [6]. Grit et al. describe their experiments
using reverse phase phospho-proteome array (RPPA) analysis of murine MPNST models to determine
mechanisms of resistance to commonly-used therapies, including DNA damaging agents (doxorubicin)
and kinase inhibitors (MET and MEK inhibitors). These authors observed profound signaling plasticity
in treated tumors, with key activation of the AXL and NFkB pathways that were associated with the
development of resistance [7]. Banerjee et al. set out to design an integrative approach that combined
multiple transcriptomic and genomic datasets, the analysis of which would be poised to identify new
therapeutic avenues in MPNST. Gene expression data from four independent studies were integrated
and analyzed using a transfer learning-inspired approach to identify latent variables (LV)—groups of
genes derived from larger repositories of gene expression datasets that exhibit common transcriptomic
patterns relevant to a specific subset of samples—and thereby uncover previously unknown biology.
To assess the biological underpinnings of uncharacterized LVs, a tumor immune cell deconvolution
analysis was used, which indicated the presence of activated mast cells and M2 macrophages in all
tumor types, as well as CD4 memory T-cells [8]. The findings uncovered using these computational
approaches suggest potential biological signatures rich for experimental and clinical investigation.

The Special Edition also includes three review articles. Lemberg et al. have compiled a collated
summary of sequencing efforts in MPNST published in the past two decades, using a total of 12 studies
to summarize the range of incidences of the most common mutations in NF1, CDKN2A, TP53, EED and
SUZ12. In this article, the authors review the initial findings of NF1 as the gene responsible for
neurofibromatosis type 1, its function as a RAS-GTPase-activating protein (RAS-GAP), and the
spectrum of alterations in NF1 found in human disease. They then further summarize 16 additional
genomic studies, covering 10 other recurrently altered genes, including BRAF, MET, EGFR, TYK2,
ATRX and others [9]. Williams and Largaespada review the range of published MPNST model systems,
including genetically-engineered mouse models (GEMM), the genes involved, and the limitations
of these models. They elaborate on the commonly used NPCis mouse, its genetic design, and the
tumors that develop in these mice, as well as human-derived cell lines and xenografts. The use of
synthetic lethality screens to identify combination drug therapies is explored, as are dysregulated
signaling pathways that represent targets for molecularly based therapies [10]. The review article by
Zhang et al. discusses the current biological understanding of polycomb repressive complex 2 (PRC2)
loss in MPNST, which is a frequently-mutated pathway in these tumors. This article also highlights
PRC2 function in normal Schwann cell development and nerve injury repair, in addition to discussing
potential therapies that target PCR2 deficiency in tumor cells [11].

In conclusion, the articles that we have assembled in this Special Edition on Genomics and Models
of Nerve Sheath Tumors highlight the most recent scientific advances on the genomic composition
of malignant peripheral nerve sheath tumors and review novel efforts to model and study these
tumors. While a wide range of benign, borderline and malignant nerve sheath tumors affect individuals
with neurofibromatosis type 1, our collection of articles here focuses primarily on malignant nerve
sheath tumors and underscores the pressing need for novel therapies. As genomic and transcriptomic
capabilities continue to advance at an impressive pace, the hope is that an improved understanding
of the genetics, and therefore the pathobiology, of these tumors, will ultimately lead to effective
therapies that result in deeper and more durable responses, and therefore improved survival rates for
these patients.
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Abstract: Patients with RASopathy Neurofibromatosis 1 (NF1) are at a markedly increased risk
of the development of benign and malignant tumors. Malignant tumors are often recalcitrant to
treatments and associated with poor survival; however, no chemopreventative strategies currently
exist. We thus evaluated the effect of mebendazole, alone or in combination with cyclooxygenase-2
(COX-2) inhibitors, on the prevention of NF1-related malignancies in a cis Nf1+/−;Tp53+/− (NPcis)
mouse model of NF1. Our in vitro findings showed that mebendazole (MBZ) inhibits the growth
of NF1-related malignant peripheral nerve sheath tumors (MPNSTs) through a reduction in
activated guanosine triphosphate (GTP)-bound Ras. The daily MBZ treatment of NPcis mice
dosed at 195 mg/kg daily, initiated 60 days after birth, substantially delayed the formation of
solid malignancies and increased median survival (p < 0.0001). Compared to placebo-treated mice,
phosphorylated extracellular signal-regulated kinase (pERK) levels were decreased in the malignancies
of MBZ-treated mice. The combination of MBZ with COX-2 inhibitor celecoxib (CXB) further enhanced
the chemopreventative effect in female mice beyond each drug alone. These findings demonstrate the
feasibility of a prevention strategy for malignancy development in high-risk NF1 individuals.

Keywords: neurofibromatosis 1 (NF1); mebendazole (MBZ); COX-2 inhibitor; MPNST; malignancy;
sarcoma; chemoprevention

1. Introduction

RASopathy Neurofibromatosis 1 (NF1) is an autosomal dominant hereditary cancer predisposition
syndrome that affects ~1:3000 individuals [1]. It is caused by mutations in the neurofibromin 1 (Nf1)
tumor suppressor gene, which encodes the GTPase-activating protein-related domain (GRD) that
catalyzes the inactivation of Ras by accelerating guanosine triphosphate (GTP) hydrolysis to guanosine
diphosphate (GDP) [2]. In NF1 individuals, loss of Nf1 results in high levels of activated Ras, leading
to the formation of multiple benign and malignant tumors via multiple effector pathways, including
the Ras–MAPK pathway, with subsequent activation of the RAF–MEK–ERK cascade.

Patients with NF1 have an increased cancer risk and mortality, and lower survival compared with
the general population [3,4]. Based on the Finnish NF1 Registry, the estimated lifetime cancer risk
in patients with NF1 is 59.6%, with an estimated cumulative cancer risk of ~25% and ~39% by age
30 and 50 years, whereas the respective percentages in the general Finnish population are much lower,
at 30.8%, 0.8% and 3.9% [3]. The most common malignancies are of nervous system origin, such as
malignant peripheral nerve sheath tumors (MPNSTs) and astrocytomas, which comprise 63% of all
malignancies [3]. Other malignancies include breast cancer, rhabdomyosarcomas, pheochromocytoma,
gastrointestinal stromal tumor (GIST), malignant fibrous histiocytoma, and thyroid cancer [3].

Genes 2020, 11, 762; doi:10.3390/genes11070762 www.mdpi.com/journal/genes5
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MPNST is a very aggressive spindle cell sarcoma which accounts for the majority of cancer deaths
in all NF1 patients and is a hallmark complication of this condition [3–6]. MPNST may arise from any
of the pre-existing plexiform neurofibromas distributed throughout a patient′s body. Unfortunately,
there is no way of knowing which individual and, more specifically, which lesions within any one individual
are likely to behave in a malignant fashion and thus many patients require regular screening with standard
radiographic techniques such as MRI and PET/CT. Patients with Nf1 microdeletion, i.e., a large deletion of
the Nf1 gene and its flanking regions, are especially susceptible to MPNSTs [7,8].

NF1-specific malignancies, including MPNSTs, typically manifest early in life and are responsible
for the relative excess in cancer incidence and mortality observed in children and young adults [4].
Those malignancies are typically very difficult to treat and current therapies have shown little
long-term benefit despite extensive research efforts [9]; however, early chemoprevention to delay cancer
occurrence and reduce cancer risk remains largely unexplored. The success of chemoprevention has
been impressively demonstrated in epithelial malignancies, particularly breast, prostate and colorectal
cancers, with the use of selective estrogen receptor modulators (SERM) (e.g., tamoxifen), 5α-reductase
inhibitors (e.g., finasteride) and cyclooxygenase-2 (COX-2) inhibitors, a type of non-steroidal
anti-inflammatory drug (NSAID, e.g., sulindac, aspirin, celecoxib) that inhibited the appearance
of colorectal polyps in various familial colorectal cancer predisposing syndromes [10].

The development of new chemical agents for chemoprevention is a long, difficult and expensive
process. A potential strategy to circumvent these challenges is to discover new uses for compounds
with an established track record of safe and long-term use in humans, alone or in combination with
already known cancer prevention agents, such as widely used cyclooxygenase-2 (COX-2) inhibitors,
whose anti-neoplastic effects are mediated through the inhibition of angiogenesis via decreasing
COX-2-induced vascular endothelial growth factor (VEGF) production [11] and apoptosis via altered
caspase signaling [12,13]. Notably, COX-2 overexpression has been found in a variety of sarcomas and
has been associated with poor prognosis [14–16], thus suggesting that COX-2 inhibitors could play
a role in NF1 cancer prevention.

We previously identified that mebendazole (MBZ), an FDA-approved low molecular weight
benzimidazole derivative with a lengthy track record of safe long-term human use, significantly
reduced tumor growth and improved survival in the animal models of glioblastoma multiforme (GBM)
and medulloblastoma (Sonic Hedgehog (SHH) Group and c-Myc/OTX2 amplified Group 3) and also
reduced tumor formation in a Familial Adenomatous Polyposis (FAP) colon cancer model [17–20].
A number of mechanisms for MBZ’s anti-neoplastic activity have been proposed by us and others,
including microtubule disruption, pro-apoptosis, and the inhibition of growth factor signaling through
the blockage of various tyrosine kinases, particularly VEGFR2 [17,18].

The current study evaluates the feasibility of a cancer prevention strategy using non-toxic MBZ
alone and in combination with COX-2 inhibitors in a cis Nf1+/−;Tp53+/− (NPcis) mouse model of
NF1 [21]. Like NF1 patients, NPcis mice spontaneously develop predominantly soft tissue sarcomas
including MPNSTs (genetically engineered murine (GEM) PNSTs) and malignant Triton tumors, as well
as rhabdomyosarcomas and astrocytomas that severely limit their life expectancy to ~5 months [21–24].
The addition of heterozygous Tp53 knock-out (KO) accelerates the cancer development, which mimics
the secondary mutations required for the transformation to malignancies such as MPNST, where the
second copy of Nf1 is also lost due to the loss of heterozygosity (LOH) [21,22].

2. Material and Methods

2.1. Tissue Culture and Cell Lines

The human NF1-associated MPNST cell line NF90.8 was provided by Dr. Michael Tainsky
(Wayne University, Detroit, MI) and sNF96.2 was purchased from the American Type Culture
Collection (ATCC; Manassas, VA, USA). Cells were cultured in DMEM (ATCC) supplemented with
10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA) and penicillin/streptomycin (Thermo Fisher,
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Waltham, MA, USA). These cell lines were not authenticated. All cells were tested and found free of
mycoplasma contamination.

2.2. Reagents and Antibodies

Rabbit anti-Nf1 antibody (A300-140A, Lot 3) was purchased from Bethyl Laboratories and
anti-βActin horseradish peroxidase (HRP) antibody (C-11, SC-1615HRP, Lot G3015) was purchased
from Santa Cruz Biotech. An Active Ras Detection Kit (#8821, antibody Lot 7), including the anti-Ras
antibody, was purchased from Cell Signaling Technology.

2.3. Assays

A Ras activity assay was performed according to the manufacturer′s instructions for the Active
Ras Detection Kit (Cell Signaling Technology, Danvers, MA, USA). Briefly, cells were lysed with the
Lysis/Binding/Wash buffer and pelleted, then the supernatant was used as the cell lysate. In the positive
control, 5 μL of 10 mM GTPγS was added to 500 μL of lysates and incubated at 30 ◦C for 15 min.
Cell lysates were incubated with glutathione resin, together with the purified GST-Raf1-RBD protein at
4 ◦C for 1 h in a spin cup. The resin was washed and the bound proteins were eluted by incubating
with dithiothreitol (DTT)-containing sample buffer at RT for 2 min. Eluted samples were heated and
analyzed by anti-Ras Western blotting.

A cell proliferation assay was performed using Cell Counting Kit-8 from Dojindo Molecular
Technologies. Cells in 100μL media in a 96-well plate were incubated with 10μL of WST-8, a tetrazolium
salt, at 37 ◦C in a tissue culture incubator. Absorbance was measured at 450 nm in a PerkinElmer
Victor3 plate reader. Half maximal inhibitory concentrations (IC50s) were determined by incubating
cells at a range of concentrations for 72 h and were calculated by GraphPad Prism 5.0 using the log
(inhibitor) vs. response function and non-linear fit.

2.4. Chemoprevention in NPcis Mice

NPcis (cis Nf1+/−;Tp53+/−) mice in C57BL/6 background (B6;129S2-Trp53tm1Tyj Nf1tm1Tyj/J,
Stock No: 008191, Jackson Laboratory) were bred by pairing male heterozygous NPcis mice
with the female wildtype mice to better generate MPNST animals [21,23]. Since homozygous
Nf1/Tp53 KO mice are embryonically lethal, only heterozygous and wildtype pups were born [21,25].
Mice were genotyped via qPCR by Transnetyx using the following primer pairs: Nf1 wildtype
(WT) (5′-GGTATTGAATTGAAGCACCTTTGTTTGG-3′, 5′-CGTTTGGCATCATCATTATGCTTACA-3′,
reporter: 5′-AATATATGACCCCATGGCTGTC-3′), Nf1 KO (5′-TGGAGAGGCTTTTTGCTTCCT-3′,
5′-CGTTTGGCATCATCATTATGCTTACA-3′, reporter: 5′-CTGCTCGACATGGCTG-3′), Tp53 WT
(5′-GTGAGGTAGGGAGCGACTTC-3′, 5′-TTGTAGTGGATGGTGGTATACTCAGA-3′, Reporter:
5′-CCTGGATCCTGTGTCTTC-3′) and Tp53 KO (5′-TGTTTTGCCAAGTTCTAATTCCATCAGA-3′,
5′-TTGTAGTGGATGGTGGTATACTCAGA-3′, reporter: 5′-ACAGGATCCTCTAGAGTCAG-3′).
At day 60 after birth, heterozygous mice were started on the medicated feed or water. The mouse diet
consisting of 45 kcal% fat containing soybean oil and lard for fat (D12451, Research Diets) was used as
the control feed. Diets with 175, 195, 215 or 250 mg/kg of MBZ polymorph C (Aurochem Laboratories
Ltd., Mumbai, India) or 1000 ppm (mg/kg) celecoxib (Sigma) were manufactured with the D12451
formulation in color codes. Sulindac (Sigma) was added to drinking water at 160 ppm (0.5 mg/day)
in 4 mM sodium phosphate buffer as previously described [20]. Animals were palpated weekly for
tumors and survival and cause of death, as detailed in the Results section, were recorded. All animal
experiments were performed under an approved protocol and in accordance with Johns Hopkins
Animal Care and Use guidelines.

2.5. Immunohistochemistry

Mouse tumors were first fixed by formalin and embedded in paraffin. For hematoxylin & eosin
(H&E) staining, the section was de-paraffinized and stained by the standard hematoxylin and eosin
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procedure to visualize tissue structures. For immunostaining, rabbit anti-Erk1/2 (Cell Signaling, Cat.
No. 9102) and anti-pErk1/2 (Thermo Fisher, Waltham, MA, USA, Cat. No. 36-8800) antibodies were
used. Sections were de-paraffinized using a standard procedure and blocked using 1.9% H2O2 in
methanol at room temperature for 10 min. Sections were heated at 100 ◦C for 20 min in the antigen
retrieval citra solution (BioGenex, San Ramon, CA) and blocked by the serum-free protein blocker
(Dako, Glostrup, Denmark, Cat. No. X0909) for 5 min at room temperature. After incubation with
the rabbit anti-Erk1/2 or anti-pErk1/2 antibody diluted at 1:50 overnight at 4 ◦C, biotin-conjugated
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA, Cat. No. 111-066-144) was applied
for 20 min at room temperature, followed by washing and incubation with streptavidin peroxidase
(Biogenex, Fremont, CA, USA, Cat. No. HK330-9KT) for 15 min at room temperature. Antibody
binding was visualized by the 3,3′-Diaminobenzidine (DAB) chromogen system (Dako, Glostrup,
Denmark). Subsequently, sections were counterstained by hematoxylin. Immunohistochemistry (IHC)
quantification of representative tumor tissue sections was carried out with open source software Fiji
ImageJ (NIH, Bethesda, MD, USA) using JPEG files. Mean optical density (OD) was calculated as the
log average (maximal intensity/mean intensity) after image processing with color deconvolution and
background subtraction.

2.6. Statistical Analysis

The results are presented as a mean value plus or minus the standard deviation. Data were
analyzed by GraphPad Prism 5.0. The p-values were determined by a Mantel–Cox test. A p-value
under 0.05 was accepted as statistically significant.

3. Results

3.1. MBZ Inhibited NF1-Derived MPNST Cell Lines through Ras Inhibition

Human MPNST cells NF90-8 and sNF96.2, both derived from NF1 patients, were treated with
MBZ for 72 h at indicated concentrations, revealing favorable IC50 levels at 0.18 and 0.32 μM,
respectively (Figure 1A). Because NF1-associated tumors are mainly driven by Ras hyperactivation,
we studied MBZ’s ability to inhibit Ras activity in the NF90-8 cell line by exposing NF90-8 cells
to different concentrations of MBZ (0.2 and 1 μM) for 24 h. The activated form of GTP-bound
Ras, detected by GST-Raf1-RBD fusion protein binding, was reduced in MBZ-treated NF90-8 cells in
a concentration-dependent manner (Figure 1B). This confirmed the Ras inhibitory effect of MBZ in vitro.

Figure 1. Mebendazole (MBZ) inhibits malignant peripheral nerve sheath tumor (MPNST) cells and
Ras activity. (A) IC50s of MBZ with NF90-8 and sNF96.2 cells were measured at 0.18 and 0.32 μM,
respectively. Cells were incubated with MBZ or DMSO for 72 h and viable cells were determined with
WST-8 and calculated as percentage of the control. Data are presented as mean ± s.d. (B) RASopathy
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Neurofibromatosis 1 (NF1)-deficient NF90-8 cells were treated with MBZ at 0.2 and 1μM for 24 h and cell
lysates were incubated with GST-Raf1-RBD (the Ras-binding domain) coupled with glutathione resin.
The pulldown products were analyzed by anti-Ras western blot, showing the activated GTP-bound Ras
protein. Lysates incubated with GTPγS were used as positive controls.

3.2. MBZ Delayed Tumor Formation and Improves Survival in NPcis Mice

As reported before, cis Nf1+/−;Tp53 +/− (NPcis) mice are naturally predisposed to
a number of solid malignancies, which typically form ~3–5 months after birth: 77% will
develop soft tissue sarcomas—of which 60–65% are MPNSTs, 20% malignant Triton tumors,
10% rhabdomyosarcomas, 10% leiomyosarcomas and fibrohistiocytomas, 14% lymphomas,
8% carcinomas, and 1% neuroblastomas [21–23]; astrocytomas have also been reported [24,26].

To determine the most effective and tolerable long-term MBZ dose in vivo, 60-day old male
and female NPcis mice were separated into groups and provided with control feed or continuous
medicated feed containing 175, 195, 215 or 250 mg/kg MBZ. This range was calculated based on our
previously established maximal dose of 50 mg/kg MBZ via oral gavage and the estimated daily food
intake of a mouse [17]. Mice were weighed weekly and examined for signs of toxicity over 4 weeks.
In the higher MBZ dosing groups of 250 and 215 mg/kg diets, nearly all mice showed evidence of
excessive toxicity, including ruffled fur and significant weight loss between 10–15% thereby precluding
the long-term use of those doses and establishing 195 mg/kg MBZ feed as the most suitable diet for
long-term chemoprevention in these mice (Figure 2A,B).

Figure 2. Dose-dependent MBZ toxicity in cis Nf1+/−;Tp53+/− (NPcis) mice. The 60-day old NPcis mice
were provided with MBZ feed at indicated concentrations. Shown is the 30-day weight of (A) male and
(B) female mice on the MBZ diet with the indicated doses. n = 5 mice per each MBZ dosing group.

In order to investigate the tumor-preventative effects of MBZ, continuous oral administration
of MBZ via 195 mg/kg feed was initiated at 60 days after birth, before the formation of any
malignancies. Mice were palpated weekly for the presence of any tumors. For the purpose of this
study, ‘Solid Malignancies’ were defined as any type of sarcoma and astrocytoma, in addition to
neuroblastomas and carcinomas, while ‘Others’ included non-solid malignancies such as lymphomas,
leukemias and unknown causes of death.

MBZ treatment started at the age of 60 days significantly increased the overall median survival for
male, female and combined cohorts (Figure 3A). In MBZ-treated mice, the time to tumor occurrence was
significantly delayed compared to untreated control animals: 50% of all control mice had developed
tumors and succumbed to disease by the age of 160 days, whereas in the MBZ-treated cohort, the tumor
occurrence and median mortality was delayed by 32 days to 192 days (Figure 3B). Although observed in
male and female NPcis mice alike, MBZ′s cancer preventative effect appeared to be more pronounced
in males, with an increase in median survival by 34.5 days compared to 14 days in female mice
(Figure 3B). Figure 3C demonstrates that MBZ′s chemopreventative effect was specific to mice with
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solid malignancies and did not affect the median survival of other, i.e., non-solid malignancy-related
and unknown, causes of death both in male and female mice (Figure 3C). Lastly, MBZ treatment
resulted in a ~25% reduction in solid cancer-related causes of death, thus demonstrating the feasibility
of such a cancer prevention strategy in these NPcis mice (Figure 3D)

Figure 3. MBZ delays cancer onset and improves survival in NPcis mice. Shown are the Kaplan–Meier
curves for MBZ-treated NPcis mice, initiated 60 days after birth, in comparison to controls for (A) overall
survival, (B) solid malignancy-related mortality and (C) others, i.e., non-solid malignancy-related
and unknown causes of mortality, analyzed as combined (males and females, left) male (middle) and
female (right) cohorts. Animal numbers are provided for the specific groups in each graph and were
analyzed with a two-sided log-rank test. * p ≤ 0.05; *** p ≤ 0.001, **** p ≤ 0.0001; ns = not significant.
(D) Percentage distribution of malignancy-related cause of death of MBZ-treated NPcis mice compared
to controls, analyzed as combined (males and females, left) male (middle) and female (right) cohorts.

3.3. MBZ Reduced pERK Activity in Tumors In Vivo

In NPcis mice, the loss of Nf1 leads to the hyperactivation of Ras, with the subsequent activation
of the downstream effector ERK that is reflected by elevated levels of phosphorylated ERK (pERK) in
MPNSTs and other related tumors. Immunohistochemistry showed that continuous MBZ treatment
with a 195 mg/kg diet reduced pERK levels in sarcomas of NPcis mice compared to untreated mice
(Figure 4). An analysis of the DAB staining intensity in three independent MBZ-treated tumor samples
confirmed these results, with a reduced mean optical density (OD) of 0.02 in MBZ-treated samples
compared to 0.05 in controls, while ERK staining was similar between both groups, with mean
intensities of 0.07 and 0.08 for MBZ-treated and untreated tumors, respectively (Figure 4).
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Figure 4. MBZ reduces ERK (pERK) in treated NPcis mice. Representative images of tumors from
untreated controls (left) and MBZ-treated NPcis mice (left) were stained for pERK1/2 (upper row) and
ERK1/2 (lower row). pERK staining was visualized in brown in untreated controls but reduced in
tumors of MBZ-treated mice. Each scale bar represents 100 μm.

3.4. Cancer-Preventative Effects of CXB and MBZ Are Similar in NPcis Mice

The antitumor effect of selective COX-2 inhibitors, such as sulindac (SUL) and celecoxib (CXB), has
been shown in several malignancies and cancer predisposition syndromes. In the NPcis mouse model,
we found that MBZ-treated mice had a longer overall median survival of 199 days compared to CXB,
with 193 days; however, this difference was not statistically significant (Figure 5A). When compared to
untreated controls, CXB′s effect on median survival was statistically increased in male NPcis mice
with solid malignancies, while female mice showed a notable, but statistically insignificant, increase
in survival compared to controls. Furthermore, CXB was substantially more effective in delaying
the onset of malignancies than SUL, which showed a median survival of 171.5 days and failed to
demonstrate any effect in male or female mice compared to controls (Figure 5A,B). Like MBZ, neither
SUL nor CXB had an effect on the survival of non-cancer related causes (Figure 5C). Consistent with
our findings, we also noticed a ~25% decline in cancer-related cause of death in CXB-treated mice
(Figure 5D).
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Figure 5. MBZ and cyclooxygenase-2 (COX-2) inhibitor celecoxib (CXB) are similarly effective
in preventing cancer in NPcis mice. Shown are the Kaplan–Meier curves for CXB and sulindac
(SUL)-treated NPcis mice, initiated 60 days after birth, in comparison to MBZ-treated mice and
untreated controls for (A) overall survival, (B) solid malignancy-related mortality and (C) other,
non-solid malignancy-related and unknown causes of mortality, analyzed as combined (males and
females, left) male (middle) and female (right) cohorts. Animal numbers are provided for the specific
groups in each graph and analyzed with two-sided log-rank test. * p ≤ 0.05; ** p ≤ 0.01; ns = not
significant. (D) Percentage distribution of solid malignancy-related cause of death by CXB and SUL
treated NPcis mice compared to controls, analyzed as combined (males and females, left) male (middle)
and female (right) cohorts.

3.5. MBZ Is More Effective than Combined MBZ with CXB

Combined treatment with MBZ and CXB significantly increased median survival in NPcis mice
compared to controls. However, the observed overall survival benefit appeared inferior to the effect
achieved by MBZ or CXB alone, however, the difference is not statistically significant (Figure 6A).
When investigating gender-specific effects, we found that dual use of MBZ and CXB in female NPcis
mice was successful in delaying solid cancer occurrence and substantially enhancing the median
survival beyond what was achieved by each agent alone and untreated controls (Figure 6B). This stands
in contrast to male mice with solid malignancies, who did not experience any additional survival
benefits from the combination treatment in comparison to single agent MBZ or CXB (Figure 6B).
Figure 6C demonstrated that the combination therapy of MBZ and CXB resulted in an earlier mortality
from non-solid cancer-related causes, particularly for male mice, indicating possibly the presence
of toxicity, which we had assessed beforehand for each agent separately but not in combination
(Figure 6C). However, the number of mice who died in the MBZ/CXB cohort due to other, non-solid
malignancy-related and unknown causes, were small and thus, limiting our ability to conclusively
interpret these results. When analyzing cause of death in MBZ/CXB-treated mice, we observed
a reduction in solid cancer-related causes in comparison to the controls, as expected, which was largely
comparable with what was seen with single agent use (Figure 6D).
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Figure 6. Combination of MBZ and CXB enhances survival in female NPcis mice. Shown are the
Kaplan–Meier curves for NPcis mice treated with combined MBZ and CXB, initiated 60 days after
birth, in comparison to CXB and MBZ alone for (A) overall survival, (B) solid malignancy-related
mortality and (C) other, non-solid malignancy-related and unknown causes of mortality, analyzed as
combined (males and females, left) male (middle) and female (right) cohorts. Animal numbers are
provided for the specific groups in each graph and analyzed with two-sided log-rank test. * p ≤ 0.05;
** p ≤ 0.01; ns = not significant. (D) Percentage distribution of solid malignancy-related cause of death
by combined MBZ/CXB treated NPcis mice compared to MBZ, CXB and controls, analyzed as combined
(males and females, left) male (middle) and female (right) cohorts.

4. Discussion

Our previous work showed that MBZ′s anti-tumor effect in glioblastomas and medulloblastomas
is caused by multiple different mechanisms, such as the inhibition of microtubule formation and
VEGFR2 autophosphorylation [17,18], which was corroborated by other investigators, applied to
various preclinical cancer models and ultimately translated into clinical trials for adult and pediatric
patients with cancer (NCT03925662, NCT03628079, NCT02644291, NCT01729260, NCT01837862).
In the current study, we expanded MBZ’s scope of application to chemoprevention, i.e., the use
of drugs to reduce the risk of cancer development, in high-risk patients of NF1. NF1 is the most
common tumor predisposition syndrome in which the loss of tumor suppressor neurofibromin leads
to the activation of the Ras proto-oncogene and the development of dozens of benign and malignant
tumors. MPNSTs and gliomas are the most common NF1-specific cancers, accounting for 63% of
malignancies and a substantial mortality burden in adults younger than 40 years of age; other sarcomas
(e.g., rhabdomyosarcomas), gastrointestinal stromal tumors, pheochromocytomas and breast cancers
may also occur at a higher frequency compared to the non-affected population [3,4]. MPNSTs in NF1
patients have been particularly recalcitrant to treatment, with overall survival times that are shorter
than those of patients with spontaneous MPNSTs. Surgical removal of a high-risk, pre-cancerous lesion
is the only prophylactic modality that may reduce mortality, but has unfortunately been associated
with morbidity.

In this study, we found that MBZ inhibited the growth of NF1-related MPNST cells in vitro
and substantially delayed tumor formation in NPcis mice when initiated 60 days after birth,
without overt disease. Interestingly, the effect was different between genders, with male mice
experiencing a more substantial protective effect than female mice, who tend to develop tumors
later than their male counterparts and have a longer median survival. A similar observation was made
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in mice treated with combined CXB with MBZ, which resulted in the largest delay in tumor occurrence
and superior median survival in female mice, while males did not experience any benefit from the
combination therapy compared to single agent MBZ or CXB. These potential gender-linked distinctions
of cancer preventatives are important to realize, as this could impact the clinical applicability of such
agents and patient management. Notably, the male bias of NPcis mice in developing MPNST has been
reported before [27]. One could also envision intrinsic factors such as the tumor microenvironment,
inflammation and differences in the sex hormones as potential causes of this phenomenon [26,28,29];
however, the underlying mechanism is unclear and should be investigated further in animals and
humans. Our data further suggest that MBZ′s cytotoxic effect on NF1-related malignancies may result
from a reduction in activated GTP-bound Ras and a subsequent decrease in pERK in MBZ-treated
malignancies in vivo, thus directly targeting the molecular underpinnings for tumor development
in this condition. The potential significant impact of such chemoprevention on the mortality rate of
cancer in the NF1 patient population can be envisioned from the success of NSAIDs and other agents
on reducing the risk of colorectal, prostate and breast cancer. We therefore hope that, by demonstrating
the feasibility of a chemopreventative approach for NF1, this will stimulate a rational approach to
interrogate already existing databases for drugs that appear to decrease Ras activity and/or increase
NF1 expression as a preventative drug discovery pipeline in these patients in order to reduce cancer
occurrence and mortality.

Chemoprevention may involve the perturbation of a variety of steps in tumor initiation, promotion
and progression. As such, COX-2 overexpression leads to cancer cell proliferation, neovascularization,
and suppression of apoptosis and thus is associated with a worse prognosis in various malignancies,
especially sarcomas [14–16]. It is therefore not surprising that overexpression of COX-2 has also been
observed in NF1-associated MPNSTs and that selective COX-2 inhibition had an antitumor effect on
these cells [30]. Our study confirmed these results and showed that the selective COX-2 inhibitor CXB,
but not the non-selective COX inhibitor SUL, delayed cancer occurrence and increased median survival
in both male and female NPcis mice.

Effective chemoprevention requires the need to identify a high-risk patient population and
compounds or drug combinations with very low toxicity to allow long-term use in humans.
When initiated 60 days after birth, long-term daily continuous MBZ administration was well tolerated
in male and female NPcis mice, with stable weights using 195 mg/kg MBZ feed. This is in line with
human data, which demonstrate a >40-year history of safe and continuous use for parasitic infections
and cystic echinococcosis. This, along with the observed Ras inhibitory effect, could make MBZ
an attractive candidate for long-term chemoprevention in the NF1 patient population. It should be
noted that rigorous monitoring for adverse reactions would be required, as unexpected and expected
toxicities could develop from long-term use of cancer preventative agents, particularly when multiple
agents are used, and the benefits should clearly outweigh any potential risks. Given the heterogeneity of
clinical symptoms among NF1 patients, it is doubtful that all NF1 patients would experience the same
benefits and patient groups at high or low risk would have to be defined. For example, the low-risk
NF1 population would include individuals with NF1 Arg1809, NF1 Arg1038Gly, NF1 Met992del,
and NF1 Met1149 mutations, all of which are known not to develop any tumors or malignancies [31–34].
In contrast, the largest benefit would likely be observed in patients with a severe phenotype characterized
by a higher tumor burden and a higher risk of malignancies. This group of patients would include
individuals with large Nf1 microdeletions, in which the lifetime risk for MPNST is increased to
16–26% [7,35]; patients with an NF1 p.844–848 missense mutation, who have a higher predisposition
for symptomatic neurofibromas, optic pathway gliomas and malignancies compared with the general
NF1-affected population [36] and NF1 patients with Arg1276 variants, who are also at a higher risk of
developing symptomatic tumors and MPNSTs [31].

In summary, this study lays an important foundation for the effective and feasible chemoprevention
of malignancies in patients with NF1, which has the potential to delay or perhaps even prevent the
malignant transformation of MPNST and other NF1-related malignancies, decrease the need for
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surgical intervention and reduce the use of antineoplastic therapies in this patient population. Further
research is necessary to evaluate these findings in a larger animal studies, such as the NF1 pig model,
and to determine whether the observed effects will result in improved clinical outcomes.
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Abstract: The tumor microenvironment plays important roles in cancer biology, but genetic
backgrounds of mouse models can complicate interpretation of tumor phenotypes. A deeper
understanding of strain-dependent influences on the tumor microenvironment of genetically-identical
tumors is critical to exploring genotype–phenotype relationships, but these interactions can be
difficult to identify using traditional Cre/loxP approaches. Here, we use somatic CRISPR/Cas9
tumorigenesis approaches to determine the impact of mouse background on the biology of
genetically-identical malignant peripheral nerve sheath tumors (MPNSTs) in four commonly-used
inbred strains. To our knowledge, this is the first study to systematically evaluate the impact of
host strain on CRISPR/Cas9-generated mouse models. Our data identify multiple strain-dependent
phenotypes, including changes in tumor onset and the immune microenvironment. While BALB/c
mice develop MPNSTs earlier than other strains, similar tumor onset is observed in C57BL/6,
129X1 and 129/SvJae mice. Indel pattern analysis demonstrates that indel frequency, type and size
are similar across all genetic backgrounds. Gene expression and IHC analysis identify multiple
strain-dependent differences in CD4+ T cell infiltration and myeloid cell populations, including
M2 macrophages and mast cells. These data highlight important strain-specific phenotypes of
genomically-matched MPNSTs that have implications for the design of future studies using similar
in vivo gene editing approaches.

Keywords: CRISPR/Cas9; MPNST; mouse models; sarcoma; tumor microenvironment

1. Introduction

Mouse models are a cornerstone of cancer research and have produced a wealth of mechanistic
insights into tumor biology. While mice from a wide variety of genetic backgrounds are used for
in vivo cancer modeling, there is strong evidence that strain-dependent phenotypes can complicate
interpretation of results. Within similar genetic contexts, mouse strain can impact tumor susceptibility,
disease onset, metastatic potential, and the spectrum of cancer development [1–5]. Multiple
strain-dependent cancer phenotypes can be attributed to background-specific modifying loci [6,7].
Classic examples include tumor development in Nf1+/-; p53+/- mice (NPcis), which have high incidences
of astrocytomas and malignant peripheral nerve sheath tumors (MPNST) on a C57BL/6 background
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but are less tumor prone on other genetic backgrounds. Extensive genetic mapping experiments
determined that astrocytoma susceptibility is linked to an imprinted locus on chromosome 11, while
MPNST formation is associated with polymorphisms in the nerve sheath tumor resistance (Nstr)
genes [8–10]. The development of neurofibromas, benign nerve sheath tumors that are precursor lesions
to MPSNTs, is also strain dependent. Schwann cell-specific overexpression of neuregulin in p53+/− mice
(P0-GGFβ3; p53+/−) drives neurofibroma formation on a mixed background, but mice fail to develop
tumors after backcrossing onto an inbred C57BL/6J background [11]. In addition to tumorigenesis
events, metastatic phenotypes can also be dramatically influenced by genetic background, as observed
in Pten-driven prostate cancer models [12,13] and MMTV-PyMT-driven mammary tumors [14].

Strain-dependent variations in the tumor microenvironment (TME) can also profoundly impact
cancer phenotypes. The TME is comprised of a diverse array of extracellular matrix and stromal
cells including cancer-associated fibroblasts, endothelial cells, and immune infiltrates. Variations in
the immune systems of common inbred strains are well documented [15]. For example, C57BL/6
mice have elevated neutrophils and splenic macrophages, but decreased B cell and CD4+ T cell
populations compared to BALB/c and 129/SvHsd mice [16,17]. Polarization of macrophage function
is strain dependent, with enrichment of classically-activated, pro-inflammatory M1 macrophages
in Th1-oriented mouse strains such as C57BL/6, while immunosuppressive M2 macrophages are
predominant in Th2-oriented mouse strains such as BALB/c [18]. Functional activity of immune cells is
also heavily influenced by mouse background, including the cytotoxic capacity of NK cells [19] and
macrophage recruitment [20].

Multiple tumor phenotypes can be attributed to differences in host immune function, including
metastatic potential and therapeutic response. Depletion of myeloid cell-derived MMP9 in MMTV-PyVT
models slows metastatic progression in C57BL/6 mice, but had no impact on pulmonary metastases in an
FVB/N background [21]. In syngeneic transplant models, antibody blocking experiments demonstrate
that melanoma metastasis is dependent on strain-specific NK cell activity [19]. These differences in the
strain-dependent immune landscape have implications for immunotherapy response in preclinical
models [22–26]. Multiple groups have reported that while immunosuppressive cells predominate in
poorly-responsive models, cytotoxic effector cells are prevalent in tumors of responsive models.

A deeper understanding of the impact of host strain background on the TME of genetically-identical
tumors is necessary to help guide future experimental design and interpretation of preclinical cancer
studies. The nature of genetically-engineered mouse models (GEMMs) and syngeneic cell transplant
models have necessitated that data are obtained from tumors arising in a limited number of genetic
contexts and tissues. Therefore, most basic and translational studies utilize only a single inbred mouse
strain, and the majority of primary model studies have been conducted predominantly in C57BL/6 and
129/S mice. However, this current paradigm of using a small number of genetic backgrounds does not
address the important role of TME variation as a determinant of cancer phenotype.

The development of somatic CRISPR/Cas9 tumorigenesis approaches allows for direct comparisons
of host TME in genetically-identical tumors. We have recently published a CRISPR/Cas9-induced model
of soft-tissue sarcoma in wild-type mice [27]. This approach delivers an adenovirus expressing Cas9 and
guide RNAs targeting Nf1 and p53 into the sciatic nerve of adult mice to generate high-fidelity malignant
peripheral nerve sheath tumors (MPNSTs), a high-grade sarcoma of the myelinating nerve sheath.
This system allows for introduction of multiple somatic mutations into adult animals surrounded by
native, non-mutant stroma and an intact immune system. By introducing somatic gene alterations
into adult mice without the need for lengthy and costly backcrossing, CRISPR/Cas9 approaches can
assess genetic events in different murine backgrounds. Because this approach uses exogenous delivery
of Cas9, it can be applied to a mouse from any strain or pre-existing genetically-engineered model.
This adaptability is important to facilitate studies that rely on specific strains for experimental models,
such as in the fields of metabolic disease and immunology.

To our knowledge, a systematic study examining the impact of host strain on CRISPR/Cas9-
generated mouse models has not been undertaken. Here, we use CRISPR/Cas9 approaches to
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determine the influence of mouse background on genetically-identical MPNSTs. We report variations
in tumor onset, immune landscape, and TME-associated gene expression across MPNSTs generated
in four classically inbred strains. These data highlight important strain-specific phenotypes of
genomically-matched MPNSTs that have implications for the future design of studies using similar
in vivo gene editing approaches. Ultimately, CRISPR/Cas9 tumorigenesis approaches may provide
unique opportunities to explore TME-dependent events by leveraging the diversity of stromal
landscapes across tumor models from distinct genetic backgrounds.

2. Materials and Methods

2.1. Animals

All animal experiments were performed in accordance with protocols approved by the University
of Iowa Institutional Animal Care and Use Committee (IACUC) and adhere to the NIH Guide for
the Care and Use of Laboratory Animals. C57BL/6 (stock #556) and BALB/c mice (stock #555) were
purchased from Charles River Laboratories. 129X1 mice (stock #000691) were purchased from Jackson
Laboratories. Wild-type 129Sv/Jae mice were bred and maintained at the University of Iowa.

2.2. CRISPR/Cas9 Generated MPNSTs and Growth Analysis

Adenovirus containing Cas9 and sgRNAs targeting Nf1 and p53 was purchased from ViraQuest
(North Liberty, Iowa) [27]. Prior to injection, virus was mixed with DMEM and calcium phosphate as
previously described [28–30]. Tumors were generated by injection of 25 uL of prepared virus into the
left sciatic nerve of mice. When tumors reached a volume of 150 mm3 (Day 1), they were measured by
calipers 3 times weekly. Tumor volumes were calculated using the formula V = (π × L ×W × H)/6,
with L, W, and H representing the length, width, and height of the tumor in mm, respectively. Tumors
were harvested when they reached a volume of 1500 mm3 or earlier if animals showed signs of distress,
in accordance with IACUC guidelines at the University of Iowa. Tissue was collected for histology,
RNA, and generation of cell lines.

2.3. Generation of Cell Lines from MPNSTs

Cell lines were derived from terminally-harvested MPNSTs. Tumors were finely minced and
digested in dissociation buffer Collagenase Type IV (700 units/mL, Thermo, 17104-019, Thermo Fisher
Scientific, Waltham, MA, USA) and dispase (2.4 units/mL, Thermo, 17105-041, Thermo Fisher Scientific,
Waltham, MA, USA) in PBS for 1–1.5 h at 37 ◦C on an orbital shaker. Dissociated tissue was passed
through a sterile 70 μM cell strainer (Fisherbrand, 22363548, Thermo Fisher Scientific, Waltham, MA,
USA), washed once with PBS, and resuspended in DMEM (Gibco, 11965-092, Thermo Fisher Scientific,
Waltham, MA, USA). Cells were cultured in DMEM containing 10% FBS, 1% penicillin-streptomycin
(Gibco, 15140-122, Thermo Fisher Scientific, Waltham, MA, USA) and 1% sodium pyruvate (Gibco,
11360-070, Thermo Fisher Scientific, Waltham, MA, USA). After 10 passages, cells were used for indel
analysis and subsequent studies.

2.4. Indel Analysis

Indel pattern analysis was previously described [31]. Genomic regions of Nf1 and p53 that spanned
the gRNA target sites were amplified by PCR using Phusion high-fidelity DNA polymerase (NEB,
M0530L). PCR primers for Nf1 indels generate a 569 bp fragment in wild-type cells while those used
to amplify p53 indels result in a 520 bp fragment in wild-type cells. Primer sequences are listed in
Supplementary Table S1. PCR amplicons were purified with the Monarch PCR and DNA Cleanup Kit
(NEB T1030S). Sanger sequencing was performed by the Genomics Division of the Iowa Institute of
Human Genetics at the University of Iowa. Indel frequencies were quantified from the chromatograms
by sequence trace analysis using Synthego ICE [32]. Indels > 50 bp were determined by band size on a
2% agarose gel.
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2.5. Histology and Immunohistochemistry

Upon harvest, a portion of tumor tissue was stored in 10% neutral buffered formalin for fixation and
subsequent paraffin embedment. Formalin-fixed paraffin embedded tumors were sectioned and stained
with hematoxylin (Vector Laboratories, H-3401, Burlingame, CA, USA) and eosin (Sigma-Aldrich,
586-X, St. Louis, MO, USA) to evaluate tissue morphology. All immunostaining was conducted with
citrate-based antigen retrieval (Vector Laboratories, H-3300, Burlingame, CA, USA). The following
antibodies were used: S100 (Abcam, ab4066, Cambridge, United Kingdom), Ki67 (BD Biosciences,
556003), CD4 (Abcam, ab183685), CD8a (Thermo Fischer Scientific, 14-0808-82, Waltham, MA, USA),
Foxp3 (Thermo Fisher Scientific, 14-4777-82, Waltham, MA, USA), and F4/80 (Thermo Fisher Scientific
14-4801-82, Waltham, MA, USA). To visualize mast cells, slides were stained with toluidine blue
solution (0.02% toluidine blue in 1% NaCl, pH 2.2) for 2 min, followed by two washes in distilled water
and three washes in 100% ethanol. At least five tumors per group were analyzed, and quantification
of cells staining positive was performed on 6 independent fields. The 20× fields were used for all
analyses except for Ki67, which used 40× fields. Imaging was performed using an EVOS XL Core
Imaging System (Thermo Fisher Scientific, AMEX1000, Waltham, MA, USA).

2.6. Quantitative RT-PCR

Upon harvest, tumor tissue was stored in RNA Later (AM7020, Thermo Fisher Scientific) at −20 ◦C.
Tumors (n = 5 per strain) were homogenized in liquid nitrogen and resuspended in Trizol (15596018,
Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized from 1 ug of RNA using iScript
(1708891, Bio-Rad). RT-qPCR was performed with Power-up Sybr Green 2x Master Mix (A25778,
Thermo Fisher Scientific, Waltham, MA, USA) per the manufacturer’s instructions on an Applied
Biosystems 7900HT instrument using the ΔΔCt relative to B2M expression (Genomics Division of the
Iowa Institute of Human Genetics, University of Iowa). Primer sequences are listed in Supplementary
Table S1 [24].

2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8. Tumor growth kinetics, IHC
quantification, and gene expression were analyzed using a one-way ANOVA with Tukey’s multiple
comparison test. Sample sizes for IHC and qRT-PCR analysis were 5 per group. Comparison of
survival curves was performed using the log-rank (Mantel–Cox) test. For all studies, a p value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Host Strain Determines Tumor Onset for Genetically-Identical MPNSTs

To determine the impact of murine background strain on MPNST development, we generated
somatic CRISPR/Cas9-induced tumors in four commonly-used laboratory strains: 129/SvJae, C57BL/6,
129X1, and BALB/c. Importantly, the 129/SvJae mice serve as reference controls, as this strain was
used in our prior study [27]. We injected the sciatic nerve of 10–13 mice per background with
adenovirus containing Cas9 and guide RNAs for Nf1 and p53 (Ad-Cas9 + gNF1 + gp53). This approach
was previously shown to generate high-fidelity, Nf1/p53-null MPNSTs at the site of injection within
3–4 months. Similar to our prior data, 129/SvJae mice in the current study develop tumors at ~80 days
post-injection (Figure 1A). Tumor onset is similar in C57BL/6 and 129X1 mice, arising at an average
of 82 and 93 days, respectively. In contrast, BALB/c mice develop MPNSTs earlier than other strains,
with tumors developing with an average onset of 61 days. After tumor detection, MPNSTs were
measured 3x/weekly to obtain proliferative rates, which are calculated from a uniform initiating size
of 150 mm3. The average time for tumors to double in volume is 7–8 days, which is similar across
all backgrounds (Figure 1B). Tumor proliferation was also examined by immunohistochemistry for
Ki67 in terminally-harvested MPNSTs. Ki67 indices are similar in tumors from all strains, supporting
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the observation that host strain does not influence MPNST proliferation (Figure 1C). Histological
analysis confirms MPNST morphology in all tumors, with S100 positivity noted in tumors from each
background (Figure 1D). Taken together, these data show that somatic CRISPR/Cas9 tumorigenesis
approaches can generate MPNSTs in a broad spectrum of wild-type mice, and that background strain
can influence tumor initiation in genetically-matched tumors.

Figure 1. Host strain determines tumor onset but does not alter tumor growth kinetics. (A) Kaplan–
Meyer curve of tumor-free survival. Formation of Nf1/p53-deleted malignant peripheral nerve sheath
tumors (MPNSTs) is accelerated in BALB/c mice. Tumor initiation occurs within a similar timeframe
in mice from 129/SvJae, C57BL/6, and 129X1 backgrounds. (B) Growth kinetics are similar across all
background strains for genetically-identical MPNSTs (n= 6–8 tumors per strain). Growth rates are
calculated as the number of days required for tumors to double from an initial volume of 150 mm3.
129X1 (red circles), C57BL/6 (black triangles), BABL/c (white squares), and 129/SvJae (blue triangles).
(C) Representative images of MPNSTs from different host strains stained for H&E (20×), S100 (20×),
and Ki67 (20×). (D) Quantification of Ki67 confirms that background strain does not alter the rate
of tumor proliferation (n= 5 tumors per strain). (B,D) analyzed by one-way ANOVA with Tukey’s
multiple comparison test.

3.2. Indel Analysis Reveals Unique Patterns of Gene Disruption

Indel signatures can determine the spectrum and frequency of CRISPR/Cas9-induced events
in individual tumors. We generated tumor-derived cell lines to evaluate the unique indel patterns
within each MPNST (Figure 2). Our analysis confirms the presence of Nf1 and p53 indels in all tumors.
Additionally, no wild-type sequence is detectable in any cell line, suggesting complete disruption of the
targeted regions. As CRISPR/Cas9 generates indels by random reassembly of DNA, we investigated
the types of indels generated with each guide RNA. To focus this analysis, we evaluated indels that
occur at > 5% frequency. Across 14 tumor-derived cell lines, we observe 24 indels in Nf1 and 33 indels
in p53. Several cell lines have a simple signature, containing predominantly one indel, while others
have complex signatures comprised of up to five distinct variants per gene. The majority of cell lines
contain multiple p53 indels, as a single dominant indel of p53 is detected in only 4/14 (29%) of cells.
Single indels in Nf1 are more frequent, with 7/14 (50%) of cell lines containing a solitary Nf1 indel event.
Insertions are less common than deletions, with only 1/14 (7%) of cell lines harboring Nf1 insertions
and 6/14 (43%) of cell lines harboring p53 insertions. Indeed, only one cell line does not have a deletion
event in p53, with a single predominant insertion being the only indel event detected within the sample.
In our analysis, CRISPR-generated insertions are genetically small (1–2 bp), while deletions occur
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within a larger range (1 bp to > 20 bp). In p53 indels, we observe a trend towards smaller deletions
(<10 bp), which occur in 23/27 (85%) of deletion events. All of the indels detected in Nf1 were either
frameshift (FS) mutations (20/24) or indels ≥ 20 bp (4/24) that are the most likely to disrupt protein
function by shifting the reading frame and inducing premature termination, nonsense mediated decay
(NMD), or alterations in protein structure [33,34]. For indels detected in p53, 24/33 were FS mutations
and 3/33 were deletions ≥ 20 bp. We did not identify any strain-specific trends in indel type, size,
or frequency in this analysis, suggesting that in vivo CRISPR/Cas9 genomic editing occurs similarly
across different murine backgrounds.

Figure 2. CRISPR/Cas9-induced insertions and deletions detected in Nf1 and p53 in MPNST-derived
cell lines from different genetic backgrounds. Indel pattern analysis of the sgRNA-targeted regions of
Nf1 (A) and p53 (B) demonstrates disruption of genomic targets in all tumors. The majority of indels
detected in both Nf1 and p53 are frameshift mutations that result in inactivation of targeted proteins.

3.3. Immunological Diversity of MPNSTs Is a Hallmark of Genetic Background

Data from genetically-engineered mouse models strongly support a role for host strain in distinct
patterns of immune cell activation [18,24]. Therefore, we hypothesized that there are strain-dependent
differences in the composition of the immune landscape in our CRISPR/Cas9 generated MPNSTs.
To examine the tumor microenvironment in genetically-identical tumors from different mouse strains,
we performed histological analysis for populations of innate and adaptive immune cells that play
key roles in MPNST biology, including CD4+ T cells, CD8+ T cells, regulatory T lymphocytes (Tregs),
macrophages and mast cells in five tumors per genetic background (Supplementary Figure S1).

Levels of tumor-infiltrating cytotoxic CD8+ T lymphocytes are similar across all host strains
(Figure 3A). In contrast, amounts of CD4+ T lymphocytes are highly dependent on background
strain, with MPNSTs from C57BL/6 mice having lower CD4+ T infiltration than tumors on 129Sv/Jae,
BALB/c, and 129X1 backgrounds (Figure 3B). MPNSTs from 129Sv/Jae mice display a heterogenous
distribution of CD4+ T lymphocytes, with a wide variability of cell number across individual tumors.
Regulatory T cells levels are highly variable across individual tumors, most likely due to the rare nature
of these cells. In several tumors, we were unable to detect a single Treg in the sample. Analysis of
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multiple tumors determined that MPNSTs from 129X1 mice have higher levels of Tregs than MPNSTs
from C57BL/6 or BALB/c mice (Figure 3C). Analysis of macrophage levels by F4/80 staining shows
increased macrophage infiltration in MPNSTs from BALB/c mice (Figure 3D). Mast cells, histamine-rich
myeloid cells with a strong role in MPNST biology [30,35], are enriched in MPNSTs from BALB/c mice
(Figure 3E). The lowest levels of mast cells are observed in tumors from C57BL/6 mice. Taken together,
these observations demonstrate the broad diversity of immune landscapes in MPNSTs from different
background strains.

Figure 3. The MPNST immune landscape is determined by genetic background. (A) Levels of CD8+
T cells in terminally-harvested MPNSTs are similar across all host strains. (B) Infiltration of CD4+ T
cells are significantly lower in tumors from C57BL/6 mice compared to MPNSTs in mice from 129X1,
BALB/c, and 129/SvJae backgrounds. (C) Foxp3+ Tregs are detected at higher levels in tumors from
129X1 mice compared to C57BL/6 and BALB/c mice. (D) MPNSTs from BALB/c mice have significantly
higher levels of infiltrating F4/80+macrophages compared to C57BL/6 mice. (E) Mast cell infiltration
is higher in tumors from BALB/c mice compared to 129/SvJae, C57BL/6, and 129X1 mice. Mast cell
levels are lowest in MPNSTs from C57BL/6 mice. 129X1 (red circles), C57BL/6 (black triangles), BABL/c
(white squares), and 129/SvJae (blue triangles). Analyzed by one-way ANOVA with Tukey’s multiple
comparison test. A p-value of less than 0.05 is considered statistically significant and is denoted by “*”
(n = 5 tumors per strain).

3.4. Gene Expression of the MPNST Microenvironment

Given the broad variability of strain-dependent immune infiltration observed in our IHC data,
we chose to perform extensive gene expression analysis of key tumor microenvironmental markers [24].
Using real-time qPCR analysis of whole tumor lysates from five tumors per background, we evaluated
expression levels of pathways involved in innate immunity, adaptive immunity, angiogenesis, and
cytokine signaling (Figure 4A and Supplementary Figure S2). These data provide insight into key
tumor–stroma interactions and reveal extensive heterogeneity across host strains and individual tumors.

We first examined expression of tumor-associated macrophage (TAM) genes, since they are one
of the most differentially-regulated immune cell populations between host strains. Expression of
Arg1 mRNA, a marker of immunosuppressive M2 macrophages, is elevated in MPNSTs from BALB/c
mice (Figure 4B). Of note, Arg1 is the only gene in our analysis that is statistically different between
host backgrounds (p = 0.0156, one-way ANOVA). There were no differences in levels of the M1
macrophage marker iNos1/Nos2 in tumors from different host strains (Figure 4C), suggesting that the
influx of macrophages in MPNSTs from BALB/c mice consists of Arg1-expressing TAMs of the M2
subtype. This finding is consistent with data demonstrating that expression of the pro-immunogenic,
M1 macrophage transcription factor Stat3 is similar across backgrounds.
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Figure 4. Expression of key genes in the MPNST microenvironment. (A) RT-qPCR analysis of markers
for innate immunity, adaptive immunity, angiogenesis, and cytokine signaling in terminally-harvested
tumors shows a large degree of heterogeneity between host strains and individual tumors. Samples are
normalized to a single C57BL/6 tumor, shown as reference (n = 5 tumors per strain). (B) Expression
analysis determines that MPNSTs from BALB/c mice express significantly higher levels of Arg-1 mRNA,
a marker of immunosuppressive M2 macrophages, when compared to tumors from 129/SvJae, C57BL/6,
and 129X1 mice. (C) In contrast, levels of Nos2 mRNA, a marker of M1 macrophages, is similar in tumors
from all background strains. 129X1 (red circles), C57BL/6 (black triangles), BABL/c (white squares),
and 129/SvJae (blue triangles). Analyzed by one-way ANOVA with Tukey’s multiple comparison test.
A p-value of less than 0.05 is considered statistically significant and is denoted by “*”.

To further explore T lymphocyte populations, we examined genes involved in T cell activation
and signaling. Expression of APC-resident co-stimulatory molecules—including CD80, CD86, OX40L,
and PDL1—are similar across host strains. Similarly, expression of CTLA-4, an inhibitory receptor
that negatively regulates T cell responses, and CD83, a marker of activated CD4+ T lymphocytes and
dendritic cells, is not strain dependent. Levels of the regulatory T cell marker FoxP3 are not statistically
different across strains due to extensive heterogeneity between tumors, although trends are similar to
IHC findings in Figure 3.

We next examined expression of angiogenesis genes, including Vegf, Vegfr1, and Vegfr2, in addition
to the lymphangiogenic growth factor Vegfc. While several individual tumors display high expression
of these growth factors, there are no statistically significant differences between host strains. Finally,
we examined expression of key cytokines involved in immune activation, including proinflammatory
molecules (Tnfa, Ifng, IL4, IL1b, and Ccl21) and immune-suppressive cytokines (IL10 and Tgfb). Several
cytokines have similar expression across all tumors, including Tnfa, Ifng, and Ccl21. Other cytokines
(including Tgfb, IL4, IL10, and IL1b) display more variability across individual tumors, although this
was not associated with specific background strains. Taken together, this gene expression analysis
highlights key strain-dependent differences in the composition of the tumor microenvironment—most
notably, the elevation of M2 macrophages in MPNSTs from BALB/c mice.
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4. Discussion

The genetic background of murine cancer models can determine critical phenotypes such as disease
onset, metastatic potential, immune response, and treatment outcome. To examine the impact of mouse
strain on the biology of genetically-identical tumors, we used somatic CRISPR/Cas9 tumorigenesis
approaches to generate MPNSTs in four commonly-used, classically inbred strains. We evaluated the
influence of mouse strain on tumor growth, histology, indel pattern, immune cell infiltration, and
expression of TME markers. Our data indicate that background strain impacts tumor latency, immune
composition, and gene expression of genetically-identical MPNSTs. In particular, BALB/c mice exhibit
multiple strain-dependent tumor phenotypes, including acceleration of tumor onset, elevated mast
cell infiltration, and enrichment of M2 macrophages. In contrast, MPNSTs generated in C57BL/6 mice
display decreased levels of T lymphocytes. Taken together, these data highlight the importance of
considering host strain in the design and interpretation of tumor studies.

CRISPR/Cas9 approaches can facilitate the study of cancer-relevant questions that are difficult to
address using conventional Cre/loxP methods. The requirement for complex backcrossing and the
potential for persistent modifier loci with traditional GEMM approaches complicates data interpretation,
and it has been challenging to examine the impact of background strain on the immune landscape of
genetically-matched tumors. While multiple groups have reported broad immunological diversity
in different syngeneic cell transplant models generated within the same background strain [22–26],
our data identify multiple strain-specific differences in tumor infiltration by myeloid and adaptive
immune cells in isogenic MPNSTs. Of note, tumors from C57BL/6 mice have the lowest levels
of infiltrating CD4+ T lymphocytes. This observation is in line with published work examining
the immune microenvironment in a series of cell transplant models from C57BL/6 and BALB/c mice.
One study found that CD4+T lymphocytes comprise only 1–4% of total CD45 cells in syngeneic C57BL/6
models—including MC38, LL/2, and B16F10 tumors—while populations of CD4+ T lymphocytes
account for 6–10% of total immune cells in syngeneic BALB/c models such as CT26, RENCA, and
4T1 [22]. We also observed increased Tregs by IHC analysis in MPNSTs from 129X1 mice. However,
it is difficult to compare our findings to the other 129-derived tumor models, as there are few published
studies that include 129-based models in cross-strain analysis of immune infiltration.

Our data also found enrichment of mast cells in MPNSTs from BALB/c mice. Increased mast cell
levels are associated with accelerated onset of MPNSTs in Nf1 haploinsufficient mouse models [30].
In neurofibromas, Nf1+/- mast cells are essential to tumor formation due to critical SCF-mediated
interactions with Nf1+/- Schwann cells [35]. Indeed, mast cells may play tumor promoting roles
in multiple cancers—including colorectal and pancreatic—by supporting an immunosuppressive
microenvironment or altering ECM homeostasis [36]. However, the prognostic significance of mast
cells varies greatly across different cancer types. While a mechanistic role for mast cells in MPNST
development has not been shown, a study in a small number of patient samples (n = 34) found that
mast cell density did not correlate with patient survival [37]. Mast cell function is strain dependent,
with bone marrow-derived mast cells (BMMCs) from BALB/c mice displaying more robust responses
than BMMCs from other backgrounds. For example, in response to allergenic challenge, BMMCs
from BALB/c mice degranulate more efficiently [38], produce higher amounts of newly-synthesized
mediators [39], and infiltrate more rapidly into bronchial tissue than BMMCs from C57BL/6 mice [40].
This increased activity of mast cells in BALB/c mice, combined with elevated mast cell infiltration in
BALB/c-derived MPNSTs, could partially explain the accelerated tumor onset phenotype in this strain.

One of the strongest strain-dependent immune phenotypes we observed was enrichment of
macrophages in MPNSTs from BALB/c mice. In syngeneic tumor models, macrophage infiltration
is highly variable and is more dependent upon cancer type than host strain [22,23]. For example,
macrophages account for ~18% of total CD45+ immune cells in both RENCA (BALB/c hosts) and
Lewis Lung carcinomas (C57BL/6 hosts), while macrophages make up only ~5% of immune cells
in CT26 (BALB/c hosts) and B16 melanoma (C57BL/6 hosts) models [22]. Our data also identify a
strong M2 polarization in TAMs from BALB/c-derived tumors by upregulation of Arg1 expression.
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This strain-specific enrichment of M1/M2 macrophages is a well-documented phenotype. As M2
macrophages predominantly promote wound healing and tissue homoeostasis, the M1/M2 polarization
can have important phenotypic consequences. For example, in response to challenge with Leishmania,
C57BL/6 mice can eliminate infection by activation of an M1/Th1 response, but BALB/c mice succumb
to infection due to the inability of their M2 macrophages to mount an effective response [18].

It is important to note that the M1/M2 definition of macrophages represents a phenotypic spectrum,
rather than a binary characterization. The strict definition of M1 vs. M2 has recently been broadened
with the discoveries of in vivo populations that exist along a mixed M1/M2/monocyte spectrum that
support plasticity among myeloid populations [41]. Indeed, macrophage diversity is widespread
among mouse models, as demonstrated with data from the hybrid mouse diversity panel (HMDP) that
was developed to examine immunological variation across different host backgrounds. By using a panel
of 83 inbred mouse strains, this resource can perform gene association studies to better understand
and map complex traits [42]. A genome-wide study of peritoneal macrophage transcriptomes from
the HMDP identified a natural spectrum of macrophage activation phenotypes and confirmed that
the M1/M2 axis is a major macrophage polarization phenotype in vivo [43]. Of particular importance
to cancer biology, the M1 and M2 paradigm of macrophage polarization does not clearly apply to
TAMs, which are strongly influenced by tumor location and external cues from the surrounding
microenvironment [44]. TAM subsets can express both M1 and M2 markers simultaneously, suggesting
that they display a more complex activation scenario than the simple M1/M2 activation status [41,44,45].
Nonetheless, an appreciation of strain-dependent macrophage polarity is important for interpretation
and design of in vivo tumor models examining macrophage tumor biology.

One interesting observation from our study is the acceleration of tumor initiation in BALB/c mice.
Several groups have reported accelerated tumor formation in p53+/- BALB/c mice in comparison to
C57BL/6 mice [2–4]. However, these studies did not induce spatially-restricted tumors in adult mice.
One possible explanation for earlier tumor onset of Nf1/p53-driven MPNSTs in BALB/c mice is their
strain-specific mutation in Ink4a (also known as p16). Ink4a is a member of the Cdkn2a locus that is
fundamental to cell cycle entry and progression [46]. The Cdkn2a (Ink4a/Arf ) allele is a well-documented
example of a strain-dependent genetic variant that can impact cancer progression [47,48]. Indeed,
the increased susceptibility of BALB/c mice for various cancer types has been linked to the presence
of a hypomorphic Ink4a allele caused by mutations in the promoter region [48]. Since disruptions in
Cdkn2a are commonly observed in clinical MPNST samples, we postulate that acceleration of tumor
onset in BALB/c mice may be partially due to disruption of this locus.

These studies underscore the need to use a diverse toolkit of mouse backgrounds in cancer
biology, as the reliance on single strain studies can be a barrier to a robust understanding of cancer
progression [49]. We believe there is immense strength in applying a broad diversity of in vivo
models to better account for the large interindividual variation of immune systems across human
populations [50,51]. Additionally, these data suggest that caution must be taken in interpretation
of preclinical studies, with respect to potential influences of complex, strain-specific interactions
between the TME and tumor cells. Further studies are necessary to determine whether strain-specific
immune landscapes would alter therapeutic outcomes in preclinical MPNST models. It is plausible
that enrichment of either T lymphocytes or macrophages could alternatively impact immunotherapy
response. However, chemotherapy outcomes may be less dependent upon immune composition,
as we reported that murine MPNSTs with distinct myeloid cell compositions respond similarly
to doxorubicin/ifosfamide-containing regimens [30]. Taken together, our findings highlight how
CRISPR/Cas9 tumorigenesis approaches can provide new experimental opportunities to leverage the
immunological diversity of inbred mouse strains to reveal new features of the tumor microenvironment
that drive MPNST progression.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/5/583/
s1, Table S1: Primer and guide RNA Sequences, Figure S1: IHC of innate and adaptive immune cells in
CRISPR/Cas9-generated MPNSTs. Macrophages (F4/80 staining; 40×) and mast cells (toludine blue staining; 20×)
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are enriched in MPNSTs from BABL/c mice. Cytotoxic T cells (CD8 staining; 20×) are similar across all strains.
Helper T cells (CD4 staining; 20×) are enriched in 129X1 and 129Sv/Jae tumors. Regulatory T cells (FoxP3 staining,
40×) are enriched in 129X1 tumors, Figure S2: Quantitative RT-PCR data from heatmap. Expression levels of
genes in the MPNST microenvironment examining macrophages (A), adaptive immunity (B–H), angiogenesis and
lymphangiogenesis (I–L), and cytokines (M–S).
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Abstract: Sarcomas are highly aggressive cancers that have a high propensity for metastasis, fail to
respond to conventional therapies, and carry a poor 5-year survival rate. This is particularly true for
patients with neurofibromatosis type 1 (NF1), in which 8%–13% of affected individuals will develop a
malignant peripheral nerve sheath tumor (MPNST). Despite continued research, no effective therapies
have emerged from recent clinical trials based on preclinical work. One explanation for these failures
could be the lack of attention to intra-tumoral heterogeneity. Prior studies have relied on a single
sample from these tumors, which may not be representative of all subclones present within the
tumor. In the current study, samples were taken from three distinct areas within a single tumor
from a patient with an NF1-MPNST. Whole exome sequencing, RNA sequencing, and copy number
analysis were performed on each sample. A blood sample was obtained as a germline DNA control.
Distinct mutational signatures were identified in different areas of the tumor as well as significant
differences in gene expression among the spatially distinct areas, leading to an understanding of
the clonal evolution within this patient. These data suggest that multi-regional sampling may be
important for driver gene identification and biomarker development in the future.

Keywords: NF1; MPNST; genomics; heterogeneity

1. Introduction

Malignant peripheral nerve sheath tumor (MPNSTs) is the sixth most common soft tissue
sarcoma [1] and has an incidence rate of 0.1–0.2 per 100,000 persons per year [2]. MPNSTs are often
associated with neurofibromatosis type 1 (NF1). The incidence rate of MPNSTs in patients with NF1 is
much higher than that of the general population, estimated to be 1.6 per 1000 per year, or a lifetime
risk of 8–13% [3]. Approximately 50% of MPNSTs occur in patients with neurofibromatosis [4–7],
and the other 50% of MPNSTs occur sporadically or in the setting of previous radiation therapy [4,6].
In the setting of NF1, MPNSTs often arise within a pre-existing benign nerve sheath tumor (plexiform
neurofibroma) [4,7].
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Prognosis remains poor for patients with MPNST despite multi-modality therapy [2,5–10]. In the
setting of metastatic disease, treatment is limited to cytotoxic chemotherapy, typically consisting of
single agent doxorubicin or a combination of doxorubicin and ifosfamide [11–13].

A number of different genes have been implicated in the development of MPNSTs. One of the
most commonly used models for preclinical testing was developed by Cichowski et al. and Vogel et al;
they demonstrated that mice with germline variants in Nf1 and Tp53 develop MPNSTs, supporting a
cooperative and causal role for these tumor suppressors in the context of MPNST formation [14,15].
Other groups have found a reduction in expression of PTEN, a tumor suppressor in the PI3K/AKT/mTOR
pathway, in MPNSTs compared to benign nerve sheath tumors in a manner that is not regulated by
NF1 [16]. Keng et al. went on to demonstrate the cooperative roles of Pten and Nf1 in the tumorigenesis
of MPNSTs in vivo with transgenic mouse models [17]. Gregorian et al. further elucidated the
cooperative relationship between k-ras activation and Pten deletion, showing that both variants in
combination led to 100% penetrable development of MPNSTs [18]. Another gene implicated in MPNST
pathogenesis is INK4A, a tumor suppressor encoding both p16 and p19. Deletions in this gene have
been identified in MPNSTs but not in benign neurofibromas [19]. Lu et al. demonstrated a difference in
aberrant expression of ATRX, a DNA helicase that plays a role in chromatin regulation and maintenance
of telomeres, between MPNSTs and benign neurofibromas [20]. Additionally, variants in EED and
SUZ12 have been observed in MPNST. These genes code for components of the PRC2 complex which is
involved in transcriptional repression. Lee et al. showed loss-of-function somatic alterations of PRC2
components in 92% of sporadic, 70% of NF1-associated and 90% of radiotherapy-associated MPNSTs.
Further, introduction of the lost PRC2 component in a PRC2-deficient MPNST cell line decreased cell
growth [21]. Others have found alterations such as structural alterations of PDGFRA (platelet-derived
growth factor-α) in 26% of MPNST samples [22]; increased expression of EGF-R (epidermal growth
factor receptor) by immunohistochemistry in MPNSTs [23]; and IGFR1 gene amplification in 24% of
MPNSTs [24].

Despite all of this research, no effective therapies have emerged from recent clinical studies based
on this genomic data and subsequent preclinical studies. Intra-tumoral heterogeneity is a possible
reason for these shortcomings. Prior studies have relied on a single sample from these tumors. All the
subclones within a tumor may not be captured by this approach. Our aim in this study is to investigate
intra-tumoral heterogeneity more thoroughly through analysis of samples taken from multiple sites of
the same MPNST.

2. Materials and Methods

2.1. Study Approvals

Blood and tumor were obtained from an individual diagnosed with NF1 according to established
criteria [25] and treated for a MPNST at Washington University/St. Louis Children’s Hospital NF
Clinical Program (St. Louis, MO, USA). The human tumor samples were collected under an approved
IRB protocol (#201203042) at Washington University, and the patient was appropriately consented.

2.2. Sample Collection

Samples were taken from three distinct areas within a single tumor from a patient with an
NF1-MPNST immediately after surgical resection with guidance from a pathologist (SD). While area
“1” represented solid, tan homogeneous tumor lacking hemorrhage and/or necrosis, areas “2” and
“3” of the tumor grossly appeared necrotic and hemorrhagic respectively. 20 g of tissue was taken
from each area. Each area was then divided to be used for RNA extraction, DNA extraction, and slide
preparation to analyze the histology. A gross image of the tumor was taken at this time and is shown
as Figure 1.
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Figure 1. Malignant peripheral nerve sheath tumor (MPNST) sampled areas. Area 1 shows an area
centrally located in MPNST, Area 2 an area of hemorrhage, and Area 3 an area of necrosis.

2.3. Histology

Images of the hematoxylin-eosin sections were taken (20X magnification) using an Olympus BX-51
microscope using an Olympus DP71 digital camera, and DP Controller software. Tumor purity was
estimated based on morphologic review of the entire hematoxylin-eosin stained section estimating the
number of tumor cells, stromal cells, lymphocytes, and extravasated red blood cells. Two pathologists
reviewed these slides independently providing an estimated percentage of total tumors cells per slide.

2.4. Sequencing and Bioinformatics Analysis

Whole exome sequencing (WES), RNA sequencing (RNA-Seq), and copy number analysis
(CNVkit) [26] were performed on each sample and compared to a blood sample as a germline DNA
control. Both Illumina Whole Genome Sequencing (eWGS) of 3 tumor samples and 1 PBMC normal
sample, and Illumina RNA Sequencing of the 3 tumor samples were generated from the sampled areas.

2.4.1. Library Construction and Sequencing

Each tumor had 2 enriched libraries constructed (n = 6), and the PBMCs had a single enriched
library constructed (n = 1). Exome libraries were captured with an IDT exome reagent, then pooled
with a WGS library for sequencing on an Illumina HiSeq4000 with at least 1000x coverage. RNA was
prepared with a TrueSeq stranded total RNA library kit, then sequenced on an Illumina HISeq4000
with 72M reads per sample.

2.4.2. IDT Exome Sequencing Variant Detection

Genomic data were aligned against reference sequence hg38 via BWA-MEM [27] with Base Quality
Score Recalibration (BQSR). Structural variants (SVs) and large indels were detected using manta [28].
SNVs and small indels were detected using VarScan2 [29], Strelka2 [30], MuTect2 [31], and Pindel [32]
via the somatic pipelines available at https://github.com/genome/analysis-workflows, which includes
best-practice variant filtering and annotation with VEP (Variant Effect Predictor, version 95) [33].
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Manual review was used to remove additional sequencing artifacts. Germline variants and somatic
variants reported on variant detecting pipeline were compared to see any intersection of variants.
Any intersecting variants were removed from the somatic variant gene list, thus filtering out the
germline variants. Common variants with 1000 genome MAF (minor allele frequency) > 0.05 were
filtered out. Waterfall somatic variant plots were created with GenVisR [34] by including somatic
variants that occurred in each area. Variants reported on the waterfall plot are most likely to be
pathogenic, which is reported via VEP. These variants were not reported as a somatic variant in
COSMIC (Catalogue Of Somatic Mutations In Cancer) [35] and ClinVar [36] archive, thus these variants
are best classified as variants with unknown significance. In order to predict clinical significance and
predictions of the functional effects of these variants, each variant was reviewed on SIFT [37] and
Polyphen [38]. IMPACT rating was determined by VEP for each non-coding variant.

2.4.3. Copy Number Analysis

CNVkit was used to infer and visualize copy number from high-throughput DNA sequencing data.
Coverage for each bait position in the exome reagent was calculated, then segments of constant copy
number were identified using circular binary segmentation. Data were plotted to provide visualization
of CNVs.

2.4.4. Inference of Clonal Phylogeny

SciClone [39] and ClonEvol [40] were utilized to attempt to perform a phylogeny inference.
However, the analysis was complicated by the abundance of copy number-altered regions in these
tumors, and these standard algorithms were unable to automatically perform that inference. Manual
review of the shared and private single nucleotide variants and large copy number altered areas,
though, revealed only one possible phylogeny for this tumor.

2.4.5. RNA Sequence Preprocessing

RNA-Sequence (RNA-seq) was trimmed from 3′-end with a minimum quality Phred score of 20
and aligned against hg38—Ensembl Transcripts release 99 via BWA-MEM. Pre/post quality control
and full expectation-maximization (EM) quantification were run via Partek® Flow® [41]. Gene counts
and transcript counts were normalized by CPM (counts per million) by using edgeR [42] package.
Heatmap visualizations were created using gplots [43] R package (Warnes, G.R. Seattle, WA, USA).

2.4.6. Gene Differential Expression Analysis

The gene-specific analysis (GSA) method was used to test for differential expression of genes or
transcript between sample regions in Partek® Flow® [44]. Differential expressed genes were defined
as the following statistic parameters: p-value <= 0.05; FDR step up <= 0.05; Fold Change < −2 or >2.
From differentially expressed genes, a GO enrichment test was used to functionally profile this set of
genes, to determine which GO terms appear more frequently than would be expected by chance when
examining the set of terms annotated to the input genes, each associated with a p-value.

2.4.7. Pathway Analysis

A list of genes in copy number aberrant (CNA) regions was extracted. CNA regions were defined
as copy number regions greater than 3 or copy number regions less than 1. For each area, we intersected
the list of genes that are located in the CNA regions with the differentially expressed gene list reported
in the RNA differential expression analysis (p-value <= 0.05). PantherDB [45] was utilized to discover
GO terms and pathways that may be affected by these genes.
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3. Results

3.1. Patient Information

Patient characteristics can be seen in Table 1. The patient was a male with a history significant
for a clinical diagnosis of neurofibromatosis type 1—patient had a plexiform neurofibroma, spinal
neurofibromas, café au lait macules, and multiple first-degree relatives with neurofibromatosis type
1—and was 40 years old at the time of diagnosis of MPNST. He presented with a large tumor located
in the left neck. Resection showed a high-grade malignant peripheral nerve sheath tumor, 10.2 cm
in the largest dimension, with negative margins. The patient did not receive any adjuvant therapy
for his MPNST following initial resection due to poor performance status. He recurred 21 months
after the initial diagnosis and ultimately died secondary to complications from metastatic disease
(33 months after initial diagnosis). Samples were taken in three different locations within the primary
tumor immediately following the inititial resection for the purpose of this study.

Table 1. Patient Characteristics.

Age at
Diagnosis,

Years
Sex

Tumor
Location

Tumor
Size/Grade

Surgical
Margin Status

Disease
Status

Metastasis
Adjuvant
Treatment

OS *,
Months

40 Male Left neck 10.2 cm,
Grade 3 1 Negative Recurred Lung None 33

1 By French Federation of Cancer Centers Sarcoma Group Grading System (FNCLCC) [46]; * OS = Overall
Survival-time from diagnosis of MPNST to death.

3.2. Histology of Biopsy Sites

We first reviewed the H&E images of the tumor to correlate histology to the gross images of
the tumor. H&E stained sections in Figure 2 show representative images of the three sampled areas.
Area #1 demonstrates tissue of a spindle cell neoplasm of neural differentiation arranged in fascicles
with elongated hyperchromatic nuclei and a mild to moderate amount of cytoplasm. The tumor purity
of this sample was >95%. Area #2 shows spindled cells in a background of hemorrhage, a finding
commonly seen in these high-grade tumors with a tumor purity of >95%. Area #3 represents an area of
necrosis, another characteristic finding for MPNST. This sample showed >95% tumor purity.

Figure 2. H&E stained sections of the biopsy sites. H&E stained sections (20X) show areas (#1) of
relatively uniform, spindled cells with fascicular growth pattern, characteristic for MPNST. Sampled
area #2 shows evidence of hemorrhage within the tumor, a feature commonly seen in MPNST. Area #3
shows abundant tumor necrosis.

3.3. Whole Exome Sequencing (WES), RNA Sequencing (RNA-Seq), and Copy Number Analysis

We first interrogated the sequencing data to identify the germline NF1 variant within this
tumor. Figure 3 shows a lollipop plot identifying the patient’s likely NF1 germline variant based on
exclusion of any variants with minor allele frequency >0.05 in the 1000 genomes database. Next, to
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investigate intra-tumoral heterogeneity within the sample, RNA sequencing of the three sample sites
was performed and is shown in Figure 4.

Figure 3. Location of NF1 germline variant. One intronic germline variant,
NC_000017.11:g.31296270C>T (rs11080149). was identified and is depicted in this figure.

Figure 4. RNA-Seq Heatmap. Normalized read counts by counts per million (CPM) in differentially
expressed genes are depicted here. Distinct gene expression profiles can be appreciated in each biopsied
area. Each column is depicted as list of genes.

Distinct gene expression profiles were observed in each of the areas sampled. The top 16
differentially expressed genes are listed in Table 2 and include a number of genes involved in
transcription and translation. We next performed a copy number analysis of the three biopsy sites to
determine whether or not different copy number alterations were observed in each area (Figure 5).
Distinct copy number signatures can be appreciated in each of the three samples further illustrating
intra-tumoral heterogeneity. Additionally, we evaluated the single nucleotide variants found in each
of the samples. This broad overview of all somatic variants is depicted in the waterfall plot in Figure 6.
Again, distinct somatic variants can be appreciated across different areas. We next explored the
potential significance of these variants through further bioinformatics analysis. While the biological
significance of each of these variants is uncertain, there is evidence that some of these variants may play
a role in the pathogenesis. For each variant in a coding region, CBioPortal [47] was queried for each
gene to determine if the somatic variant was in a functional domain. Additionally, the RNAseq data
was queried to determine if the variant in a specific area of the tumor influenced the gene expression of
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that gene in a specific area. Finally, SIFT and Polyphen were used to predict pathogenicity. Table 3a,b
list the somatic variants in the coding region that may play a role in the pathogenesis of this tumor
based on the above criteria. For those mutaions in non-coding regions, the Ensembl Variant Effect
Predictor [33] was used to determine whether or not the variant would be predicted to affect gene
expression. All of the identified variants were classified as modifiers, indicating that pathogenicity
prediction is difficult, thus the effects of these variants are unclear. (Table 3c). Further details of
the somatic variants can be found in Supplemental Table S1. Next, a gene ontology analysis was
performed. To do this, a list of genes in copy number aberrant (CNA) regions was extracted. For each
area, the list of genes located in the CNA regions intersected with the differentially expressed gene
list reported in the RNA differential expression analysis, and PantherDB [45] was utilized to identify
pathways that may be affected by these genes. Table 4 displays the unique genes in each area with
copy number aberrations and alterations in gene expression. Genes depicted in Area 1 have been
reported in the literature to serve a myriad of functions in tumorigenesis, including base excision repair,
nucleotide excision repair, and alternative splicing [48–55]. Those in Area 2 are involved in several
different pathways, including transcriptional regulation in addition to ribosomal and proteasomal
function [56–60]. Finally, the genes in Area 3 consist of several ribosomal subunits and small nucleolar
RNAs, suggesting that both translation and transcription are uniquely affected compared to other
areas [61–63]. This analysis suggests that there may be different functional programs at play across
the three areas. Next, we manually reviewed the data to look for changes in other known drivers of
MPNST including TP53, ATRX, EED, SUZ12, and CDKN2A. There were no copy number changes or
somatic mutions in any of these genes. Finally, we performed a careful manual review of all of the
shared and unique somatic variants and copy number alterations in each area in order to develop a
predicted clonal evolution. Figure 7 depicts the predicted phylogenetic tree of the subclones from each
area, representing the likely clonal evolution of the tumor.

Table 2. Top Differentially Expressed Genes. The gene-specific analysis was used to test for differential
expression of genes or transcript between sample regions in Partek® Flow®. Statistical cutoff are made
by these following parameters: p-value <= 0.05; FDR step up <= 0.05; Fold Change <−2 or >2.

Gene Symbol p-Value (1 vs. 2)
Fold Change

(1 vs. 2)
p-Value (1 vs. 3)

Fold Change
(1 vs. 3)

p-Value (2 vs. 3)
Fold Change

(2 vs. 3)

EEF1A1 2.04 × 10−84 −3.32 3.33 × 10−16 2.20 1.35 × 10−119 7.31

RPS27 4.32 × 10−24 −2.51 7.64 × 10−13 3.01 4.27 × 10−46 7.55

RPS27A 1.69 × 10−12 −2.62 9.42 × 10−05 2.27 4.16 × 10−21 5.95

H3C3 7.46 × 10−12 −4.51 5.05 × 10−04 11.2 5.54 × 10−09 50.6

RPLP1 2.36 × 10−10 −2.57 7.25 × 10−04 2.13 2.43 × 10−17 5.48

SNORD13 3.24 × 10−10 3.00 8.25 × 10−62 −4.91 3.52 × 10−66 −14.8

RPLP0 1.05 × 10−09 −2.26 1.60 × 10−04 2.09 1.73 × 10−18 4.72

TPI1 1.65 × 10−08 −2.27 5.61 × 10−04 2.08 6.52 × 10−16 4.72

RPL23AP42 3.77 × 10−07 −2.21 8.40 × 10−04 2.16 8.65 × 10−14 4.78

RPS23 5.34 × 10−06 −2.46 1.17 × 10−03 2.92 9.16 × 10−11 7.19

MT-TI 4.64 × 10−05 3.44 1.19 × 10−15 −3.67 6.36 × 10−20 −12.6

SNORA81 2.28 × 10−04 33.3 4.00 × 10−11 −3.39 5.12 × 10−07 −11.3

RNY1 2.45 × 10−04 2.65 4.67 × 10−24 −4.71 8.10 × 10−27 −12.5

RNVU1-31 5.00 × 10−04 −4.18 3.83 × 10−14 −17.7 7.07 × 10−13 −4.23

MT-TM 6.37 × 10−04 3.70 2.29 × 10−07 −2.89 2.69 × 10−11 −10.7

TMSB4XP6 1.16 × 10−03 3.19 2.89 × 10−04 −2.15 7.91 × 10−09 −6.87
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Figure 5. Copy Number Variation Plot. Copy number variation plots for each biopsied site demonstrate
distinct copy number signatures.

 

Figure 6. Somatic Variant Waterfall Plot. All somatic variants displayed on a waterfall plot. Each row
represents a gene. Distinct somatic variant signatures are appreciated.
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Figure 7. Phylogenetic Tree. A predicted phylogenetic tree of the tumor subclones.

4. Discussion

Despite advances in our understanding of the pathobiology of MPNST and the identification
of seemingly promising therapeutic targets using a single model system in preclinical studies, no
investigational agents have demonstrated efficacy following translation to human clinical trials.
One element that has largely been ignored in the study of MPNST has been the possible existence of
intra-tumoral heterogeneity. No single study in MPNST has focused on intra-tumoral heterogeneity.
However, spatial intra-tumoral heterogeneity has become an area of interest in the study of other
solid malignancies to begin to understand clonal evolution [91–95]. Within the NF1 field, researchers
are beginning to appreciate the importance of understanding spatial and temporal heterogeneity.
For example, Peacock et al. performed a genomic analysis of serial samples from one patient who
developed an MPNST. Samples were taken at four timepoints (benign plexiform neurofibroma, MPNST
pre-treatment, MPNST post-treatment, and MPNST at time of metastasis) [96]. They observed early
hemizygous microdeletions in NF1 and TP53 with progressive amplifications of MET, HGF, and
EGFR, highlighting the potential role of these pathways in progression. Additionally, Carrió et al.
have started to examine intra-tumoral heterogeneity in PNF (plexiform neurofibromas), ANF
(atypical neurofibroma) and ANNUBP (atypical neurofibromatous neoplasms with uncertain biological
potential), the precursors to MPNST. They performed SNP-array analysis and exome sequencing on
multiple biopsies of eight PNF, of which some had areas consistent with ANF or ANNUBP. Their data
suggested that loss of a single copy of CDKN2A/B in NF1 null cells is sufficient to start ANF development
and that total inactivation of both copies is necessary to form ANNUBP [97]. Our study represents the
first look at spatial intra-tumoral heterogeneity within an MPNST. We have demonstrated differing
mutational profiles, copy number alteration signatures, and gene expression profiles within the three
areas sampled. The differing mutation profile includes a variety of single nucleotide variants, including
missense, frameshift, and synonymous variants. The role of synonymous variants in the tumorigenesis
of MPNST is uncertain. However, there is increasing evidence that synonymous variants can alter gene
expression and protein function and thus cannot be simply disregarded [98–101]. Additionally, several
of the genes in Table 3a,b have previously been implicated in cancer [102–115]. For example, in Area 2,
CSK was found to have a frameshift variant in its functional domain. CSK encodes a C-terminal Src
kinase that has previously been found to act as a tumor suppressor in both breast cancer and prostate
cancer [112–114]. Interestingly, in the context of breast cancer, Smith et al. showed that C-terminal Src
kinase loss facilitated tumorigenesis by altering expression of the PRC2 complex subunits, EZH2 and
SUZ12 [113]. Based on these data, it is possible that alterations in CSK could be another way in which
the PRC2 complex is affected in MPNST. Another gene, CCL16, is involved in chemotaxis of human
monocytes and lymphocytes. This chemokine was shown to delay mammary tumor growth and reduce
rates of metastasis in mouse models [115], raising the possibility of decreased immune surveillance of
our patient’s MPNST secondary to a non-functional CCL16. In addition to the differences in single
nucleotide variants, there were differences in copy number alterations across the three areas with Area
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2 showing the most distinct signature in terms of copy number gains and losses. The degree to which
each somatic variant, differentially expressed gene, and copy number aberration contributes to the
biologic heterogeneity of the tumor remains uncertain. However, future work in our lab will be geared
at elucidating this information. Finally, there was a distinct difference in gene expression among the
three areas with gene ontology studies pointing toward differences in translation and protein targeting.

Taken together, these data point toward the existence of intra-tumoral heterogeneity and suggest
that further investigation into this phenomenon is warranted. Additionally, these data suggest that there
should be some caution taken in interpreting sequencing that comes from a single biopsy site. The advent
of single cell sequencing has allowed for more rigorous evaluation of intra-tumoral heterogeneity in
other cancers including acute leukemias [116,117], as well as in some solid malignancies [118,119].
Future work will be geared at using this data as the foundation to better understand clonal heterogeneity
along with single cell sequencing to comprehensively evaluate intra-tumoral heterogeneity and clonal
evolution of MPNST.

5. Conclusions

Significant intra-tumoral heterogeneity exists and may be a barrier to our ability to improve
outcomes in patients with NF1-MPNST. These data suggest that multi-regional sampling may be
necessary to understand clonal evolution, and for driver gene identification and biomarker development
in the future.
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Abstract: The Genomics of Malignant Peripheral Nerve Sheath Tumor (GeM) Consortium is an
international collaboration focusing on multi-omic analysis of malignant peripheral nerve sheath
tumors (MPNSTs), the most aggressive tumor associated with neurofibromatosis type 1 (NF1).
Here we present a summary of current knowledge gaps, a description of our consortium and the
cohort we have assembled, and an overview of our plans for multi-omic analysis of these tumors.
We propose that our analysis will lead to a better understanding of the order and timing of genetic
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events related to MPNST initiation and progression. Our ten institutions have assembled 96 fresh
frozen NF1-related (63%) and sporadic MPNST specimens from 86 subjects with corresponding
clinical and pathological data. Clinical data have been collected as part of the International MPNST
Registry. We will characterize these tumors with bulk whole genome sequencing, RNAseq, and DNA
methylation profiling. In addition, we will perform multiregional analysis and temporal sampling,
with the same methodologies, on a subset of nine subjects with NF1-related MPNSTs to assess
tumor heterogeneity and cancer evolution. Subsequent multi-omic analyses of additional archival
specimens will include deep exome sequencing (500×) and high density copy number arrays for both
validation of results based on fresh frozen tumors, and to assess further tumor heterogeneity and
evolution. Digital pathology images are being collected in a cloud-based platform for consensus
review. The result of these efforts will be the largest MPNST multi-omic dataset with correlated
clinical and pathological information ever assembled.

Keywords: genomics; MPNST; tumor evolution; neurofibromatosis; pathology; next generation
sequencing; clinical genetics

1. The Complex Genomic Landscape of MPNST (Malignant Peripheral Nerve Sheath Tumors)

Malignant Peripheral Nerve Sheath Tumors (MPNST) confer high morbidity and currently has
limited treatment options. Patients with neurofibromatosis type 1 (NF1) have an 8–13% lifetime risk of
developing malignant peripheral nerve sheath tumor (MPNST) which is the most frequent cause of early
death [1]. Surgical resection with negative margins is the principal curative therapeutic modality, but is
not always feasible [2,3]. Radiation and/or chemotherapy are often used in the adjuvant or neoadjuvant
setting. As there are no randomized trials for MPNST to justify this treatment, recommendations are
based on data from the high grade soft tissue sarcoma group as a whole, including both sporadic
and NF1-associated MPNST [4–6]. The 5 year overall survival rate is modest, with one meta-analysis
estimating survival at only 26–39%, and with high rates of metastasis, morbidity, and mortality [2].
In the setting of metastatic disease, treatments are limited to palliative chemotherapy and clinical
trials [7,8]. Despite a recent increase in the knowledge of molecular aberrations underpinning MPNST
there have not been any new effective therapeutic options developed; this may be explained by the
rarity of these tumors.

Prior studies assessing the MPNST genomic landscape have been relatively small. This consortium
therefore sees an opportunity to expand upon this foundation of knowledge. Somatic loss of either
TP53 or CDKN2A has been demonstrated in essentially all MPNST, either via somatic copy number
alterations (SCNAs) or single nucleotide variants (SNVs) [9]. The genetic complexity of MPNST was
better understood after two independent studies highlighted the prominent role of Polycomb repressor
complex 2 (PRC2) inactivation in the development of MPNST through somatic inactivating mutations
or deletions in SUZ12, EED or EZH2 [10,11]. A subset of MPNSTs with PRC2 loss shows loss of
trimethylation at lysine 27 of histone H3 (H3K27me3) [10]. This consortium will leverage a larger
sample size to determine what proportion of MPNST show PRC2 loss, and how that may correlate
with other aspects of the data.

This consortium also represents an opportunity to expand upon prior studies demonstrating
altered methylation and gene expression patterns in MPNST development. For example, a project on
soft-tissue sarcomas conducted by The Cancer Genome Atlas (TCGA) performed multi-omic analysis
of over 200 sarcoma specimens (n = 5 MPNST) found differential patterns of methylation and gene
expression in certain sarcoma types [9]. Additional studies of altered gene expression in MPNST have
been recently reviewed [12]. Similarly, a methylation classifier analysis of 171 peripheral nerve sheath
tumors that included 28 conventional high-grade MPNST, six atypical neurofibromas and other related
tumors, such as neurofibromas and schwannomas, demonstrated patterns that helped differentiate
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the high grade tumors [13]. More specifically, by unsupervised hierarchical clustering, atypical
neurofibromas and low-grade MPNST were indistinguishable, and also harbored frequent CDKN2A
deletions. High-grade MPNST formed two distinct methylation groups which shared a frequent loss
of the NF1 locus, and also showed some differences based on anatomical location. This highlights the
potential emerging role of DNA methylation profiles for diagnosis and categorization of nerve sheath
tumors. Our consortium is optimistic that further exploration of the role of epigenetics, and related
alterations in gene expression, in the pathogenesis of MPNST will prove fruitful. In support of this
view, a recent report showed that methylated RASSF1A in MPNSTs identified patients with NF1
silencing and an inferior prognosis, suggesting that methylation at a specific locus may correlate with
clinical behavior [14].

2. Knowledge Gaps in the Understanding of Tumor Drivers and Evolution of MPNST

Prior studies have identified a number of recurring molecular events that appear in a majority
of MPNSTs, but there is lack of uniformity of any of these molecular markers across all tumors in
this histological group. Our consortium thinks that this knowledge gap is due primarily to the low
overall incidence of MPNST, and therefore relatively low numbers of viable samples included in prior
studies. For example, NF1-associated MPNSTs typically arise by malignant transformation of an
existing plexiform, or nodular or atypical/ANNUBP neurofibroma [9]. The development of plexiform
neurofibromas (PN) follows Knudsen’s two-hit hypothesis with loss of heterozygosity of the NF1
tumor suppressor gene, the likely initiating rate-limiting event for tumorigenesis [15]. However, loss of
function of the second NF1 allele has not been observed in all specimens studied, suggesting that other
mechanisms are likely important in PN development [16]. Since the NF1 gene is large, a second genetic
event affecting NF1 may not always be easy to detect [16].

The genomic landscape is more complex for MPNSTs, as compared to PN and ANNUBP; this is
reflected in the acquisition of additional mutations, genomic rearrangements and copy number
alterations (CNA) as the histological appearance of the tumor progresses [17]. Whole genome
sequencing is expected to provide the best opportunity to detect these types of mechanisms, but only
a small number of MPNST whole genomes from patients with NF1 have been published and no
pathognomonic chromosomal translocations have been identified [10,11,18]. Collectively, these studies
identified frequent somatic loss of NF1, CDNKN2A, TP53, and genes from the PRC2 complex, specifically
SUZ12 and EED. A variety of other genes have been implicated in the progression from benign to
malignant peripheral nerve sheath tumors, including candidate driver genes such as EPC1, CHD4,
AEBP2 and ATRX. These genes have been implicated in MPNST primarily because of their critical
interaction with molecules in the PRC2 complex [11]. Other research has implicated additional
pathways (e.g., Hippo/LATS), but the relative contributions of these in the pathogenesis of the disease
is not well understood, perhaps due to the relatively low number of samples studied overall [19].
Furthermore, copy number alterations (CNA) on several chromosomes have been identified through
array comparative genomic hybridization (aCGH) studies, and these have been reviewed in detail
elsewhere [12,17].

Intra-tumor heterogeneity is also a challenge to understanding the molecular drivers of
tumorigenesis and disease progression in MPNST [17,20]. There is also substantial interpatient
tumor heterogeneity. These findings highlight that such genetic variability within and between tumors
plays a critical role in clinical management and treatment resistance. Hence, there is a need to catalogue
the molecular events in the primary tumor and understand how these change over time and with
treatment (e.g., mutations acquired during chemotherapy that lead to drug resistance).

3. Establishment of the Genomics of MPNST Consortium to Address Knowledge Gaps

Our overarching goal for the GeM(Genomics of MPNST) Consortium is to accelerate the
identification of diagnostic and prognostic markers, and potential therapeutic targets for MPNST,
through comprehensive molecular profiling of these rare tumors and international sharing of clinical and
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genomic datasets across multiple institutions worldwide. A consortium-based approach was deemed
necessary in order to facilitate collection of a sufficiently large number of samples. Consequently,
the Genomics of MPNST (GeM) Consortium was initiated in 2017 by the NF Research Initiative
(NFRI), a philanthropically-funded translational research program at Boston Children’s Hospital.
The overarching focus of the GeM Consortium is to facilitate the collection and sharing of molecular
and clinical data on rare NF1-related malignant and pre-malignant tumors related to MPNST, such as
atypical neurofibromatous neoplasms of uncertain biological potential (ANNUBP), and, as a lower
priority, sporadic MPNST, with the goal of facilitating more rapid progress in translational research to
improve clinical outcomes.

Several factors influenced our decision to pursue a genomics project related to MPNST. We were
motivated by the energy of a small but dedicated interdisciplinary community of experts with
enthusiasm for pursuing genomics as a mechanism to identify potential therapies. This was manifested
by our effort to pursue the aim set out at a 2001 MPNST consensus conference “to establish an
international, multidisciplinary consortium of experts on MPNST and NF1, to collate the known
clinical and genetic information about these tumors and to establish a database to record information
in a uniform manner” [7]. The desire to accomplish that goal was reignited at the 2016 MPNST “State
of the Science” meeting at the National Cancer Institute, in which some current GeM Consortium
members participated, and led to the formation of the current GeM Consortium [15].

The GeM Coordinating Center began recruiting collaborators internationally in the Summer of
2017 through promotion on the NFRI website. In addition, a request for applications distributed
at the Children’s Tumor Foundation’s annual meeting in June and by email to members of the NF
research community. By the Fall of 2017, 13 founding member institutions, representing five countries,
had established the GeM Consortium. Ultimately, four sites had to withdraw due to inability to
provide the required specimens. Each site nominated one representative from their institution to
serve on the GeM Steering Committee (SC), a multidisciplinary group that provides oversight to all
aspects of this collaborative effort. The GeM Steering Committee established three Working Groups,
composed of SC members and experts from their respective sites, to address logistical issues related to
the following Consortium functions: Genomics and Informatics, Oncology and Pathology, and Data
Use and Publications. This organizational structure allows for equal representation from all GeM
member institutions, and multidisciplinary input into the creation of policy and research strategy.

4. Specimen and Clinical Data Collection, and Specimen Processing

The GeM Consortium Coordinating Center at Boston Children’s Hospital and Dana-Farber/
Harvard Cancer Center established a non-human subjects research protocol to allow for the aggregation
and analysis of de-identified clinical and genetic data, and specimens from GeM collaborators collected
under pre-existing IRB-approved protocols at each participating institution. These pre-existing
IRB protocols already permitted specimen and data collection, sharing with outside investigators,
and comprehensive molecular testing. We also explored the possibility of establishing a central IRB
for prospective collection, but collecting specimens via existing IRB protocols was preferable because
MPNST is a rare tumor, and prospectively collecting enough samples would not have been possible
in the 1-2 years allotted for establishing this collection. For example, the samples aggregated for
our consortium were collected over a span of almost 20 years, indicating that it would have taken
approximately that long to establish a similar sample size through prospective collection.

Specimens sent to the Coordinating Center include MPNST and related neurofibroma as fresh
frozen, paraffin-embedded tissue, tissue microarrays, or isolated DNA/RNA along with paired normal
samples such as peripheral nerve or blood. Collection and processing of specimens, followed by nucleic
acid extraction, was coordinated among four Pathology Departments selected from the participating
sites (Boston Children’s Hospital, Moffitt Cancer Center, Mt. Sinai Hospital Toronto, and University
College London). For comprehensive molecular analyses, the first step included pathological analysis
of sectioned, fresh frozen tumor specimens to select the most viable areas from high quality tumor
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samples judged by cellularity, lack of necrosis and areas with little contaminating non-neoplastic
tissue. The GeM Consortium’s Standard Operating Procedure (SOP) for tissue processing, pathology
review and molecular analysis is modelled on the Royal National Orthopaedic Hospital’s SOP for
the 100,000 Genomes Project, founded by England’s National Health Service in 2012. Additional
tissue sections from the regions selected for multi-omic analysis were collected in order to perform
immuno-histochemical classification. In addition, whole slide digital pathology images have been
collected to facilitate a cloud-based histology review and correlation with molecular markers in
tissue sections.

The GeM Consortium partnered with the international MPNST Registry at Washington University
School of Medicine (WUSM) for the collection of comprehensive clinical data and diagnostic
imaging reports. All data are collected and housed in REDCap (https://www.project-redcap.org/).
This worldwide database collects the clinical data in a comprehensive and standardized manner for
each participant from diagnosis forward. Data include demographic information, disease course,
tumor size/anatomical location, histological/immuno-histochemical characteristics, diagnostic imaging,
surgical procedures, systemic treatment information, neoadjuvant therapy, toxicity, clinical outcomes
and survival. Logistic regression models will be used to correlate clinical outcome with MPNST
features. A summary of important clinical variables associated with the collected tumor specimens is
presented in Table 1.

Table 1. Clinical Variables of Fresh Frozen MPNST Collected by GeM Consortium.

NF1-Related Sporadic or Unknown Diagnosis Total MPNST

n (%) n (%) n (%)
Fresh Frozen MPNST 60 (62.5%) 36 (39.6%) 96 (100%)

Tumor Grade

Low Grade 5 (5.2%) 2 (2.1%) 7 (7.3%)
High Grade 49 (51.0%) 32 (33.3%) 81 (84.4%)
Unknown 6 (6.3%) 2 (2.1%) 8 (8.3%)

Neo-Adjuvant Treatment

Chemotherapy 8 (8.3%) 5 (5.2%) 13 (13.5%)
Radiation 3 (3.1%) 9 (9.4%) 12 (12.5%)

Chemotherapy and Radiation 2 (2.1%) 2 (2.1%) 4 (4.2%)
No neo-adjuvant treatment 44 (45.8%) 20 (20.8%) 64 (66.7%)

Unknown 3 (3.1%) 0 (0%) 3 (3.1%)
Tumor Anatomic Location

Head/Neck/Face 4 (4.2%) 0 (0%) 4 (4.2%)
Lower Limb 18 (18.8%) 18 (18.8%) 36 (37.5%)
Upper Limb 14 (14.6%) 12 (12.5%) 26 (27.1%)

Brachial Plexus 3 (3.1%) 1 (1.0%) 4 (4.2%)
Lumbosacral Plexus 5 (5.2%) 3 (3.1%) 8 (8.3%)

Trunk 8 (8.3%) 1 (1.0%) 9 (9.4%)
Retroperitoneum 1 (1.0%) 0 (0%) 1 (1.0%)

Other 7 (7.3%) 1 (1.0%) 8 (8.3%)
Total MPNST 60 (62.5%) 36 (37.5%) 96 (100%)

We ultimately collected 96 fresh frozen MPNST (60 NF1-related MPNST and 36 non-NF1 or
unknown) with paired normal specimens (i.e., peripheral blood) from 86 subjects (51 with confirmed
NF1 diagnosis; 35 non-NF1 or unknown) (Figure 1). The size of our final cohort was more influenced by
the availability of viable biological specimens as compared to the availability of detailed clinical data.
For example, when we initially established the consortium, there were 14 participating sites, estimating
that approximately 215 unique MPNST specimens would be available for study. Subsequently,
three sites had to withdraw due to inability to obtain permission from their home institution to share
samples. Further, there was one site that had to withdraw due to nonviable samples. Among the
ten active sites, we collectively estimated that there would be 165 MPNST specimens. Unfortunately,
several samples were nonviable, either due to low DNA quantity or quality. Ultimately, our original
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estimate of 215 tumors decreased to 165 tumors after four sites withdrew, and then decreased further to
96 tumors after accounting for samples that were nonviable due to either low DNA quantity or quality.

Figure 1. The GeM(Genomics of MPNST) Consortium will conduct multi-omic analyses on both fresh
frozen and paraffin-embedded tissue samples of resected MPNSTs(Malignant Peripheral Nerve Sheath
Tumors) and related neurofibroma, and normal nerve.

5. Plan for Multi-Omic Characterization of MPNST

5.1. Phase 1: Multi-Omic Profiling on Frozen Tumor Material to Study MPNST Genomic Complexity,
Tumor Drivers, and Tumor Heterogeneity

Based on the aforementioned expert Pathology review, these tumors had a high, but variable,
purity of approximately 40–70%. Whole genome sequencing (WGS) is being performed on all fresh
frozen tumor samples at 80x coverage using libraries created with the TruSeq DNA-PCR free kit
(Illumina Inc., San Diego, CA, USA). Given the known tumor heterogeneity and variable purity, we
elected to perform deeper sequencing than previously reported to identify drivers of tumorigenesis.
WGS will also be performed on paired normal germline DNA samples at 30x coverage. Although
it requires more DNA, a PCR-free library preparation was selected to minimize artifacts of both
single nucleotide variants and copy number variants that may arise from PCR amplification, and
this is particularly important for the tumor-derived DNA. In addition, each of these bulk frozen
tumor specimens is being analyzed by RNAseq with the TruSeq Transcriptome kit (Illumina Inc.,
San Diego, CA, USA) and epigenetic profiling with DNA methylation analyses using the Illumina
EPIC array platform (Methylation EPIC 850k BeadChip). Control data for RNAseq analysis has been
collected on the same platform from nine samples of healthy peripheral nerve frozen tissue collected
from a subset of individuals in this cohort. A smaller number of high quality samples derived from
snap frozen DNA will undergo whole genome bisulfite sequencing to achieve a genome-wide view
of DNA methylation with a higher resolution compared to the EPIC array. Finally, multi-regional
sampling was also performed on a subset of nine fresh frozen NF1-related MPNST specimens to assess
intra-tumor variation (i.e., tumor heterogeneity) by performing 500× exome sequencing, RNA-seq,
and epigenetic profiling.
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5.2. Phase 2: Extensive Characterization of Tumor Heterogeneity and Evolution Using FFPE MPNST Samples
from Phase 1 and Additional Informative Cases

To study intra-tumor (i.e., heterogeneity) and inter-tumor (i.e., evolution) variability, the GeM
Consortium will conduct additional molecular analyses on formalin-fixed paraffin embedded (FFPE)
MPNST specimens from pathology archives. The first priority will be to analyze FFPE specimens
from tumors and subjects represented in the first phase of the project (WGS on fresh frozen tumor
and normal DNA). The consortium will also identify potentially more informative cases where there
are multiple tumors from the same person (e.g., an MPNST and precursor lesion such as ANNUBP
or metastases), and tumors within which there is more than one line of differentiation (for example,
nerve sheath and osteosarcomatous differentiation) with the hope that multi-regional sampling from
multiple FFPE tumors representing differences in space and changes over time will uncover how and
why precursor neurofibromas evolve into MPNST.

Having an accurate characterization of tumor type is critically important for downstream data
analysis. GeM pathologists use the World Health Organization’s (WHO’s) histopathological and
morphological classification system to establish tumor diagnosis and determine grade of MPNST,
and also to confirm the diagnosis of any related precursor tumors that are available from subjects with a
MPNST [21]. Immunohistochemistry studies based on tissue microarray (TMA) will add further detail
to the classification of NF1-related MPNST, sporadic MPNST, and related tumors such as ANNUBP
and PN. Multi-regional tumor cores (n = 5) from each FFPE tumor will be selected, on the basis of
histological features, such as rhabdomyosarcomatous, angiosarcomatous, osteosarcomatous areas, etc.
DNA will be extracted from these regional samples and will be subjected to deep (500×) bulk whole
exome sequencing (WES), copy number analysis using Illumina’s Omni Array and DNA methylation
analysis using Illumina’s EPIC array. Two adjacent cores of tumor will be taken for building a TMA.
Annotation and analysis of digital images of FFPE slides will be used to collate pathological features
and clinical outcome data with genomic data.

5.3. Bioinformatics Analysis for Multi-Omic Profiling of MPNSTs

Although an exhaustive list of all intended analyses would be beyond the scope of this white
paper, we would like to highlight a few key areas of interest. GeM Consortium data analysis pipelines
will utilize the alignment and mutation detection pipelines used by recent national and international
cancer genomics consortia, such as methods for WES, WGS, and RNAseq used in the Pan-Cancer Atlas
Consortium and in the Pan-Cancer Analysis of Whole Genomes (PCAWG) project [22]. This will include
harmonization of third-party contributed data by lifting over to common reference, re-alignment,
re-calling variants, and/or re-quantitating RNA-seq data. Our GeM analysis team has extensive
experienced with these methods [23]. Uniform quality-control, alignment and processing of the WGS,
WES, and RNA-seq will be performed, including the detection of somatic single-nucleotide variants,
small insertions and deletions, microsatellite instability, structural variants, copy number variants,
and gene fusions using WGS/WES data. Neoadjuvant treatment status will be considered during the
bioinformatic analysis.

Analysis pipelines will also include gene expression quantification and gene fusion detection
using RNAseq data. Epigenomic alterations will be correlated with other data types. Our analysis
will also include integration of data generated outside the GeM Consortium, re-processing the data as
needed. Mutational signature analysis will be performed on this dataset. Mutational signatures have
emerged as a useful computational approach for identification of the biological processes that generate
somatic mutations. Mutational signatures refer to patterns of nucleotide changes and their contexts,
occurring due to various environmental carcinogens or endogenous DNA damage processes. A good
example of this is the work of Alexandrov et al. that demonstrated tobacco induces a specific pattern of
C>A transversions during the lifetime of the lung cancer cell [24]. Although these patterns can indicate
specific etiological processes, they can also serve as markers of immunological response as seen in
breast cancer where DNA damage response signatures were associated with lymphocytic infiltration.
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There is also emerging evidence that extraction of copy number signatures from a common
cancer, such as high grade serous ovarian carcinoma, provides more robust prognostic information
than pathological grading or the analysis of single gene mutations [25]. In sarcomas, copy number
signatures have proved useful in understanding the evolutionary trajectories of the genomically
complex cancers [26]. In a meta-analysis study of >5000 samples of 12 cancer types, some patterns
of somatic copy number alterations were associated with reduced expression of cytotoxic immune
signatures [27]. Moreover, the copy number scores were predictive of response to immune checkpoint
blockade. There is also some preliminary evidence from sequencing of osteosarcoma genomes that
a homologous recombination deficiency signature may be a consistent feature of that tumor type.
A similar signature of “BRCAness” in breast cancer is predictive of sensitivity to poly (ADP-ribose)
polymerase (PARP) inhibitors [28]. These are just some examples of the type of analysis that will be
possible with this large dataset.

5.4. GeM Data Display and Availability

The goal of the GeM Consortium, like that of the Genomics Evidence Neoplasia Information
Exchange (GENIE) effort by the American Association of Cancer Research (AACR), is to enable
identification of novel therapeutic targets and genomic markers of response to therapy [29]. To do so,
we are developing a secure Django-based web platform for the visualization and reporting of the data
generated by the GeM Consortium. De-identified molecular data derived from submitted specimens
and clinical data submitted by GeM sites will be hosted in this database and may be accessed by sites
and other qualified researchers from the broader community under the terms set by the Data Use and
Publications Working Group and with approval of the Steering Committee. We will create a publicly
accessible instance of cBioPortal to display molecular alterations that resulted from our multi-omic
analysis of MPNSTs [30,31].

6. Concluding Remarks and Future Directions

The GeM Consortium’s ultimate goal is to improve clinical care for patients with MPNST through
a better understanding of genetic and epigenetic drivers of MPNST initiation and progression. We are
motivated by our desire to provide the best care for our patients. Collectively, GeM clinicians and
their multi-disciplinary teams care for approximately 2400 patients with NF1 per year. Due to the
appreciable incidence of MPNST in this patient population, a better approach to treatment is needed,
and we think that this will only be possible through a better understanding of the molecular drivers of
MPNST development and progression. Although variation in genes such as NF1, CDKN2A/B, TP53,
and SUZ12 and/or EED are found in most MPNST, the precise order and timing of these changes
remain poorly described, and this may be important for understanding the early stages of tumor
development and/or the development of treatment resistance.

A comprehensive mutational, rearrangement and copy number signature analysis has not been
performed in MPNST. The patients recruited through the consortium and their samples will serve as a
valuable resource to facilitate the identification of such signatures through mRNA expression analysis,
epigenetic profiling, and the correlation with clinical endpoints. Our hope is that this dataset will
provide the most comprehensive knowledge to date and reveal previously unrecognized important
pathways for MPNST initiation and progression. Beyond the currently described approach, future
efforts are likely to include single-cell DNA and RNA analyses to describe better clonal drivers within
MPNSTs. We hope that the knowledge gained through the GeM Consortium’s efforts will inform both
pre-clinical studies of MPNST and selection of candidate drugs for future clinical trials. For more
information or to contact us, please visit www.NFResearch-Childrens.org.
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Abstract: Neurofibromatosis Type 1 (NF1)-related Malignant Peripheral Nerve Sheath Tumors
(MPNST) are highly resistant sarcomas that account for significant mortality. The mechanisms
of therapy resistance are not well-understood in MPNSTs, particularly with respect to kinase
inhibition strategies. In this study, we aimed to quantify the impact of both the genomic context and
targeted therapy on MPNST resistance using reverse phase phosphoproteome array (RPPA) analysis.
We treated tumorgrafts from three genetically engineered mouse models using MET (capmatinib)
and MEK (trametinib) inhibitors and doxorubicin, and assessed phosphosignaling at 4 h, 2 days,
and 21 days. Baseline kinase signaling in our mouse models recapitulated an MET-addicted state
(NF1-MET), P53 mutation (NF1-P53), and HGF overexpression (NF1). Following perturbation with
the drug, we observed broad and redundant kinome adaptations that extended well beyond canonical
RAS/ERK or PI3K/AKT/mTOR signaling. MET and MEK inhibition were both associated with an
initial inflammatory response mediated by kinases in the JAK/STAT pathway and NFkB. Growth
signaling predominated at the 2-day and 21-day time points as a result of broad RTK and intracellular
kinase activation. Interestingly, AXL and NFkB were strongly activated at the 2-day and 21-day time
points, and tightly correlated, regardless of the treatment type or genomic context. The degree of
kinome adaptation observed in innately resistant tumors was significantly less than the surviving
fractions of responsive tumors that exhibited a latency period before reinitiating growth. Lastly,
doxorubicin resistance was associated with kinome adaptations that strongly favored growth and
survival signaling. These observations confirm that MPNSTs are capable of profound signaling
plasticity in the face of kinase inhibition or DNA damaging agent administration. It is possible that
by targeting AXL or NFkB, therapy resistance can be mitigated.

Keywords: MPNST; NF1; kinase; kinome adaptation; kinome reprogramming; MET; MEK; doxorubicin;
capmatinib; tram
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1. Introduction

Targeting the RAS/ERK signaling pathway is an effective treatment for numerous cancers with
hyper-activation of the RAS pathway. The most striking clinical responses to inhibitors of BRAF,
MEK, and EGFR have been observed in melanoma and lung cancers where RAS pathway activation is
intrinsic. Even though these targeted therapies have resulted in an extension of the overall survival in
these inherently aggressive cancers, the clinical response is often transient and complete remission
is rare. Resistance to kinase inhibition is a significant clinical challenge and numerous studies have
identified multifactorial and heterogeneous mechanisms of resistance to kinase inhibition [1].

Malignant Peripheral Nerve Sheath Tumors (MPNSTs) are aggressive, highly chemoresistant
sarcomas arising from Schwann cells that are a leading cause of death in patients with Neurofibromatosis
Type 1 (NF1) [2,3]. Neurofibromatosis Type 1 (NF1) is caused by germline mutations in the NF1
gene and is the most common single-gene disorder, affecting 1 in 3000 live births. The NF1 gene
encodes neurofibromin, a GTPase-activating protein that negatively regulates RAS (including HRAS,
NRAS, and KRAS), where the loss of NF1 leads to deregulated RAS signaling. Deregulated RAS
signaling caused by the loss of neurofibromin is both permissive and instructive for MPNST progression
(3–5). Recent clinical trials have focused on targeting members of the RAS signaling pathway or the
PI3K/mTOR pathway. To date, these trials have failed to identify consistent therapeutic vulnerabilities
in MPNSTs; however, few studies have examined why these therapies failed. These clinical results
highlight our limited knowledge of the mechanisms that drive resistance to kinase inhibition in MPNSTs.

In addition to loss of the NF1 gene, NF1-related MPNSTs exhibit highly complex genomic alterations
that result in substantial tumor suppressor gene loss and oncogene copy number variations [4,5].
How MPNST genomic alterations affect therapy resistance is currently unclear. Recently, we performed
a genomic analysis of longitudinally collected MPNST samples. This study revealed the early
concomitant presence of MET, HGF, and EGFR amplifications, as well as the site-specific expansion
of these loci over time and treatment. These data point to an adaptive mechanism involving
RTK signaling for both malignant transformation and clonal selection in MPNSTs [6]. To advance
our understanding of the MPNST therapeutic response and resistance to RAS pathway inhibition,
we developed diverse preclinical NF1-related MPNST models, including an “MET-addicted” model of
NF1-related MPNSTs (NF1-MET), an Nf1/Trp53-deficient model (NF1-P53), and an NF1 model (P53WT,
Hgf -amplified) [7–9]. Using these MPNST models, we determined that P53 deficiency significantly
exacerbates resistance to MEK inhibition; however, combined MEK and MET inhibition overcame
therapy resistance [6]. Importantly, these results demonstrated that NF1-related MPNSTs maintain
multiple signaling dependencies beyond RAS, and that genomic determinants, such as P53 and RTK
genomic alterations, profoundly influence the therapy response.

Kinome reprogramming is a powerful barrier to a durable treatment response to kinase
inhibition [10–12]. These signaling adaptations occur as a result of the compensatory activation
of evolutionarily conserved signaling pathways that drive growth and proliferation, especially when
central pathways such as RAS/MEK and PI3K/mTOR are blocked by drugs [13]. Kinome adaptation
leads to diverse mechanisms of therapy resistance that can be classified as three categories, all of which
can occur simultaneously during treatment [1]. The most common resistance mechanism is defined
as “pathway reactivation”, which can occur through multiple mechanisms that reinforce oncogenic
signaling in the face of strong target inhibition. The second common mechanism of resistance is
“pathway bypass”, which occurs when oncogenic pathways are activated at a downstream convergence
point by a parallel pathway, despite effective upstream inhibition (e.g., PI3K/AKT/ERK activation
during MEK inhibition). The third resistance mechanism is “pathway indifference”, where the cancer
cells transition to an alternative survival state that is independent of the targeted oncogenic pathway.
Each of these resistance mechanisms have been observed in response to kinase inhibition in cancers
with RAS-activation dependencies. Efforts to delineate patterns of therapy resistance have been
valuable in understanding the treatment response and the identification of targets for salvage therapy.
Even though genetic mechanisms of resistance (e.g., somatic mutations or gene amplifications) have
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been a major focus of resistance research, the impact of phosphoproteomic changes in therapeutic
resistance has been increasingly acknowledged [1].

The mechanisms that regulate adaptive kinome reprogramming in NF1-deficient cancers are not
well-elucidated. In this study, we aimed to define both mechanisms and categories of resistance to
standard chemotherapy and targeted kinase inhibition in NF1-related MPNSTs in order to identify 1)
novel therapeutic strategies that correlate with the genomic status or 2) salvage therapies that are focused
on the emerging ‘resistant’ tumor populations. Kinome reprogramming can be heavily influenced by
genomic alterations (i.e., amplification and mutation) of kinases, the overexpression of other kinases,
or ligand activation [13–16]. Our genomic analysis of MPNST progression identified genomic events
during human MPNST progression that heighten RTK signaling, AKT/mTOR activation, and cell
survival [6]. To understand how these genomic contexts influence the therapy response to kinase
inhibition, we conducted a phosphoproteomic analysis using a reverse phase protein array (RPPA) in our
established MPNST mouse models. RPPA is a powerful research tool that simultaneously interrogates a
broad range of phosphosites across the entire kinome, including activating, inactivating, and alternative
sites. Using this comprehensive analytical technique, we confirmed substantial signaling heterogeneity
following kinase inhibition in NF1-related MPNSTs leading to therapy resistance, including examples
of pathway reactivation, bypass, and indifference. Our data verifies that a broad range of signaling
pathways are activated as a result of effective MET, MEK, and MET/MEK blockade, most notably, AXL,
NFκB, RAS/RAF/MEK, and AKT/mTOR pathways. Interestingly, the patterns of kinome adaptation
were distinct based on the kinase target and the genomic context of the tumor. We also demonstrated
that administration of the DNA damaging reagent doxorubicin resulted in a distinct pattern of kinome
adaptation that was partially, but not fully, mitigated by MET and MEK inhibitors. Categorizing these
patterns of therapy resistance is valuable for inferring patient stratification and the identification of
targets for salvage therapy.

2. Materials and Methods

2.1. Murine MPNST Tumorgrafts and Treatment

Immediately following the euthanasia of tumor-bearing mice, 15–25 mg portions of each tumor
were transplanted into the flank of NSG-SCID mice using a 10 gauge trochar. Tumors were measured
twice weekly and euthanized when the tumor size exceeded 2500 mm3. When the tumor volume
reached approximately 150 mm3, mice were randomized into treatment groups, treated, and euthanized
as independent groups at 4-h, 2-day, or 21-day time points (or until mice reached the euthanasia
criteria). Respective doses across all treatment combinations were capmatinib (30 mg/kg twice daily
vial oral gavage), trametinib (1 mg/kg daily via oral gavage), and doxorubicin (1 mg/kg once via
subcutaneous injection). For the 4-h time point, all animals were euthanized 4 h after a single dose.
For the 2-day time point, capmatinib-treated animals received three total doses and were euthanized 4 h
after the final treatment, whereas trametinib-treated animals received two total doses before euthanasia.
Tumors were immediately harvested and either snap-frozen or formalin-fixed for further analysis.
Three representative tumors were assessed by RPPA for each time point, treatment, and genotype
group. Capmatinib and trametinib were obtained from Novartis. Doxorubicin was obtained from LC
Laboratories. All animal experimentation in this study was approved by the Van Andel Institute’s
Internal Animal Care and Use Committee (XPA-19-04-001).

2.2. Sample Collection and Preparation for RPPA Downstream Analysis

Samples were frozen in liquid nitrogen within 20 min upon surgical resection to preserve the
integrity of the phosphoproteome. Specimens were then embedded in an optimal cutting temperature
compound (Sakura Finetek, Torrance, CA, USA), cut into 8 μm cryo-sections, mounted on uncharged
glass slides, and stored at −80 ◦C until microdissected. Each slide was fixed in 70% ethanol (Sigma
Aldrich, Darmstadt, Germany), washed in deionized water, stained with hematoxylin (Sigma Aldrich,
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Darmstadt, Germany) and blued in Scott’s Tap Water substitute (Electron Microscopy Sciences),
and dehydrated through an ethanol gradient (70%, 95%, and 100%) and xylene (Sigma Aldrich,
Darmstadt, Germany). In order to prevent protein degradation, complete protease inhibitor cocktail
tablets (Roche Applied Science, Basel, Switzerland) were added to the ethanol, water, hematoxylin,
and Scott’s Tap Water substitute [17]. For each sample, an average of 15,000 tumor cells was isolated
from the surrounding microenvironment using a Pixcell II LCM system (Arcturus, Mountain View,
CA, USA). Microdissected cells were lysed in a 1:1 solution of 2× Tris-Glycine SDS Sample buffer
(Invitrogen Life Technologies, Carlsbad, CA, USA) and Tissue Protein Extraction Reagent (Pierce,
Waltham, MA, USA) supplemented with 2.5% of 2-mercaptoethanol (Sigma Aldrich, Darmstadt,
Germany). Cell lysates were boiled for 8 min and stored at −80 ◦C.

2.3. Reverse Phase Protein Microarray Construction and Immunostaining

Using an Aushon 2470 arrayer (Aushon BioSystems, Billerica, MA, USA) equipped with 185 μm
pins, samples and standard curves for internal quality assurance were printed in triplicate onto
Oncyte Avid nitrocellulose-coated slides (Grace Bio-labs, Bend, OR, USA), as previously described [17].
A Sypro Ruby Protein Blot Stain (Molecular Probes, Eugene, OR, USA) protocol was used to stain
selected arrays to quantify the total amount of protein within each sample.

Before immunostaining, each array was first incubated with Reblot Antibody stripping solution
(Chemicon) for 15 min at room temperature, followed by two washes in PBS. To minimize potential
nonspecific bindings, arrays were then incubated in I-block solution (Invitrogen Life Technologies,
Carlsbad, CA, USA) for 1 h. Each array was tested with a single primary antibody using an automated
system (Dako, Santa Clara, CA, USA). The antibody specificity was tested by immunoblotting using a
wide panel of cell lysates, as previously described [17,18]. Negative control arrays were incubated
with the anti-rabbit secondary antibody only to account for unspecific binding and background noise.
A commercially available catalyzed signal amplification system (Dako, Santa Clara, CA, USA) coupled
with a biotinylated anti-rabbit secondary antibody (Vector Laboratories) and a streptavidin-conjugated
IRDye680 (LI-COR Biosciences, Lincoln, NE, USA) were used for the amplification and detection of the
fluorescent signal. Arrays were probed with a total of 99 antibodies targeting protein kinases involved
in major cellular functions, and the results of the broad screening were previously published.

Antibody and Sypro Ruby-stained arrays were scanned using a laser-based PowerScanner (TECAN,
Mönnedorf, Switzerland). Acquired images were analysed using the MicroVigene software version
5.1 (Vigene Tech, Carlisle, MA, USA). This commercially available software performs spot finding,
averages the triplicates, subtracts the background from the negative control slide(s), and normalizes
each sample to the corresponding amount of total protein measured by Sypro Ruby staining. Intra-
and inter-assay reproducibility of the RPPA platform has been previously reported [19,20].

2.4. Statistical Methods

Tumor growth analysis: Linear mixed-effects models, with random slopes and intercepts, and false
discovery rate-adjusted contrasts, were used to estimate and compare tumor growth rates for the
different mono and combo therapies. For visualization of the changes in tumor growth, the tumor
volume was imputed using the last observation carried forward, until the animal was euthanized.
Curves terminated once >50% of mice had been euthanized in the respective treatment group.
All analyses were conducted using R v3.2.2 (https://cran.r-project.org/), with an assumed level of
significance of α = 0.05.

Proteomic analysis: Fold change in expression for each phosphosite was calculated by log2

transformation of the treatment relative to the vehicle mean for that genotype group. Fold change
was ranked-ordered by the median of the treatment group for each genotype and for each condition,
the top and bottom 15 proteins from the ranked list were plotted in balloon plots. A total of 98 protein
sites passed quality control metrics and were used for analysis. Fold change in the expression for each
protein was calculated as the protein expression relative to the vehicle mean for that genotype-time
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group. Proteins were rank-ordered on the y-axis by the median transformed fold change for each
treatment-genotype-time group and plotted from highest to lowest fold change. Each column represents
a single animal. For the 4-h and 2-day time points, animals were plotted randomly on the x-axis.
For the 21-day time point, animals were plotted on the x-axis based on tumor size (largest to smallest)
at sacrifice, corresponding to tumors 4–6, respectively, in the associated tumor-graft plots. The balloon
color indicates the log2 fold change in protein expression. Proteins with a greater than 4-fold increase
or decrease in expression relative to the vehicle were plotted as log2 fold change >2 or <−2, respectively.
The balloon size indicates the absolute protein expression normalized to the total protein input and
background. Head-tail balloon-maps were created by plotting the 30 proteins with the highest and
lowest fold change in expression for each treatment-genotype-time group. Plots were generated using
R v3.6.1. For pospho-AXL and phospho-NFkB correlation analysis, normality was first assessed by a
Shapiro–Wilk normality test. Correlations were analyzed by two-sided Spearman’s rank correlation
rho. For correlation plots, data were fit by stat_smooth using loess with span = 1 using ggplot2 (v3.2.1).
Missing data points (due to a failure to meet RPPA quality control standards) were omitted from the
analysis. All analyses were done using R (v3.6.2).

3. Results

3.1. Distinct Kinome Response to MET Inhibition Present in MET-Addicted MPNSTs

To understand how RTK amplification and enhanced RTK signaling impact the MPNST kinome,
we assessed the influence of both the MET copy number and MET kinase inhibition on the drug
response and resistance. Both MET and its ligand, hepatocyte growth factor (HGF), are implicated in
NF1-related MPNST initiation and progression [21–23]. Previously, our genomic analysis of human
MPNST progression revealed that MET and HGF copy number gains are present at the earliest stage of
neurofibroma transformation and increase during metastasis and resistance [6]. Moreover, studies in
other cancers have demonstrated that aberrant MET signaling can drive malignant progression in a
variety of RAS-deregulated human tumors and augment the oncogenic effects of RAS activation [24,25].
To understand the impact of the MET genomic status on kinome adaptations, we evaluated the
response and resistance to the potent and selective MET inhibitor capmatinib in three diverse models
of NF1-related MPNSTs, including an “MET-addicted” model (NF1-MET), an Nf1/Trp53-deficient
model (NF1-P53), and an NF1 model (P53WT, METWT, Hgf -amplified). As we previously showed,
NF1-MET MPNSTs were uniformly sensitive to MET inhibition, whereas a heterogeneous response
to MET inhibition was observed in NF1-P53 and NF1 MPNSTs (Figure 1A–C) [6]. To characterize
the kinome response to MET inhibition, we performed pathway activation mapping of 98 proteins
and phosphoproteins. This was a targeted pathway activation analysis focused on actionable targets
of RTK-mediated signaling, downstream PI3K-mTOR signaling, downstream RAS-ERK signaling,
and motility/adhesion signaling. To assess the immediate, early, and late kinome responses to kinase
inhibition, we profiled the tumor phosphoproteome after 4 h, 2 days, and 21 days of treatment.
With these time points, we anticipated that both innate and acquired kinome adaptations would be
observed in the various genomic backgrounds. Changes in the expression relative to the vehicle
were plotted in rank order for each timepoint. For the 21-day RPPA analysis of each MPNST model,
we analyzed tumors that had diverse treatment responses, while avoiding tumors that exhibited
grossly anomalous growth patterns compared to the mean growth curve (see individual tumor
annotations in Figure 1A–C). By including diverse tumors, we anticipated that we would detect the
heterogeneity of mechanisms underlying drug resistance. For example, because the NF1-MET tumors
are “Met-addicted”, substantial growth inhibition was present at 21 days and minimal heterogeneity in
the drug response was observed (Figure 1A) This homogeneous response was not observed in the
other MPNST tumor-graft lines (Figure 1B,C). Correspondingly, we observed a more homogeneous
kinome response in NF1-MET tumors in comparison to the responses observed in NF1-P53 and NF1
tumors (Figure 1D–F; Figure S1).
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Figure 1. MET inhibition reveals differential innate and adaptive kinome reprogramming. Individual
tumor growth curves for (A) Neurofibromatosis Type 1 (NF1)-MET, (B) NF1-P53, and (C) NF1
tumorgrafts plotted by treatment (colored lines) compared to the vehicle (black lines). The analysis of
tumor growth data was previously reported [6]. The annotated tumors were analyzed by a reverse
phase phosphoproteome array (RPPA) (D–F). The fold change relative to the mean protein expression
of control tumors (i.e., #1–3) was calculated for each tumor #4–6, with the first column of Panel A
at 21 days corresponding to tumor #4, the second to tumor #5, and the third to tumor #6. Ranked
balloon plots of the proteins with the highest and lowest fold change in expression after 4-h, 2-day,
and 21-day treatment of the NF1-MET model with capmatinib. Each column represents a single animal.
Balloon color indicates the fold change in expression relative to the vehicle mean (n = 3) for that time
point. Balloon size indicates the absolute protein expression normalized to the total protein input
and background.

After 4-h capmatinib treatment, we observed a striking repression of ERK, AKT, and RTK
phosphorylation that corresponded to growth reduction in the NF1-MET tumors (Figure 1D). Overall,
minimal kinome activation was observed at the 4-h time point in growing NF1-MET and NF1-P53
tumors (Figure 1D,E; Figure S1B,C); however, two of three NF1 tumors had phosphorylation changes
in several pathways at the 4-h time point (i.e., PRK, AKT, and p38MAPK) (Figure 1F). After 2-day
capmatinib treatment, we observed increased activating phosphorylation at several sites in the NF1-P53
and NF1 tumors, including AXL (Y702), cofilin (S3), and 4EBP1 (T37/T46) (Figure 1E,F; Figure S5),
which is a finding that correlated with the relatively increased capmatinib resistance at 21 days
(Figure 1B,C). In the NF1-MET tumors, NFκB demonstrated the strongest increase in phosphorylation

70



Genes 2020, 11, 331

at the 2-day time point. This probe corresponds to S536 in the transactivation domain (TAD) of
NFκB/p65, which leads to transactivation. Interestingly, at the 2-day time point, NFκB/p65 was in the
top three most increased phoshposites in all of the tumor models after 2-day MET inhibition. Since
NFκB is a master regulator of the inflammatory response, survival, and tumor proliferation [26], and a
known mediator of pathway indifference [27], NFκB activation at the 48-h time point may represent a
common kinome adaptation that is agnostic to the MPNST genomic context.

After 21 days of capmatinib treatment, significant tumor death was observed in the NF1-MET
tumors (Figure 1A), with only a small layer of viable cells present at the edge of the tumors [6]. This is in
contrast to the NF1-P53 and NF1 tumors that maintained a significant decrease in growth compared to
the vehicle control. An upward growth trend was observed in the majority of tumors at the 21-day time
point, despite ongoing treatment (Figure 1A–C). In the surviving, capmatinib-resistant cells present
at 21 days in NF1-MET tumors, distinct changes in the kinome response were observed, comprising
consistent AXL (Y702), EGFR (Y1068), cofilin (S3), and AKT (S473) activation (Figure 1D; Figure S5).
These results suggest that MET-addicted MPNSTs survive MET inhibition through pathway reactivation
via other RTKs (i.e., AXL and EGFR) and potentially a pathway bypass through AKT signaling. In the
NF1 tumors whose ascending growth patterns indicated the beginning of drug resistance, increased
phosphosite activation was observed in ERK, ribosomal protein S6 kinase (S6), 4EBP1, and AKT,
yet markers of parallel RTK activation were also present. In the F1-P53 tumors, which were continuing
to grow at the 21-day time point, phosphosite expression returned to levels resembling the vehicle,
suggesting that broader kinome adaptation was no longer required for growth. Collectively, these data
indicate that distinct mechanisms of innate and adaptive kinome reprogramming occur in genetically
diverse MPNSTs.

3.2. Kinome Response to MEK Inhibition Results in Bypass Activation

The recent clinical success of MEK inhibition with selumetinib in NF1 plexiform neurofibromas
and recent preclinical MPNST treatment studies highlight the therapeutic potential of targeting MEK
in NF1-related MPNSTs [28–30]. To evaluate the kinome response to MEK inhibition in NF1-deficient
MPNSTs with distinctive genomic backgrounds, we used the MEK inhibitor trametinib (Novartis,
Cambridge, MA, USA). Trametinib is a reversible, highly selective, allosteric inhibitor of MEK1
and MEK2, which is FDA approved for melanoma, lung cancer, and anaplastic thyroid cancers
with BRAF mutations. MEK inhibition significantly decreased tumor growth in all of the MPNST
lines, yet substantial response heterogeneity was observed in the NF1-MET and NF1-P53 tumors
(Figure 2A–C) [6]. The most uniform tumor inhibition was observed in the NF1 MPNST tumors,
whereas some NF1-P53 tumors still displayed aggressive growth after 21 days. As with capmatinib,
RAS and AKT pathway inactivation (i.e., ERK1/2, mTOR, S6, and p90RSK) was observed after 4 h
of trametinib in the NF1-MET and NF1-P53 tumors (Figure 2D,E). Interestingly, broader kinome
activation was not observed in these same genomic contexts, suggesting that NF1-MET and NF1-P53
tumors maintain a limited MEK dependency due to innate resistance (Figure 2A,B,D,E; Figure S2).
Interestingly, by 2 days, trametinib treatment induced a similar response to capmatinib in the NF1-MET
tumors, strongly activating EGFR (Y1068), AXL (Y702), PKCz (L410/T403), and NFκB (S536) (Figure 2D;
Figure S5). In contrast, trametinib treatment resulted in the differential regulation of EGFR (Y1068)
and AXL (702) in NF1-P53 tumors, as AXL (702) was upregulated, while EGFR (Y1068) was the most
repressed site after 2 days (Figure 2D,E). AXL (Y07) was also highly induced after 2 days of trametinib
treatment in the NF1 tumors (Figure 2F), suggesting that AXL activation may be a universal early
response to MEK inhibition, regardless of the genetic context of the MPNST.

Adaptive kinome reprogramming in response to trametinib was distinct for each model. In the
NF1-MET tumors, AXL (Y702) remained activated after 21 days of treatment. 4EBP1 (T37/T46),
CHK1 (S345), and AKT (e.g., SGK and AKT) phosphorylation was observed in response to long-term
MEK inhibition (Figure 2D; Figure S5). These results implicate a bypass mechanism of resistance to
MEK inhibition, particularly in disparate signaling nodes within the AKT and mTOR pathways (i.e.,
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SGK, CHK1, AKT, 4EBP1, and HSP27). Notably, after 21 days of treatment, 90% of NF1-P53 tumors had
increasing growth trends and a negligible kinome response to MEK inhibition (Figure 2B,E). ERK was
consistently inhibited by trametinib in these resistant tumors, confirming that ERK pathway reactivation
was not required to maintain growth. In the NF1 tumors, AKT/mTOR and protein translation pathway
effectors were the strongest targets activated by MEK inhibition. Collectively, the NF1-MET kinome
response to both MET and MEK inhibition suggests that RTK-dependent MPNSTs may survive kinase
inhibition both by the engagement of alternative RTKs (i.e., AXL and EGFR) and increasing AKT/mTOR
signaling pathways.

 

Figure 2. MEK inhibition reveals differential innate and adaptive kinome reprogramming. Individual
tumor growth curves for (A) NF1-MET, (B) NF1-P53, and (C) NF1 tumorgrafts plotted by treatment
(colored lines) compared to the vehicle (black lines). The analysis of tumor growth data was previously
reported [6]. The annotated tumors were analyzed by RPPA (D–F). The fold change relative to the
mean protein expression of control tumors (i.e., #1–3) was calculated for each tumor #4–6, with the first
column of Panel A at 21 days corresponding to tumor #4, the second to tumor #5, and the third to tumor
#6. Ranked balloon plots of the proteins with the highest and lowest fold change in expression after
4-h, 2-day, and 21-day treatment of the NF1-MET model with trametinib. Each column represents a
single animal. Balloon color indicates fold change in expression relative to the vehicle mean (n = 3) for
that time point. Balloon size indicates the absolute protein expression normalized to the total protein
input and background.
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3.3. Kinome Response to Combined MET and MEK Inhibition in NF1-Related MPNSTs

Since we observed both pathway reactivation and bypass resistance mechanisms with single-agent
MET or MEK inhibition, we sought to determine whether targeting multiple signaling pathways
may abrogate these kinome adaptations and achieve a more durable clinical response. Previously,
we compared combined MET and MEK inhibition with monotherapy and demonstrated significant
improvement in tumor inhibition and response variability with combination therapy compared to
a single agent alone (Figure 3A–C) [6]. Even in NF1-P53 tumors which had the most heterogeneous
responses to monotherapy with capmatinib or trametinib, we observed stable disease in all but
one tumor (Figure 3B). The kinome response to combined MET-MEK inhibition exhibited striking
differences in comparison to single kinase inhibition. At 4 h and 2 days of treatment, ERK1/2,
S6 (S240/S244 and S235/S236), and p90RSK demonstrated the strongest decrease in phosphorylation
in all of the MPNST models, suggesting that the RAS/ERK and AKT/mTOR pathways are robustly
inactivated with combined MET-MEK inhibition (Figure 3D–F). As with single kinase inhibition,
we observed NFκB/p65 (S536) activation at the 2-day time point. We also measured an increase in
PKCζ/λ (T410/T4033) and cofilin (S3) phosphorylation at the 2-day time point with both single and
combined kinase inhibition (Figure S5). Cofilin is an actin depolymerizing factor known to regulate
actin dynamics and cell invasion; however, recent studies have established the role of cofilin in NFκB
nuclear translocation [31,32]. The atypical protein kinase C member PKCζ is involved in several
survival pathways that are deregulated in cancer and is also involved in the activation of NFκB [33,34].
Together, these findings indicate that NFκB activation is an acute response that occurs in response to
monotherapy or combined kinase inhibition in MPNSTs.

At 21 days, significant tumor inhibition was observed in NF1-MET tumors and in the surviving cells,
the kinome adaptations observed with single MET inhibition were intensified (Figure 3D; Figure S3A).
Specifically, AXL (Y702), EGFR (Y1068), and AKT (S473) are strongly activated. Intriguingly, combined
MET-MEK inhibition also resulted in the strong activation of AXL (Y702) in the NF1-P53 and NF1 tumors,
which was not observed with single-agent treatment of either drug (Figure 3E,F). The NF1-P53 tumors
maintained an inflammatory kinome response after 21-day treatment (PKCζ/λ, NFκB), which stands in
contrast to the NF1-MET and NF1 tumors, where an inflammatory response was only observed at
4 h and 2 days (Figure 3D–F; Figure S5). Rather, after 21 days of combination therapy, the surviving
cells of NF1 tumors robustly activated S6 (S240/S244 and S235/S236) and 4EBP1 (T37/T46), along with
AXL (Y702) (Figure 3F). Given that AXL is activated in response to MET and MEK inhibition in all
three of these genomically diverse MPNST models, AXL activation may be a common mechanism of
therapeutic resistance to RAS pathway inhibitors.

3.4. Kinome Response to Doxorubicin in NF1-Related MPNSTs

Doxorubicin is a topoisomerase II inhibitor that prevents cellular replication by indirectly stabilizing
double-stranded DNA breaks [35]. It has also been implicated in direct DNA damage through free
radical production. Doxorubicin is currently being tested in combination with multiple kinase inhibitors
for sarcoma (e.g., PDGFα inhibitor), or to treat anthracycline-resistant sarcomas [36–38]. Although the
results of these trials are mixed, it is unclear whether doxorubicin resistance is mediated at least in
part through kinome adaptation. How NF1-related MPNSTs confer doxorubicin resistance is likely
multifactorial [39]; however, the patterns of compensatory kinase signaling have not been studied to
date. Following the doxorubicin treatment of NF1-MET, NF1-P53, and NF1 tumorgrafts, significant
resistance and response heterogeneity was observed (Figure 4A–C). NF1 tumor growth was significantly
slower than controls; however, no tumors ultimately responded to treatment. RPPA analysis revealed
a broad and diverse response to doxorubicin at early and late timepoints across all genomic contexts.
Early responses at 4 h included RTK activation (EGFR, IGF1R, PDGFR, and MET), pro-inflammatory
signaling mediators (p38, NFκB, and STAT3/5), and upstream kinases (SRC and RAF) (Figure 4D–F;
Figure S4). Kinome responses at 2 days and 21 days of treatment were more diverse, with the emergence
of increases in AXL (Y702), EGFR (Y1068), and cofilin (S3) as dominant signaling mediators (Figure S5).
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Qualitatively, doxorubicin resulted in the broadest pathway responses compared to single-agent
capmatinib (Figure 1), trametinib (Figure 2), and combination therapy (Figure 3). Interestingly,
the PI3K/AKT/mTOR pathway response did not appear to be significantly activated in response to
doxorubicin, as evidenced by the inactivation of AKT (S473), S6RP, and CHK1 (Figure 4D–F, Figure S4).
These results indicate that doxorubicin treatment causes both acute and persistent kinome changes in
several pathways. The diversity and perseverance of the doxorubicin-mediated kinome response may
underlie innate resistance observed in sarcomas.

 

Figure 3. Combination MEK and MET inhibition reveals differential innate and adaptive kinome
reprogramming. Individual tumor growth curves for (A) NF1-MET, (B) NF1-P53, and (C) NF1
tumorgrafts plotted by treatment (colored lines) compared to the vehicle (black lines). The analysis of
tumor growth data was previously reported [6]. The annotated tumors were analyzed by RPPA (D–F).
The fold change relative to the mean protein expression of control tumors (i.e., #1–3) was calculated for
each tumor #4–6, with the first column of Panel A at 21 days corresponding to tumor #4, the second
to tumor #5, and the third to tumor #6. Ranked balloon plots of the proteins with the highest and
lowest fold change in expression after 4-h, 2-day, and 21-day treatment of the NF1-MET model with
combination therapy. Each column represents a single animal. Balloon color indicates the fold change
in expression relative to the vehicle mean (n = 3) for that time point. Balloon size indicates the absolute
protein expression normalized to the total protein input and background.
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Figure 4. Doxorubicin reveals differential innate and adaptive kinome reprogramming. Individual
tumor growth curves for (A) NF1-MET, (B) NF1-P53, and (C) NF1 tumorgrafts plotted by treatment
(colored lines) compared to the vehicle (black lines). The annotated tumors were analyzed by RPPA
(D–F). The fold change relative to the mean protein expression of control tumors (i.e., #1–3) was
calculated for each tumor #4–6, with the first column of Panel A at 21 days corresponding to tumor #4,
the second to tumor #5, and the third to tumor #6. Ranked balloon plots of the proteins with the highest
and lowest fold change in expression after 4-h, 2-day, and 21-day treatment of the NF1-MET model
with doxorubicin. Each column represents a single animal. Balloon color indicates the fold change in
expression relative to the vehicle mean (n = 3) for that time point. Balloon size indicates the absolute
protein expression normalized to the total protein input and background.

3.5. Combined MET-MEK Inhibition with Doxorubicin Decreases Response Heterogeneity

Because combined MET and MEK inhibition resulted in an improved treatment response in all
MPNST lines, we investigated the efficacy of doxorubicin in combination with MET and/or MEK
kinase inhibition. As discussed earlier, the kinase inhibition of MET or MEK resulted in distinct
kinome adaptations compared to doxorubicin treatment. We focused our tumor growth analysis
on the NF1-MET and NF1-P53 tumors since these two MPNST models had the most aggressive
growth and distinctive responses to MET and MEK inhibition. In NF1-MET tumors, doxorubicin
treatment caused a significant decrease in tumor growth (Figure 5A; p < 0.0005); however, doxorubicin
treatment was inferior to capmatinib or trametinib (Figure 5B). Even though the mean growth reduction
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was significant, the heterogeneous response to doxorubicin was substantial (Figure 5C). Combined
doxorubicin and kinase inhibition significantly improved tumor inhibition and reduced tumor
heterogeneity. For example, trametinib alone resulted in moderate tumor inhibition in NF1-MET tumors
(Figure 5A), yet combined trametinib + doxorubicin significantly improved the response in comparison
to single-agent treatment with trametinb or doxorubicin (Figure 5B). Since these MPNST tumors
are MET-addicted, capmatinib resulted in impressive tumor regression, yet combined capmatinib
+ trametinib was superior to capmatinib alone (Figure 5B), whereas capmatinib + doxorubicin did
not significantly improve the treatment response. The treatment that resulted in the least response
variability (SD = 19 mm) was the capmatinib + trametinib + doxorubicin combination, with each tumor
showing consistent growth inhibition.

For the MPNST tumorgraft line, the NF1-P53 tumors had the most aggressive growth, highest
response heterogeneity, and least impressive response to single-agent treatment. In NF1-P53 tumors,
doxorubicin treatment did not result in tumor regression (Figure 5D–F). Combined doxorubicin and
kinase inhibition reduced tumor growth in comparison to doxorubicin alone, yet this combination was
not better than capmatinib or trametinib single-agent treatment (Figure 5E). The triple combination
of capmatinib + trametinib + doxorubicin was not significantly better than capmatinib + trametinib;
however, this treatment combination resulted in the least heterogeneity in the response (Figure 5F;
SD = 343 mm3). The heterogeneity of response and growth patterns observed correlated with the
diversity and intensity of the innate and acquired kinome responses delineated in these genomically
distinct MPNST tumors.

Figure 5. Cont.
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Figure 5. Combined doxorubicin, MET, and MEK inhibitor treatment reduces the response heterogeneity.
Tumor growth of (A) NF-MET and (D) tumorgrafts are plotted as means with standard errors.
95% confidence intervals for the pairwise differences between the growth rates of the select treatments
in the (B) NF1-MET and (E) NF1-P53 tumors, estimated and tested using linear mixed-effects models
with random slopes and intercepts, and false discovery rate-adjusted contrasts. Statistically significant
differences (p-value< 0.05) between compared therapies are highlighted in red. Individual tumor growth
curves for (C) NF1-MET and (F) NF1-P53 tumorgrafts plotted by treatment (colored lines) compared
to the vehicle (black lines). The analysis of tumor growth data and differences in treatment response
were previously reported for single-agent treatment of capmatinib and trametinib, and combination
treatment of capmatinib + trametinib [6].

3.6. ERK Reactivation is Observed in Cells Resistant to MET or MEK Inhibition

RPPA revealed the consistent de-repression or reactivation of ERK (T202/Y204) in surviving cells
throughout 21 days of kinase inhibitor treatment. To determine if ERK reactivation was specific to
resistant subpopulations or the entire tumor, we stained the tumors for phospho-ERK (T202/Y204)
after 21 days of single or combination therapy. In vehicle-treated tumors, we observed moderate to
strong pERK staining; however, distinct ERK activation patterns were observed in each tumorgraft line
(Figure 6A). In the NF1-MET vehicle tumors, ERK activation was intense at the invasive edge of the
tumor, whereas ERK activation was moderate to strong and uniformly expressed in the NF1-P53 and
NF1 tumors (Figure 6A). After 21 days of single-agent treatment with either capmatinib or trametinib,
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ERK activation was robust in the NF1-MET and NF1 tumors (Figure 6A–C). Interestingly, ERK activation
decreased with single-agent treatment in the NF1-P53 tumors, except for minor cell populations at the
invasive edge in some tumors (Figure 6B,C). This decrease was even more pronounced in the combined
capmatinib-trametinib-treated NF1-P53 tumors, while the capmatinib-trametinib NF1-MET and NF1
tumors maintained high levels of ERK activation (Figure 6D). To directly compare RPPA and IHC and
to understand how ERK phosphorylation changed over time in each model, we plotted the normalized
absolute protein expression measured by RPPA for ERK (T202/Y204) for each treatment (Figure 6E).
Overall, ERK maintained a similar level of activation or increased over time in the NF1-MET and NF1
models. Moreover, long-term capmatinib treatment induced strong ERK activation in these tumors,
whereas NF1-P53 tumors consistently maintained lower levels of ERK activation compared to the
NF1-MET and NF1 tumors (Figure 6E).

 

 

Figure 6. Cont.
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Figure 6. ERK reactivation or pathway indifference drive resistance to kinase inhibition.
Phospho-ERK1/2 T202/Y204 expression in each genetic model after 21 days of (A) vehicle, (B) capmatinib,
(C) trametinib, or (D) combination treatment. (E) phospho-ERK1/2 T202/Y204 expression values were
measured by RPPA and calculated as the absolute protein expression normalized to the total protein
input and background. Points represent the mean (n = 3) for each treatment-genotype-time group.
Shaded bars represent +/− SEM.

3.7. AXL NFkB Co-Activation Associated with Therapy Resistance in MPNSTs

As both AXL and NFkB were highly activated in several treatment conditions, including
therapy-resistant tumor growth, we sought to determine whether AXL and NFkB phosphorylation
were correlated in our models. Recent studies in other cancer contexts suggest that AXL induces
NFkB activation in response to a variety of therapies, including kinase inhibitors (22410775, 23474758,
and 25568334). This novel therapy mechanism has been underreported to date. We determined that
pAXL expression was tightly correlated to pNFkB (Spearmen’s rank correlation rho = 0.729, p value
= 3.91 × 10−21) and grouped strongly by time point (Figure 7A,B). Expression was also grouped by
treatment, as the phosphorylation of both proteins was highest in the doxorubin and combination
capmatinib + trametinib treatment groups (Figure 7B), regardless of genotype (Figure 7A).

Figure 7. Cont.
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Figure 7. AXL Y702 and NFkB p65 S536 phosphorylation are highly correlated. Expression of
phoshpo-AXL Y702 and phospho-NFkB p65 S536 plotted by (A) time and genotype group or (B) time
and treatment group. Colors indicate treatment time and point shape indicates treatment or genotype
groups. Lines indicate loess-predicted fit for each time point; shaded regions indicate 95% confidence
intervals. Spearmen’s rank correlation rho = 0.832, 0.835, and 0.881 with p value = 3.72 × 10−9, 9.75 ×
10−13, and 6.40 × 10−15 for the 4-h, 2-day, and-21 day groups, respectively.

4. Discussion

Currently, there is no effective chemotherapy for NF1-related MPNSTs. Despite ongoing clinical
trialing efforts, neither RTK nor downstream kinase inhibition has resulted in meaningful improvements
in survival, despite well-founded attempts to target both the RAS/ERK and PI3K/AKT/mTOR pathways.
Fundamentally, RAS deregulation as a result of NF1 deficiency appears to be more difficult to target
than constitutive RAS activation. One possible reason for this difference is that fewer discrete
signaling dependencies exist with NF1 tumor suppressor loss than cancers that are critically dependent
on RAS signaling as a result of activating RAS or EGFR mutations. That is to say, NF1-related
MPNSTs are less susceptible to the perturbation of oncogenic signaling, unless a genomic event such
as MET or HGF amplification exhausts the negative feedback loops that drive kinome adaptation.
Our data confirms substantially broad and redundant kinome adaptation in NF1-related MPNSTs in
response to MET or MEK inhibition. What is even more impressive is the diversity of early and late
response mediators which sit atop prominent signaling cascades that regulate growth, proliferation,
inflammation, and apoptosis. These data strongly point to an evolutionary advantage in clonal
selection for cell populations that maintain this degree of signaling plasticity. Based on our findings,
any successful treatment strategy that relies solely on kinase inhibition will be difficult to sustain.
Even in our most ideal treatment scenario where the potent MET inhibitor capmatinib suppressed
growth in MET-addicted MPNSTs, kinome adaptation occurred within 21 days, leading to a slight
resumption in growth by the end of the study time frame.

Proteomic profiling analysis provided significant insight into how the genomic context influenced
the therapy response, particularly in the case of oncogene addiction. The “MET-addicted” NF1-MET
tumor model is highly responsive to MET inhibition. We confirmed this finding with proteomic
profiling by showing a sharp decrease in MET activation and downstream signaling immediately after
capmatinib treatment. Even though MET inhibition was sustained at 2 days, strong AXL and AKT
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activation indicated the initiation of pathway reactivation and pathway bypass signaling. After 21
days of capmatinib treatment, resistant populations reprogrammed the kinome via AXL and EGFR.
Besides activation of the AKT/mTOR pathway, ERK reactivation was consistently present in NF1-MET
tumors, even in the minor cell populations that survived combined MET-MEK inhibition. In contrast to
the MET-addicted tumors, few, if any, signaling dependencies were present in the capmatinib-treated
NF1-P53 tumorgrafts. Interestingly, the pace and strength of kinome adaptations in NF1-P53 tumors
were considerably reduced compared to NF1-MET and NF1 tumors. One possible reason for this
observation is that MET inhibition failed to cause sufficient cellular stress to necessitate broad kinome
adaptation in innately-resistant NF1-P53 tumors. MEK inhibition was confounded by a higher degree
of innate resistance than MET inhibition and resulted in greater response heterogeneity and variability
in kinome activation within genotype groups. As observed with MET inhibition in NF1-P53 tumors,
less robust kinome activation was observed in response to trametinib in NF1-P53 tumors.

In both capmatinib- and trametinib-treated tumors, inflammatory signaling was present at the
4-h time point, whereas kinase signaling associated with proliferation and invasion dominated at
2 days and 21 days. Inflammation has not been widely studied in MPNSTs; however, it is a key
determinant of neurofibroma progression and Schwann cell homeostasis [40–42]. Based on our
data, all treatments were associated with an initial inflammatory response directly mediated by the
kinome. Multiple targets were implicated, including key members of the JAK/STAT signaling cascade;
however, NFkB was the most consistently activated target. NFkB activation results in pleiotropic effects,
including broad transcriptional activation, cytokine production, and cell survival. It is an early response
element to cellular stress with a known ability to activate multiple kinases. How NFkB contributes
to kinome adaptation is currently unknown. These results suggest that further investigations into
the inflammatory signaling and the impact of the tumor microenvironment may identify additional
therapeutic targets for NF1-related MPNSTs.

AXL receptor activation was a consistent kinome adaptation observed in all of the MPNST models
in response to kinase inhibition and doxorubicin treatment. Recently, AXL has been implicated in
therapy resistance to multiple targeted therapies and cancer types, including MPNST. Resistance is
often mediated through AXL dimerization with other RTKs, leading to the bypass of the RTK inhibitor
effect [43,44]. For example, in ovarian tumors, AXL dimerizes with MET, EGFR, and HER2, leading to
sustained ERK activation [45]. In response to ERK and MEK inhibition, AXL/MITF-mediated drug
resistance is observed among mutant BRAF and NRAS melanoma cell lines [46]. AXL overexpression
has also been observed in resistance to cytotoxic chemotherapies, such as docetaxel, in prostate
cancer [47]. A principal role of AXL appears to be sustaining a mesenchymal phenotype, which is a
mechanism of resistance to diverse anticancer therapies [43]. We demonstrated that AXL and NFkB
activation are highly correlated, regardless of the treatment type or model genotype. These results
strongly point to a unifying mechanism of therapy resistance in NF1-related MPNSTs. Therefore,
further investigations into the efficacy of AXL or NFkB inhibition in conjunction with RAS pathway
inhibitors in MPNSTs are warranted.

In summary, the phosphoproteomic profiling of MET and MEK inhibition revealed distinct
pathways of drug resistance involving AXL activation, ERK reactivation, and inflammatory kinase
signaling. As expected from our previous studies, P53-null MPNSTs were innately resistant to
kinase inhibition and demonstrated the most heterogeneous kinome responses; however, combined
MET-MEK inhibition exposed potential vulnerabilities in these tumors. As with other RAS-activated
tumors, pathway reactivation and bypass signaling are common mechanisms of therapeutic resistance.
The results in this study point toward specific vulnerable signaling nodes in MPNSTs that may be
exploited through novel combination therapeutic approaches.
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Abstract: Neurofibromatosis type 1 (NF1) is a monogenic syndrome that gives rise to numerous
symptoms including cognitive impairment, skeletal abnormalities, and growth of benign nerve
sheath tumors. Nearly all NF1 patients develop cutaneous neurofibromas (cNFs), which occur on
the skin surface, whereas 40–60% of patients develop plexiform neurofibromas (pNFs), which are
deeply embedded in the peripheral nerves. Patients with pNFs have a ~10% lifetime chance of
these tumors becoming malignant peripheral nerve sheath tumors (MPNSTs). These tumors have
a severe prognosis and few treatment options other than surgery. Given the lack of therapeutic
options available to patients with these tumors, identification of druggable pathways or other key
molecular features could aid ongoing therapeutic discovery studies. In this work, we used statistical
and machine learning methods to analyze 77 NF1 tumors with genomic data to characterize key
signaling pathways that distinguish these tumors and identify candidates for drug development.
We identified subsets of latent gene expression variables that may be important in the identification
and etiology of cNFs, pNFs, other neurofibromas, and MPNSTs. Furthermore, we characterized the
association between these latent variables and genetic variants, immune deconvolution predictions,
and protein activity predictions.

Keywords: neurofibromatosis type 1; nerve sheath tumor; cancer; latent variables; machine learning;
supervised learning; transfer learning; random forest; metaVIPER; tumor deconvolution

1. Introduction

Neurofibromatosis type 1 is a rare disease and a member of the family of RASopathies
(diseases caused by germline mutations in genes that encode components or regulators of the
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Ras/mitogen-activated protein kinase (MAPK) pathway) that occurs in approximately 1 in 3000
patients worldwide and gives rise to cognitive impairment, skeletal abnormalities, and various nerve
tumors including gliomas and neurofibromas and is caused by a mutation or deletion in one NF1
allele [1–3]. Nerve sheath tumors affect more than 90% of NF1 patients, mostly in the form of cutaneous
neurofibromas (cNFs). These tumors grow at the skin surface and can range in number from 10s to 100s
of tumors in a given patient [4]. Neurofibromas that occur deeper in the body, including subcutaneous
neurofibromas or plexiform neurofibromas (pNFs), occur in 40–60% of NF1 patients and can cause
pain and disfigurement among other symptoms [1,4]. Patients with pNFs have a 10% lifetime risk
of these tumors developing into malignant peripheral nerve sheath tumors (MPNSTs) which have a
5-year survival rate of 40–50% [5,6].

The rise of high-throughput genomic and transcriptomic sequencing has enabled many advances
in understanding the molecular etiology of NF1 tumor types [7–11]. Genomic studies of NF1-derived
tumors, particularly MPNSTs, have identified key features of tumor growth that could point to potential
therapeutic avenues. For example, genomic approaches were recently used to identify the loss of
function of polycomb repressor 2 complex components EED or SUZ12 genes, alongside CDKN2A and
NF1 gene mutations as crucial co-mediators of MPNST transcriptional dysregulation, pathogenesis,
and sensitivity to bromodomain (BRD4) inhibitors [9,11]. Others using genomic approaches to explore
nerve sheath tumor biology identified MET and HGF gene amplifications in MPNSTs. Furthermore,
models of MET-amplified MPNSTs were subsequently sensitive to the MET inhibitor capmatinib [7].
Transcriptomics-focused approaches have also identified molecular features such as MEK signaling,
type 1 interferon signaling, and Aurora kinase A as putative therapeutic targets in NF1 tumors [12–14].
Taken together, these and other studies suggest that an integrative approach that combines multiple
transcriptomic and genomic datasets might be well poised to identify new therapeutic avenues in
MPNSTs and other NF1-related nerve sheath tumors.

Previous genomic profiling studies have demonstrated that many NF1 nerve sheath tumors
(MPNST being the exception) are genetically quiet [3,15–17] and lack specific signatures that are
predictive of drug response. An approach to compensate for the lack of genetic hotspots in NF1 tumors
is to focus on combinations of transcriptomic signatures that may be unique to specific tumor types. In
other tumor types, transcriptomic landscapes across cancer datasets [18,19] have shown that combining
RNA-seq data from similar diseases can identify expression profiles that correlate with prognosis [20],
predict drug response [21,22], or identify key tumor biology [23].

However, comprehensive analysis of genomic data in NF1 tumors is limited [3]. To enable a larger
landscape analysis of NF1 nerve sheath tumors, samples from different studies were collated into a
single resource as part of the NF Open Science Initiative, a collaboration between NF-related funding
agencies. This resource has been made publicly available through the NF Data Portal, which houses
high-throughput data for neurofibromatosis 1, neurofibromatosis 2, and schwannomatosis [24].

In this work, we reprocessed and analyzed RNA-seq data from 77 NF1 nerve sheath tumor
samples to understand the biological differences that give rise to distinct tumor types in NF1 patients.
Given the low sample size compared to the large feature space of RNA-seq data, we applied a
transfer learning-inspired approach to meaningfully reduce the feature space with minimal decrease in
information content. Transfer learning techniques can leverage large well curated datasets such as
recount2 [25] to identify latent variables (LVs)—groups of genes derived from larger repositories of
gene expression datasets that exhibit common transcriptomic patterns relevant to a specific subset of
samples [26,27]. Although many of these LVs are composed of genes that map to known signatures
(i.e., documented in Kyoto Encyclopedia of Genes and Genomes (KEGG) database, and Gene Ontology
(GO) consortium database), others are uncharacterized and may allow the detection of novel and
meaningful transcriptomic patterns in NF data. As a result, reduction of gene-based expression
data to individual latent variables can provide multiple benefits—LVs can highlight differences in
known biology in sets of samples, they can uncover previously unknown biology, and they can reduce
the impact of technical and experimental differences across multiple datasets [26]. We transferred a
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machine learning model [27] trained on recount2 to assess LV expression in the NF1 nerve sheath tumor
dataset. We then used supervised machine learning with random forests [28] to isolate combinations
of such LVs to identify specific molecular signatures that may describe the underlying biology unique
to each of the tumor types: cNFs, pNFs, undefined neurofibromas (NFs), and MPNSTs. Finally, we
integrated this information with sample-matched variant data, immune cell signatures [29–31], and
protein activity predictions [32] to provide additional biological context to the most important latent
variables. This approach revealed biological patterns that underlie different NF1 nerve sheath tumor
types and candidate genes and cellular signatures associated with NF1 tumor heterogeneity.

2. Materials and Methods

2.1. Materials Implementation and Data and Code Availability

All analyses were performed using the R programming language. A comprehensive list of packages
used and their versions are available in an renv lockfile in the GitHub repository. Key packages used
include “tidyverse” [33], “PLIER” [26], “synapser” [34], “tximport” [35], “immundeconv” [35], and
“viper” [32]. All data analyzed in this article are stored on the NF Data Portal [24] (http://nfdataportal.org)
with analyses stored at http://synapse.org/nf1landscape. To recapitulate the analysis from these data,
all relevant code can be found at https://github.com/Sage-Bionetworks/NF_LandscapePaper_2019.

2.2. Sequencing Data Collection and Processing

Gene expression data were collected from four independent studies and processed via a workflow
at https://github.com/Sage-Bionetworks/rare-disease-workflows/tree/master/rna-seq-workflow to be
stored on the NF Data Portal (Table 1). Specifically, raw fastq files were downloaded from Synapse
and transcripts were quantified using the Salmon pseudo-alignment tool [36] with Gencode V29
transcriptome. Links to specific datasets and the access teams required to download them can be found
using Synapse ID syn21221980.

Table 1. Description of the gene expression datasets used in the present article.

Dataset Name Synapse Project Name Synapse Table Name Synapse Access Team

WashU Biobank Preclinical NF1-MPNST Platform
Development (syn11638893)

WashU Biobank
RNA-seq data

WUSTL MPNST PDX
Data Access

JHU Biobank [37] A Nerve Sheath Tumor Bank from
Patients with NF1 (syn4939902) Biobank RNASeq Data JHU Biobank Data

Access

cNF Patient Data [38] Cutaneous Neurofibroma Data
Resource (syn4984604) cNF RNASeq Counts CTF cNF Resource Data

Access Group

CBTTC Data [39] Children’s Brain Tumor Tissue
Consortium (syn20629666) CBTTC RNASeq Counts CBTTC Data Access

Group

Genomic variant data were collected from exome-Seq [37] or whole-genome sequencing [38].
Variant call format (VCF) files were processed using “vcf2maf” (https://github.com/mskcc/vcf2maf)
according to the workflow located at https://github.com/Sage-Bionetworks/rare-disease-workflows/
tree/master/gene-variant-workflow and then uploaded to the NF Data Portal. A list of datasets and the
access teams required to download them can be found in Table 2 or syn21266269.
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Table 2. Description of the genomic variant datasets used in the present article.

Dataset Name Assay
Synapse Table

Name
Synapse Access

Team
Synapse Project

JHU Biobank
Exome-Seq Data exomeSeq Biobank ExomeSeq

Data
JHU Biobank Data
Access

A Nerve Sheath
Tumor Bank from
Patients with NF1

cNF WGS Data wholeGenomeSeq cNF WGS
Harmonized Data

CTF cNF Resource
Data Access Group

Cutaneous
Neurofibroma Data
Resource

2.3. Latent Variable Calculation and Selection

We analyzed transcriptomic data from NF in the context of latent variables from MultiPLIER, a
machine learning resource designed to aid in rare disease analyses [27]. Raw transcriptomic data from
NF were retrieved from the NF Data Portal, reprocessed, and stored in Synapse as described above.
Salmon output files (quant.sf) files were imported into an R session and converted to HUGO gene
names using the “tximport” [35] and “org.Hs.eg.db” [40] packages.

MultiPLIER reuses models that were trained on large public compendia. We retrieved a model [41]
that was previously trained on the recount2 RNA-seq dataset [25,42] and then used it to assess the
expression of latent variables in the pan-NF dataset. We retrieved code for this analysis from the public
repository for MultiPLIER [27] (https://github.com/greenelab/multi-plier). To project the NF data into
the MultiPLIER model, we used the GetNewDataB function. This analytical approach is described
in more detail in a machine learning training module (https://github.com/AlexsLemonade/training-
modules) produced by the Alex’s Lemonade Stand Foundation’s Childhood Cancer Data Lab under an
open source license.

In addition, to ensure orthogonality in the final set of latent variables [43], we calculated the
pairwise Pearson correlation of all latent variables by comparing the gene loadings (Figure S1),
and identified non-self-correlations greater than 0.5. We eliminated one of each of these highly
intercorrelated (Pearson correlation > 0.5) latent variables. This process resulted in a final set of 962
latent variables for further analysis. Code for our implementation of this material is available on
GitHub at https://github.com/Sage-Bionetworks/NF_LandscapePaper_2019.

We used the R function prcomp to compute the principal components for Figure 1A,C both using
genes (Figure 1A) and latent variables (Figure 1C).

2.4. Generation of Ensemble of Random Forests for Feature Selection

To select gene expression patterns of interest, we used ensembles of random forests to sufficiently
resample our modestly sized dataset. We compared random forest models built using gene expression
data as well as latent variables.

2.4.1. Algorithm Implementation

The main algorithm was implemented using the “caret” and “randomforest” packages in R [44,45].
Figure S2 outlines the steps involved in the generation of the ensemble of random forests. Briefly, the full
dataset was first split into 80% model set and 20% independent test set. The function createDataPartition
was used to create balanced splits of the data according to the tumor type. We tuned two parameters
to the random forest algorithm, mtrys, and ntrees, using an iterative approach, evaluating mtrys values
of 1 to 100 and ntrees values of 250, 500, 1000, and 2000. We selected the optimal values (mtry = 51,
ntrees = 1000) using fivefold cross-validation, using latent variables as input features. We then split the
model training set further to generate 500 samples of training data (75%) and hold-out test data (25%)
(balanced splits randomly sampled without replacement). Each of these training and test datasets were
used to train separate random forests to obtain a distribution of F1 scores and feature importance scores
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(n = 500). Given our noisy dataset with limited sample size, the distribution of feature and F1 scores
enabled estimation of confidence intervals for the feature importance as well as model performance.

2.4.2. Feature Selection

The importance of each feature was estimated using raw importance scores that measure the
change in correctly classified “class” due to random permutation of the values for the feature. To
select the top features for a specific class (i.e., tumor type), we calculated the median importance score of
each feature from the distribution of raw importance scores generated through 500 iterations of random
forests. The top 40 features were selected according to the mean decrease of the Gini index. The union
of top features from all classes was then used as a restricted feature set to train another 500 iterations of
random forests as described above. However, each new forest trained with the restricted feature-set
was tested using the independent test set to examine the performance of the model on a completely
unseen dataset. For each class, the median F1 scores of the new ensemble of forests were compared to
the previous ensemble of random forests. Improvement of median F1 scores for each class in the final
ensemble of random forests compared to the earlier one suggested that the selected features from each
class were sufficiently informative for their classification. This subset of features was then selected for
downstream analyses.

2.5. Immune Subtype Prediction

To understand the relative immune infiltration across the nerve sheath tumors studied, we used
two tumor deconvolution methods: CIBERSORT and MCP-counter, as implemented through the
“immunedeconv” R package [29–31]. Analysis is located at https://github.com/Sage-Bionetworks/NF_
LandscapePaper_2019 and results were uploaded to a Synapse table (syn21177277) that includes the
tumor-specific immune cell scores for both algorithms as well as associated tumor metadata.

2.6. MetaVIPER

We applied the metaVIPER algorithm [32] to infer protein regulatory activity based on the
tissue gene expression profiles. This algorithm builds transcriptional regulatory networks across the
cancer genome atlas (TCGA) [32,46] and uses these to build consensus predictions for a sample of
other origin. The resulting analysis is uploaded to Synapse and stored at syn21259610 along with
tumor-specific metadata.

2.7. VIPER Correlation Clustering and Drug Enrichment Analysis

A heatmap and subclusters of latent variables that had similar VIPER protein predictions were
generated using the “pheatmap” R package [47]. We observed five clear clusters of latent variables;
these clusters were defined using the R cutree function to isolate the five clusters and their contents.
We then calculated the mean correlation of each VIPER protein within each cluster to generate a
consensus protein activity prediction for each latent variable cluster. Then, we used gene set enrichment
analysis (via the “clusterProfiler” R package [48]) to assess whether drug targets were enriched in
the five consensus protein lists. Drug-wise target lists were obtained from the Drug Target Explorer
database [49]. Significant enrichment was defined as any positively enriched drug (i.e., a VIPER protein
positively correlated with the latent variable cluster) with a Benjamini–Hochberg corrected p-value <
0.05. Results were plotted using “ggplot” and “enrichplot” packages [33,50]. To plot the LV cluster
expression by tumor type, we calculated the mean expression of all latent variables for each cluster
and for each tumor sample.

3. Results

We collected mRNA sequencing, exome sequencing, and whole genome sequencing data from
previously published or publicly available resources as depicted in Table 3. We applied a combination
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of methods to identify biological mechanisms of interest in the samples that had patient-derived
transcriptomic data. Briefly, we employed a transfer learning-inspired approach to group transcripts
into latent variables (LVs), and then selected the LVs that best separate out tumors by tumor type using
an ensemble of random forest models. We evaluated the selected LVs for patterns of immune cell gene
expression, protein activity, and gene variants.

Table 3. Summary of individuals and samples for the NF1 nerve sheath tumors used in this study.
All samples have gene expression data and a subset have genomic data derived from whole-exome
sequencing or whole genome sequencing. Some neurofibromas did not have more specific pathologic
subtyping information available, and therefore were classified as “undefined neurofibromas” or NFs.

Tumor Type Individuals Samples # with Genomic Variant Data

Cutaneous Neurofibroma (cNF) 11 33 23
MPNST 13 13 1

Undefined Neurofibroma (NF) 12 12 11
Plexiform Neurofibroma (pNF) 19 19 5

3.1. Pan-NF Transcriptomic Analysis Identified Most Variable Latent Variables in NF1

To measure the diversity of the nerve sheath tumors at the transcriptomic level, we re-processed
RNA-seq data from three published datasets [37–39] and one unpublished dataset. Despite having
four types of nerve sheath tumors (cNFs, pNFs, NFs, and MPNSTs) across four datasets, we observed
confounding batch effects (Figure 1A) as some tumor types (e.g., cNF and NF) were derived from
separate studies. These batch effects, together with a lack of transcriptomic data from normal tissue
from NF1 patients, precluded us from carrying out any meaningful differential gene expression analysis
and motivated us to seek alternate approaches to pathway identification.

Figure 1. Transfer learning reduced dimensionality and added additional context to gene expression
datasets. (A) Principal components analysis (PCA) of gene expression data indicated that counts-level
data may have been batch confounded. (B) The relative distributions of latent variable expression
across the four tumor types using a density plot indicated that the majority of latent variables (LVs)
had an expression value near 0 and that the four tumor types had similar latent variable expression
distributions. (C) PCA of LVs indicated that batch effects, although reduced, may still have existed in
the LV data (D) A look at the 5% most variable LVs across the cohort of gene expression data indicated
that the latent variables represented a wide swath of biological processes, as well as some LVs that had
no clear association to a defined biological pathway.
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To reduce the dimensionality of the RNA-seq data and increase the biological interpretability, we
applied MultiPLIER, a transfer learning approach trained on the recount2 dataset, an independent
dataset comprising thousands of gene expression experiments. This analysis quantified the expression
of 962 latent variables (LVs) in all 77 samples using their gene expression data (Figure 1B, Figure S1,
Table S1). We anticipated that as long as technical confounders in our dataset were independent of
the technical confounders in the recount2 dataset, we would be able to find some latent variables that
were independent of batch effects. We observed that expression of the latent variables was uniformly
distributed across the four tumor types (Figure 1B). Furthermore, principal components analysis
suggested that this method reduced the size of the previously observed batch effects (Figure 1A,C) as
the within-cluster distances were significantly reduced (Figure S3, p-value = 2.1 × 10−182, Wilcoxon test).

We then sought to identify which LVs characterize the differences between individual tumors. To
find these, we examined the LVs with the 5% largest standard deviation across all LVs. Many of the
resulting latent variables (Figure 1D) were found to be associated with known biological mechanisms
including metabolic, immune, and transcription-related signatures. However, this analysis did not
explore the association between tumor types and latent variables. Therefore, we performed additional
analyses to (1) identify the gene expression features that best define each tumor type and (2) elucidate
the biological mechanisms underlying the most important latent variables.

3.2. Ensemble of Random Forests Identified Latent Variables That Robustly Describe Individual Tumor Types

To identify these expression features, we used random forest models, an approach that is known
for its ability to characterize complex decision spaces better than basic clustering approaches [28].
Random forests achieve this by building decision trees that account for both the values of the features
and conditional logic at each “branch” of the tree. Although random forest models are generally used
to classify samples, in this study we leveraged the capacity of random forest models to identify features
in the data that provide meaningful information. Therefore, in this study, our focus was to identify
important features rather than building the most accurate classifier.

We generated a random forest using NF-specific latent variable scores (Table S1) as described in
the Materials and Methods section and depicted in Figure S2. Given the limited number of samples in
our dataset, particularly for some tumor types, we anticipated high variability in the performance
of our supervised learning model. To obtain a distribution of model performance, we generated 500
training sets (using stratified sampling from the full dataset without replacement), each training their
own random forest. We used the distribution of model accuracy measurements and feature importance
scores from these forests to estimate overall model performance and feature importance (Figure 2A).
We then compared the class-specific accuracy measurements (median accuracy scores: cNF = 0.97,
MPNST = 0.67, NF = 0.67, pNF = 0.57) (Figure 2A) to those from forests built with only the top 40
LVs from each class (a total of 98 LVs) from the first forest ensemble. Using the top 40 set of LVs, we
were able to improve model performance for each tumor type on an independent test set (median
accuracy scores: cNF = 1.00, MPNST = 0.86, NF = 0.86, pNF = 0.75) (Figure 2B). For each tumor type,
reducing the feature set to these 98 LVs significantly improved the median accuracy scores for the
models (Mood’s median test p-values: cNF < 2.2 × 10−16, MPNST = 3.789 × 10−11, NF = 7.297 × 10−09,
pNF < 2.2 × 10−16). This suggested that the 98 selected LVs with high importance scores for each tumor
type were sufficient for characterizing the specific tumor types (Figure 2C).
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Figure 2. An ensemble of random forests selected the most important latent variables for classifying
different tumor types in NF1. (A) Density plot showing the distribution of F1 scores of 500 iterations of
independent random forest models using all latent variables. (B) Density plot showing the distribution
of F1 scores of 500 iterations of independent random forest models trained using only the top 40 features
with high importance scores for each class obtained from models included in (A). (C) Ridgeplots of top
20 latent variables selected by the random forest for each tumor type and their importance scores for
each class that were selected for later analyses.

3.3. Selected Latent Variables Represented Distinct Biology of Nerve Sheath Tumor Types

To further probe the biology underpinning the distinction between NF1 tumor types, we focused
on the 98 latent variables selected by the ensemble of random forests, depicted in Figure 3 and listed
in Table S2. We evaluated the tumor-wise LV expression as well as the contributing genes (loadings)
for each LV. For example, some latent variables that were selected by the random forest as relevant
to predict all four tumor types (Figure 3A) showed differences in expression between various tumor
types (dot plots in Figure 3Biii,Ciii), whereas others were less distinct (Figure 3Bi,Ci). By investigating
the loadings of each LV, we tried to map them to known biological pathways. For each LV, the
loadings of the constituent genes denoted the contribution of that gene to the particular LV. These
gene lists associated with the selected LVs can be used to find testable candidates for each tumor type
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for downstream analysis. For example, one of the four latent variables predictive of all four tumor
types was enriched in genes associated with neuronal signaling (Figure 3Bii), suggesting that this
measurement is required for the model to distinguish various tumors as the presence of neuronal tissue
likely varies across tumor types. Other functionally enriched latent variables, such as those depicted in
Figure 3Bi,iii, implicate other biological pathways in tumor growth. However, many of the selected
latent variables still remain uncharacterized (few examples shown in Figure 3Ci–iii).

Figure 3. Selected latent variables (LVs) represented gene combinations unique to each tumor type.
(A) Venn diagram showing the distribution of the top 40 LVs from each tumor type. (B,C) Total
values of the LVs as measured by multiPLIER across samples are represented in the dot-plots, where
color of the dots represents the tumor type (“Class” label colors described in the lower left). Loading
values for the top 10 genes for each LV are represented in bar-plots below. The higher the loading, the
greater impact that the gene expression had on the total multiPLIER value. (B,i–iii) Genes constituting
the latent variables associated with known cell signaling pathways. (C,i–iii) Genes constituting the
uncharacterized latent variables.

3.4. LV Scores May Be Attributed to Specific Gene Variants for Specific Tumor Types

To characterize the 73 LVs with no associated pathway information, we focused on the 40 samples
from our dataset (Table 3) that had matched gene variant data (WGS or exome-Seq) to assess if there
were any genes that, when mutated, caused a significant change in LV expression. The results of this
calculation are found in Table S2.

We identified 22 latent variables that were significantly (Benjamini–Hochberg adjusted p < 0.01)
associated with single gene variants (Table S3). These latent variables, along with the genes whose
variants are associated with altered expression, are depicted in Figure 4A. This approach failed to
identify any genes that were mutated across multiple tumor types. In the list of genes in which variants
were associated with changes in latent variable expression, we identified nine genes with variants in
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cNFs and two genes with variants in one neurofibroma sample. An example of how these variants
are associated with the expression of a latent variable is depicted in Figure 4B. Mutations in the nine
cNF-variant genes are associated with lower expression of LV 851. Because most of these variants
occur in cNF samples but not in the other tumor types, it is not surprising that this latent variable is
down-regulated across all cNFs (Figure 4C). Figure 4D shows that the MAP1B gene, which has been
reported to play a role in glioblastoma [51] but has not been studied in NF1-linked tumors, is a major
contributor towards this LV.

Figure 4. Some genes significantly distinguished expression of latent variables. (A) Latent variables
(y-axis) whose values are significantly altered by mutations in specific genes. (B) MultiPLIER value of
LV 851 across tumor samples. (C) MultiPLIER value of LV 851 across all samples. (D) Loading values
of the top 20 genes that comprise LV 851.

3.5. Selected Latent Variables Represented Specific Immune Cell Types in the Tumor Microenvironment

Given the limited representation of different NF1 tumor types in our genomic variant dataset,
we used alternate gene expression metrics to assess the biological underpinnings of the 73
uncharacterized latent variables. We performed tumor immune cell deconvolution analysis [29–31] to
identify potential immune infiltration signatures present in the individual tumors using CIBERSORT
and MCP-counter (Table S4). Specifically, CIBERSORT deconvolution indicated the presence of
activated mast cells and M2 macrophages in all tumor types (Figure 5A). The analysis further suggested
that all of the tumors have a population of resting CD4+ memory T cells. The results from MCP-counter,
depicted in Figure 5B, show a complementary view of the tumor cell types due to the slightly different
categorization of cell types. Specifically, we found the presence of cancer-associated fibroblasts across
all tumors that were not captured in CIBERSORT.

We then used the immune scores from CIBERSORT and MCP-counter to probe some of the latent
variables selected by the random forest model to better understand their role in NF1 tumor biology.
We first searched for tumor deconvolution scores that were correlated with latent variable expression
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across all tumors. Figure 5C,E show specific LVs where the immune scores of the samples highly
correlated with a predicted immune cell type. LV 546, for example (Figure 5C), was found to have
a high correlation of activated mast cells in cNF samples. Figure 5E shows that LV 540 has immune
scores strongly correlated with T cells in all NF1 tumor types. Complete results of immune scores
across all tumors can be found in Table S4. Together, these results suggest that the selected LVs capture
signatures from the tumor microenvironment in NF1 samples.

 
Figure 5. Various immune cell signatures correlated to specific LVs that differentiate tumor types
in NF1. (A) CIBERSORT deconvolution of bulk nerve sheath tumor expression data predicted the
presence of activated mast cells and M2 macrophages and resting CD4+ memory T cells in all of the
tested tumor types. (B) MCP-counter based deconvolution of bulk nerve sheath tumor expression data
predicted the presence of cancer-associated fibroblasts across all tumor types, and diversity in T cell
population across tumor types. (C) Correlation of CIBERSORT immune score (x-axis) with expression
of latent variable 546 highlighted the increased presence of activated mast cells and resting dendritic
cells in cNFs (circles). (D) Top 20 gene loadings of LV 546. (E) Correlation of MCP-counter score of Tell
infiltration (x-axis) with LV 540. (F) Top 20 gene loadings of LV 540.

3.6. Selected Latent Variables Captured Protein Regulatory Networks in NF1 Tumors

Of the 98 latent variables selected by the random forest, 55 could not be characterized via
enrichment of the gene loadings (Figure 3), mutational patterns (Figure 4), or immune subtypes
(Figure 5). To characterize them, we applied the metaVIPER algorithm [32] to identify specific protein
activity measurements that correlated with latent variable expression. This algorithm leverages
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previously published regulatory network information [52] to infer protein activity in each sample to
assign numerical scores of activity across 6168 proteins for each of the 77 samples (Table S5). We then
measured the correlation of these scores and latent variable scores (Table S6, Figure 6A) to identify
functional aspects of the latent variables.

Figure 6. Integration of protein activity information with LVs can identify candidate drug targets for
different NF1 tumor types. (A) A heatmap of correlation scores of known proteins with regulatory
networks (or regulons) that are represented in the characterized and uncharacterized LVs selected above.
The green bar across the top depicts how many protein activity scores had a Spearman correlation
greater than 0.65. (B) Clustering of the LV-correlated VIPER proteins highlighted five clusters of
latent variables with similar VIPER protein predictions, suggesting that these five clusters may have
functional overlap. (C) Mean LV expression within the clusters highlighted differential expression
within the clusters across tumor types. Tumor type is indicated by colors on the right. (D) Drug set
enrichment analysis of the average VIPER protein correlation of cluster 2 identified some drugs and
preclinical molecules that are enriched with targets in this cluster.

As seen in previous work [43], we observed that multiple latent variables exhibit similar correlation
patterns with active proteins (Figure 6A). We clustered the correlation scores to see if we could group
the latent variables with similar protein activity predictions (Figure 6B). In clustering the latent

96



Genes 2020, 11, 226

variable–protein activity scores, we observed five distinct clusters of latent variables with similar
predicted protein activities (Figure 6B). Aggregation of each cluster of latent variables (mean expression
within each cluster) demonstrated that these functional clusters were differentially expressed in the
different NF1 tumor types (Figure 6C).

We then assessed the druggability of each of these five clusters by taking the average correlation of
each protein within the cluster and performing gene set enrichment analysis against a database of small
molecules with known biological targets [49]. This enabled the identification of drugs and drug-like
compounds that are significantly enriched for targets in each cluster (Table S7). For example, cluster 2,
which is expressed in pNF, NF, and MPNST more than it is expressed in cNF, has correlated VIPER
proteins that are enriched for both clinically approved drugs (dovitinib) and drug-like small molecules
(Figure 6D). Furthermore, we found that cluster 3 was enriched for compounds that affect cell cycle
progression (e.g., dinaciclib, abemaciclib), whereas clusters 1 and 5 were enriched for compounds such
as CUDC-101 (7-[4-(3-ethynylanilino)-7-methoxyquinazolin-6-yl]oxy-N-hydroxyheptanamide) and
analogs that inhibit histone deacetylases (Figure S4).

4. Discussion

NF1 is the most common of all neurofibromatosis syndromes and is caused by the loss of function
of NF1 gene (a known tumor suppressor) due to mutation or deletion. However, NF1 patients show a
great deal of phenotypic heterogeneity [1]. Identification of candidate cellular signaling pathways
that differentiate between various tumor types is key for understanding the biology underlying such
phenotypic diversity, as well as predicting progression of tumor types towards malignancy. In this
study, we integrated various in silico resources and analytical techniques to identify candidate genes or
pathways unique to different tumor types in an attempt to generate testable hypotheses. By capturing
complex gene expression patterns using latent variables (LVs), we identified combinations of LVs that
were important to classify tumor types. An ensemble of random forests was then used to select 98
latent variables that were important and sufficient for identifying and classifying the various tumor
types with reasonably high accuracy (Figure 2). The selected LVs were then subjected to downstream
analyses using different data modalities to gain insight into the composition and relevance of the
LVs in the context of NF1 (Figures 3–6). The selected latent variables that correlated with known
pathways using tumor deconvolution methods confirmed the presence of previously described tumor
microenvironment components. Investigation into previously uncharacterized LVs in the context of
NF1 suggested the presence of (a) candidate genes for targeted experiments, (b) previously known
as well as unknown tumor microenvironment components, and (c) candidate tissue-specific protein
regulatory networks for future drug screening experiments.

To interpret the results of these analyses, we first evaluated the gene loadings of the latent variables
that were associated with one or more tumor types. We found that two of the top LVs with lower
expression in cNF but higher expression in other tumor types, LV 384 and LV 624 (Figures 3C and
6), had ties to known Schwann cells and NF1 tumor biology, as well as presence of immune cells
in the tumor microenvironment. Specifically, the EGR2 gene, one of the major components of LV
384, has been implicated in diseases associated with the myelin sheath such as Charcot–Marie–Tooth
Disease (another disease of the Schwann cell) and is thought to play a role in pathways associated
with myelination [53,54]. Indeed, clinical case studies of patients with concurrent NF1-induced
tumors and Charcot–Marie–Tooth disease have been reported in the literature, suggesting a possible
overlap in underlying biology [55–57]. Although the role of EGR2 in Schwann cell differentiation
is still under active investigation [58], EGR2-driven pathways have been found to be significantly
downregulated in Lats1/2-deficient Schwann cell-based MPNST models [59]. Similarly, the SOCS6
gene, the top component of LV 624, is known to be directly involved in immune signaling via repression
of cytokines [60] and has also been found to be a selective tumor suppressor [61]. Its upregulation in
the more malignant NF tumors (Figure 3C) suggests that this gene plays a distinct role in NF-related
tumors. Additionally, the RUNX2 gene (a major component of LV 624), has been shown to drive
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neurofibromagenesis by repression of the PMP22 gene encoded myelin protein (a Schwann cell
component) [62]. The enrichment of such genes in the selected LVs that differentiate nerve sheath
tumors from cNFs showcase the importance of Schwann cell biology in these tumors and serves as a
proof of principle for our analyses. Furthermore, EGR2 expression in immune cells has been shown
to be important for activation of M1/M2 macrophages [63] as well as regulation of CD4+ T cells [64].
As discussed later in greater detail, our downstream analysis, using all the selected LVs and tumor
deconvolution techniques, identified the enrichment of M2 macrophage and CD4+ T cell markers as
tumor microenvironment components in our samples (Figure 5A).

Alternatively, we also evaluated LVs that are uniquely associated with specific tumor types. For
example, LV 24 was found to be an important feature for classifying MPNST tumor samples but not
the other benign tumor samples (Figure 3Biii). LV 24 was found to be significantly associated with
the ΔNp63 pathway (FDR < 0.05), a pathway with implications in determining malignancy and poor
survival in various subtypes of pancreatic and squamous cell carcinomas [65]. ΔNp63 signaling in the
central nervous system is believed to play a role in neural precursor cell survival and neural stem cell
dynamics [66,67], but its role in formation or maintenance of malignant NF1 tumors such as MPNSTs is
relatively unexplored. Overall, the evidence surrounding EGR2, SOCS6, RUNX2, and ΔNp63 pathway
suggest that LV 384, LV 624, and LV 24 may be promising candidates for experimental follow-up.

Beyond looking at individual genes that comprise the latent variables, we employed orthogonal
algorithms that measured tumor immune activity and regulatory protein activity to identify
specific signatures represented by the latent variables. Tumor deconvolution methods (CIBERSORT,
MCP-counter) confirmed previously described observations such as the presence of mast cells in NF1
model systems and patient tumors [68–74]. They also suggested the presence of T cells in human
tumor samples. This has previously been described in mouse models of NF1 tumors [75]. In humans,
systemic T cell burden has been found to correlate with NF1 nerve sheath tumor progression; T cell
presence has also been observed in NF1 gliomas [10,76].

Through the metaVIPER protein regulatory activity predictions, we were able to identify putative
therapeutic candidates for further evaluation. Specifically, we found two clusters of latent variables
expressed in NF, pNF, and MPNST that had regulatory proteins enriched in targets of dovitinib and
drug-like small molecules that inhibit receptor tyrosine kinases, as well as cyclin-dependent kinase
(CDK) inhibitors such as abemaciclib or dinaciclib. These findings are consistent with previous studies
that identify CDK inhibitors as useful in models of NF1-deficient or RAS-dysregulated tumors [77–80].
Because latent variables that are correlated with histone deacetylases (HDACs) were found to be
expressed most highly in cNFs (cluster 5, Figure 6C, Figure S4C) and MPNSTs (cluster 1, Figures
4A and 6C), compounds such as CUDC-101 and analogs could be potential candidates for treating
cNF and MPNST. Indeed, HDAC inhibitors were previously found to be efficacious in in-vitro and
in-vivo models of MPNSTs [77,81]. Thus, our results further suggest that this therapeutic approach
might be feasible in both MPNSTs and cNFs. Drugs found in other clusters such as dovitinib and
lestaurinib in cluster 2, which is expressed most in MPNSTs, pNFs, and NFs (Figure 6C,D), may also
merit further study.

Although the present in-silico study brings forth various candidate genes and pathways for further
follow up, it also presents a few limitations that could be mitigated with future studies, particularly for
tumor types with limited samples such as MPNSTs and neurofibromas. Most notably, analyzing genetic
variants across tumor types failed to identify relevant variant signatures (Figure 4). This highlights the
challenges in variant analyses using samples with limited class representation and motivates our focus
on transcriptional signatures. Additional genomic and transcriptomic data from the same biobanks or
additional tumor datasets will improve our ability to identify recurrent genetic markers of tumor type.
Furthermore, additional data from tumor-adjacent normal tissue would greatly add value to additional
analyses on the basis of differential gene expression. Such differential expression analyses were not
possible within the scope of this work since these data are not currently available. Additionally, future
studies comparing genomic signatures identified here to other publicly available tumor expression
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and variant data (e.g., the Cancer Genome Atlas or the International Cancer Genome Consortium [19])
may identify genomic similarities between peripheral nerve sheath tumors and other tumors.

5. Conclusions

In conclusion, this work proposed a short list of testable hypotheses involving specific biological
signatures for NF1-deficient nerve sheath tumors. Verification of these mechanisms in in-vitro
and in-vivo models of nerve sheath tumors as well as human NF1 nerve sheath tumor tissue
needs active and extensive experimental work. Although we analyzed tumor datasets from four
different studies, the addition of other neurofibromatosis-driven tumor datasets will greatly aid
identification of commonalities or critical differences to inform therapeutic decisions across the family
of neurofibromatoses. This study, together with future work, may guide the repositioning of clinically
approved drugs in the context of NF1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/2/226/s1.
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the generation of the ensemble of random forests. (A) Stratified split of original dataset into “model” set and
“independent test” set. (B) Generation of first ensemble of random forests using training set and test set generated
from the “model” set for all 962 latent variables. (i) Example density plot showing distribution of model accuracy
(F1) scores for each class. (ii) Example plot showing distribution of feature importance scores from the 500 random
forests. (C) Generation of the second ensemble of random forests using restricted feature set of only 98 latent
variables. The newly generated models were tested on the “independent test” set. (i) Example plot showing
the distribution of model accuracy scores from the second ensemble of random forests. Figure S3: A boxplot
representing the decrease in pairwise distances between all tumor samples of the same tumor type from Figure 1A
(green, based on gene clustering) to 1C (orange, based on LV clustering). Figure S4: Small molecule-target
networks showed enrichment of LV-dependent target classes. (A) Cluster 1 of LV-correlated VIPER proteins was
enriched for HDAC inhibitors. (B) Cluster 3 of LV-correlated VIPER proteins was enriched for kinase inhibitors,
particularly inhibitors of kinases responsible for cell cycle progression (CDKs). (C) Cluster 5 of LV-correlated
VIPER proteins was enriched for HDAC inhibitors. Table S1: Pan-NF1 MultiPLIER results across RNA-seq data
for 77 nerve sheath tumors. Table S2: Significance of latent variable status being correlated with gene mutation
status. Table S3: Summary of latent variables selected by random forest model and their correlated genes and
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Abstract: Malignant peripheral nerve sheath tumors (MPNST) are rare, aggressive soft tissue
sarcomas that occur with significantly increased incidence in people with the neuro-genetic syndrome
neurofibromatosis type I (NF1). These complex karyotype sarcomas are often difficult to resect
completely due to the involvement of neurovascular bundles, and are relatively chemotherapy-
and radiation-insensitive. The lifetime risk of developing MPNST in the NF1 population has led
to great efforts to characterize the genetic changes that drive the development of these tumors and
identify mutations that may be used for diagnostic or therapeutic purposes. Advancements in genetic
sequencing and genomic technologies have greatly enhanced researchers’ abilities to broadly and
deeply investigate aberrations in human MPNST genomes. Here, we review genetic sequencing
efforts in human MPNST samples over the past three decades. Particularly for NF1-associated MPNST,
these overall sequencing efforts have converged on a set of four common genetic changes that occur
in most MPNST, including mutations in neurofibromin 1 (NF1), CDKN2A, TP53, and members of
the polycomb repressor complex 2 (PRC2). However, broader genomic studies have also identified
recurrent but less prevalent genetic variants in human MPNST that also contribute to the molecular
landscape of MPNST and may inform further research. Future studies to further define the molecular
landscape of human MPNST should focus on collaborative efforts across multiple institutions in order
to maximize information gathered from large numbers of well-annotated MPNST patient samples,
both in the NF1 and the sporadic MPNST populations.

Keywords: MPNST; NF1; genomics

1. Clinical Overview of MPNST

MPNST are aggressive soft tissue sarcomas originating from Schwann cells in the peripheral
nervous system [1,2]. Half of MPNST occur in patients with the cancer predisposition syndrome NF1,
caused by germline loss of function (LOF) of one copy of the tumor suppressor gene NF1. In patients
with NF1, most MPNST arise from within plexiform neurofibromas (pNF), which are pre-malignant
tumors of the peripheral nerve [3–5]. pNF can, themselves, be a major source of disfigurement or
dysfunction. MPNST can also occur sporadically or following radiation treatment in the general
population, although the incidence of the latter is substantially lower. MPNST carry a high risk of
sarcoma-specific death; in the absence of complete surgical resection with wide negative margins,
the five-year event-free survival is ~30% [6,7]. Conventional chemotherapy and radiation often do not
improve patient outcomes [8].
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Genes 2020, 11, 691

2. Germline Loss of NF1: Correlations with NF1 Phenotype

NF1 is one of the most common monogenic inherited syndromes with an incidence of
approximately 1:3000 live births [9]. This neurocutaneous syndrome is characterized by several hallmark
skin findings (café au lait macules, axillary freckling, cutaneous neurofibromas), may involve additional
organ systems (including CNS, musculoskeletal, and vascular manifestations) [10], and predisposes
patients to an increased risk of malignancy, with an estimated lifetime cancer risk ~60% [11]. One of
the hallmark lesions in NF1 patients is the pNF, a complex lesion that grows along major nerve
bundles. While benign, pNF can result in significant anatomic, functional, cosmetic, and psychological
effects [12]. In patients with NF1, MPNST may arise within existing pNF and are often accompanied
by rapid growth, increased pain, or other nervous system deficits. Studies correlating the pathologic
changes and genetic alterations in the peripheral nerves of NF1 patients or model organisms, along the
spectrum from healthy to pNF to atypical neurofibroma (ANF) to MPNST, have aided in understanding
the roles of specific genetic mutations in MPNST tumorigenesis [13].

NF1 syndrome is characterized by a wide variation in phenotypic expression which partially
reflects the large number of mutations in the NF1 gene that have been identified in people with the
condition [14–16]. The NF1 gene was originally cloned nearly three decades ago [17]. It is a large
gene, approximately 350 kb in length, located on human chromosome 17q11.2. There may be multiple
splice variants [18] but the primary gene product codes for the NF1 protein of 2818 amino acids,
which acts as a GTPase-activating protein (GAP) for RAS oncogenes [19–22]. Loss of NF1, therefore,
leads to constitutive activation of RAS signaling [23,24] (Figure 1), likely accounting for the pro-tumor
phenotype observed in patients with NF1 [25].

Historically, the diagnosis of neurofibromatosis was based on clinical symptoms and physical
findings, without a requirement for clinical genetic testing [26]. With the advances in detailed
sequencing efforts, however, disruption of a copy of NF1 in the germline may be identified in the
majority of patients with NF1 [27]. Mutational analysis demonstrates a very high rate of mutations
occurring in NF1, as evidenced by the fact that approximately 50% of cases of NF1 appear to be
de novo. To date, hundreds of mutations associated with the syndrome have been characterized [9,14].
Identification of the specific LOF mutation in patients can be helpful for testing family members,
particularly offspring of those affected, and for counseling patients about syndrome-specific risks.

Genotype–phenotype correlations associated with specific germline NF1 alterations have been
observed in a limited number of cases. Two examples are associated with limited risk for MPNST. A small
in-frame deletion (c.2970_2972del(p.Met992del)) leading to loss of a methionine in the cysteine-serine
rich domain (CSRD) of NF1 is associated with suppression of cutaneous neurofibroma (cNF) and
clinically apparent pNF formation, though these individuals have an increased risk for learning
disabilities (48%) and brain tumors (~5%) [28,29]. Several missense mutations affecting arginine 1809
(e.g., p.Arg1809Cys) have also been characterized in multiple unrelated families. These patients have a
high prevalence of developmental delay and learning disabilities as well as short stature and pulmonic
stenosis, but few cutaneous or plexiform neurofibromas, and low risk of malignancy [30].

By contrast, two other NF1 genotypes have been strongly associated with a higher risk of MPNST.
Microdeletion of a 1.4 Mbp segment of chromosome 17 due to homologous recombination within
duplication regions of the chromosome leads to deletion of 14 functional genes [31,32]. Individuals
with the microdeletion syndrome (approximately 5% of NF1 cases) tend to present with a more
severe NF1 phenotype [33], including dysmorphic features, developmental delay, intellectual disability,
increased number of neurofibromas, and a two-fold higher lifetime risk for MPNST (16–26%, compared
to approximately 8–13% risk in the general NF1 population) [34,35]. Missense mutations in NF1
protein codons 844–848 (including Leu844, Cys845, Ala846, Leu847, and Gly848; located in the CSRD)
occur in ~0.8% of studied NF1 cases and are also reported as a risk factor for severe phenotypic
presentation. These patients have higher numbers of clinically apparent major pNF, symptomatic
spinal neurofibromas, optic pathway gliomas, and skeletal abnormalities, and up to 10% develop
malignancy, including MPNST [36].
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Figure 1. Signaling pathways altered due to genetic changes observed in malignant peripheral nerve
sheath tumors (MPNST). The most common alterations in MPNST are loss of function of multiple tumor
suppressors including NF1, p16/CDKN2A, TP53, and SUZ12/EED. Loss of NF1, as well as epigenetic
changes due to loss of PRC2 components, leads to increased signaling through the RAS/RAF/MEK
and PI3K/AKT pathways. Additional molecular events observed in subsets of MPNST include
mutations in BRAF, amplification of EGFR or MET receptor tyrosine kinases (RTKs), and changes to
chromatin structure through mutations in alpha thalassemia/mental retardation syndrome X (ATRX) and
other epigenetic modifiers. EGF/EGFR = epidermal growth factor/receptor; PDGF/PDGFR = platelet
derived growth factor/receptor; HGF = hepatocyte growth factor; ERK = extracellular signal
regulated kinase; CDK = cyclin dependent kinase; RB = retinoblastoma; TF = transcription factor;
ER = endoplasmic reticulum.

3. Sequencing Efforts in Human MPNST Samples: Improvements in Technology with Variability
in Study Design

A collated summary of human MPNST sequencing efforts over the past two decades is shown
in Table 1. MPNST have complex karyotypes with multiple chromosomal losses and gains and
structural anomalies; a single recurrent translocation for diagnostic purposes has not been defined
for MPNST as it has for some other mesenchymal tumors [37]. Expanded knowledge of MPNST
gene alterations originated in the era of targeted gene evaluation using sequencing specific to the
NF1 locus or a small number of related genes. More recent studies have employed whole exome,
whole genome, or targeted next-generation sequencing (NGS) on discovery cohorts for MPNST,
with follow up studies performed by targeted gene sequencing in validation cohorts. Whole exome
sequencing (WES) efforts have also been performed on patient tumors with paired neurofibroma or
blood samples in a minority of cases. Individual studies vary with respect to how much additional
clinical information is available (e.g., clinical background, treatment effect, comparison to neurofibroma
or blood leukocytes). Some studies include sporadic and radiation-associated cases, while others
focus purely on NF1-associated MPNST. In addition, in several studies multiple MPNST samples are
derived from the same patient or fragments of the same tumor. These differences in study design,
sample collection and annotation, and data analysis likely account for some of the differences and
depth of discovery in genomic alterations across the literature. Taken together, however, a clear
picture emerges of several characteristic alterations (i.e., CDKN2A, genes encoding PRC2 components)
involved in evolution of benign nerve sheath tumor to MPNST. Less frequent alterations (i.e., BRAF,
MET) identified in smaller subsets also merit additional attention in follow up evaluations, particularly
as new diagnostic and treatment strategies for these tumors are being developed.
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4. Somatic NF1 Mutations in Tumors Including MPNST

Consistent with its role as a classical tumor suppressor gene, loss of heterozygosity (LOH) or
“second-hit” somatic mutations in the inherited wild-type NF1 allele have been detected in a variety of
tumors in patients with NF1, including pheochromocytomas [50], breast cancer [51], and hematologic
malignancies [52]. Somatic LOH analysis using PCR markers performed on the NF1 locus in dermal
neurofibromas identified deletions in a subset of tumors in several early studies [53,54]; those cases
known to be familial were analyzed further and shown to have deletions in the non-germline allele,
demonstrating that somatic inactivation of NF1 occurs in these benign lesions. Several studies have
compared germline and somatic NF1 mutations in MPNST. In a single study which investigated
34 MPNST from 27 NF1 patients, germline mutations were identified by lymphocyte DNA in
22 cases—these included one large 1.4 Mbp genomic deletion, one two-exon deletion, and smaller
mutations (missense, nonsense, frameshift, and splicing anomalies) in the remainder [55]. In the same
cohort, somatic NF1 mutations were identified in 31 out of 34 MPNST samples—of these, 28 (91% tumors)
were large genomic deletions that partially or entirely deleted the NF1 gene. The authors speculate
that in some cases somatic NF1 mutations arise upon aberrant intrachromosomal recombination of the
NF1 gene during mitosis. Similarly, another report screened 47 MPNST from patients with or without
NF1 syndrome (n = 25 and 22 cases, respectively). Of the somatic NF1 mutations identified (n = 10/25
NF1-associated and 9/22 sporadic), approximately 55–60% involved large genomic copy number
changes (i.e., deletions) in both NF1 and sporadic MPNST [32]. By contrast, in MPNST analyzed
from NF1 patients with the 1.4 Mbp germline NF1 microdeletion, the NF1 somatic hit is typically a
small (e.g., missense) mutation [31]. Interestingly, in a single patient with clinical NF1 syndrome who
developed asynchronous cNF, a primary breast tumor, and later gluteal MPNST, WES revealed three
distinct NF1 somatic mutations compared to the germline mutation noted in the blood [51].

5. Acquired Mutations during Transformation from pNF

5.1. Loss of CDKN2A/B: Correlations with the pNF to ANF Transition

NF1 LOH is considered to be an initiating event in pNF formation as confirmed in several
animal models [56]. Several additional mutations are necessary for malignant transformation.
ANF (now re-classified as atypical neurofibromatous neoplasms of uncertain biological potential,
ANNUBP) are precursor lesions to NF1-associated MPNST, representing an intermediate step from
the malignant transformation of pNF into MPNST [57–59]. Alterations to chromosome 9q have
been observed in a high proportion of ANF and MPNST [48,60]; one study noted deletion at 9p21.3,
identified in 94% (15/16) of ANF and in 70% (16/23) of high-grade MPNST but not in pNF [57].
This locus encompasses several candidate tumor suppressors, including CDKN2A/B. CDKN2A encodes
two gene products each the result of differential splicing: p16ink4a (a negative regulator of CDK4
and CDK6 cyclin dependent kinases) and p19Arf, a negative regulator of the TP53 E3 ligase MDM2.
Several early studies on human NF1-associated MPNST specimens identified deletions within the
short arm of chromosome 9, in the region of CDKN2A, as well as low expression of p19, while these
were not detected in neurofibroma samples [61,62]. A more recent study identified frequent somatic
deletions of CDKN2A/B (69%) and SMARCA2 (42%), apart from recurrent NF1 somatic mutations (81%),
in 16 ANF [48]. These studies indicate that CDKN2A/B deletion is the first step in the progression of
pNF toward ANF and eventually MPNST.
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5.2. LOH and Mutation in the Tumor Suppressor TP53: Not Universal in Human MPNST

Copy number variation and mutations in the tumor suppressor gene TP53 have been identified
in some cases of NF1-associated MPNST. Early studies on small subsets of NF1-associated
neurofibrosarcomas identified deletions on chromosome 17 outside of the NF1 locus [63,64],
which included the coding region for TP53. Screening for TP53 inactivation in a panel of 20 MPNST
identified LOH in over half of the tumors tested [55]. The first genetically-engineered mouse (GEM)
model for MPNST made use of LOH of both NF1 and TP53 from mouse chromosome 11 as the tumor
initiating event [65]. Numerous subsequent studies have focused on identifying the true incidence of
TP53 mutation in human MPNST; from compiled data on 25 studies including 114 MPNST (both NF1-
associated and sporadic), TP53 mutations were observed in 14% of MPNST, with LOH in 39% of cases
(Table 1) [39]. WES of NF1 tumor samples from a single patient with pNF, MPNST, and metastatic
sites also identified loss of one copy of TP53 in the MPNST and metastatic lesion, but not the primary
pNF [66]. Genetic changes in TP53 are thus present in some MPNST but not necessary for all cases of
pNF malignant transformation.

5.3. Loss of PRC2 or H3K27me3: Recurrently and Specifically Occurs in MPNST

Components of the epigenetic regulatory PRC2are recurrently and specifically inactivated in
MPNST (Table 1). Chi and colleagues identified genomic alterations in EED (37%, or 19/52) and SUZ12
(48% or 25/52) in MPNST, alongside frequent somatic alterations in CDKN2A (81%, 42/52) and NF1
(87%, 45/52) [43]. Bettegowda and colleagues simultaneously reported PRC2 loss via EED (2%, 1/50)
and SUZ12 (32%, 16/50) mutations in 50 MPNST [42]. De Raedt et al. similarly reported alterations
in EED in 29% (15/51) and SUZ12 in 63% (32/51) of NF1-associated MPNST [41]. PRC2-component
loss in MPNST is associated with complete loss of histone H3 trimethylation at lysine 27 (H3K27me3)
and increased level of H3K27 acetylation (H3K27Ac), which can serve as biomarkers to improve
upon the accuracy of the diagnosis of MPNST [41,43]. SUZ12 loss potentiates the effects of NF1
loss by amplifying RAS-driven transcription through effects on chromatin that triggers an epigenetic
switch [41]. Further detail on the role and function of PRC2 elements in MPNST is found in the
review article by Zhang et al. dedicated to this topic, also included in this Special Issue on Genomics
and Models of Nerve Sheath Tumors [67]. Collectively, the highly recurrent and specific inactivation
of PRC2 components, NF1, and CDKN2A/B posits their critical and potentially cooperative roles in
MPNST pathogenesis.

6. Less Common Recurrent Variants Identified with Modern Sequencing Investigations
of MPNST

MPNST demonstrate complex genomic imbalances and chromosomal aberrations [58,59].
In addition to the common deletions of tumor suppressor genes NF1, CDKN2A, TP53 and LOF
in the PRC2 genes EED and SUZ12, several other recurrent genomic events have been identified in
NF1-associated and sporadic MPNST. Significant findings from these studies are highlighted in Table 2
and described below.
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6.1. BRAF Mutation: An Alternate Mechanism for Activation of RAS Signaling

In addition to loss of NF1 and PRC2function, BRAF mutations are reported as an alternate
mechanism for aberrant activation of RAS signaling in MPNST, albeit at a lower frequency (ranging
from 0–9.7%) [32,47,69,78,79], and occurring more commonly in sporadic than NF1-associated cases [78].
Strongly activating kinase mutations (BRAF V600E) occurred in five out of ten BRAF-mutant NF1-wild
type MPNST (n = 84; Table 2) [47]. BRAF amplification has also been described, with a frequency of
31% in another study cohort consisting of 51 MPNST [40]. Brohl et al. suggest that the relative strength
of RAS-activating mutations may determine whether BRAF and NF1 mutations (or NRAS/KRAS and
NF1) co-occur and thereby serve together to result in ERK signaling hyperactivation [45].

6.2. EGFR, MET and Other Receptor Tyrosine Kinases: Frequent Copy Number Gains in MPNST

A variety of oncogenic receptor tyrosine kinases (RTK) are frequently altered in MPNST. In MPNST,
alterations in RTK usually take the form of amplification, rather than single nucleotide variations that
result in constitutively activated kinases (Table 2). Several early aCGH studies revealed amplifications
of HGF, MET, EGFR, PDGFRA, and IGF1R in approximately 25% to 40% of analyzed MPNST [38,40].
These studies and others [71,72,80] suggest a putative role of these genes and their respective biological
pathways in the initiation and/or progression of MPNST.

Notably, HGF and its receptor MET, co-located at chromosome 7q, are highly expressed in a
relatively large panel of human MPNST samples, and increased phospho-MET expression level directly
correlates with shorter MPNST patient survival [81]. A single patient study revealed progressive
amplifications of HGF, MET and EGFR in a patient with MPNST harboring early NF1 and TP53 loss,
using longitudinal genomic analysis from pNF, to MPNST, to metastatic recurrence. These studies
further justify investigation of the role of RTK signaling, in particular HGF/MET, on the progression
of MPNST.

6.3. AURKA Amplification

Dramatic upregulation (7.9-fold) of AURKA (the gene encoding aurora kinase A) was observed
through RAS-driven transcriptome analysis on a GEM model and 14 human MPNST samples compared
with normal nerves. Further analysis using SNP-array and qPCR confirmed copy number gains in
the AURKA locus in eight out of 13 primary MPNST and five out of five MPNST cell lines but not
neurofibromas [74]. Reducing the expression and activity of Aurora kinase using shRNA knockdown
and a kinase inhibitor MLN8237, respectively, inhibits MPNST cell survival in vitro and in vivo,
and supports the role of aurora kinase as a rational therapeutic target for MPNST [82].

6.4. Tyrosine Kinase 2 Overexpression in MPNST

NGS on a set of seven NF1-associated MPNST identified a predicted pathogenic mutation in
tyrosine kinase 2 (TYK2) in two out of seven tumors [75]. TYK2 P1104A mutated tumors demonstrated
strong immunoreactivity, whereas TYK2 wild type tumors were not immunoreactive. Strong TYK2
expression as assayed by immunohistochemical staining was observed in 63% of MPNST in an
independent tissue set, while only 11% of pNF samples stained for TYK2. Ablation of TYK2 expression
in human and murine MPNST cells resulted in increased cell death in vitro and decreased tumor
growth in a murine model [83]. The example of TYK2 suggests the role that sequencing efforts can play
in development of novel markers of MPNST biology.

6.5. ATRX Mutation and Evidence for Alternative Lengthening of Telomeres

In addition to the role of PRC2 in MPNST chromatin regulation, the chromatin regulator ATRX
(Alpha Thalassemia/Mental Retardation Syndrome X) has been identified as mutated in a subset
of MPNST [75]. Loss of ATRX function is involved in alternative lengthening of telomeres (ALT),
a telomerase-independent means of telomere maintenance which prevents tumor cell senescence
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and promotes tumorigenesis. Subsequent studies on a larger subset of MPNST identified decreased
nuclear expression of ATRX and demonstrated a correlation between aberrant ATRX expression and
decreased overall survival in NF1-associated MPNST [84]. In a separate study a small subset (n = 3)
of NF1-associated MPNST that were ALT-positive were analyzed by NGS and found to have ATRX
mutations in two out of three cases [76]. While this study did not identify inferior overall survival
(OS) for ALT-positive MPNST compared to those with normal telomere length, short telomeres were
significantly correlated with improved OS.

6.6. Beyond SUZ12: Less Common Variant Mutations in Other Chromatin Modifying Genes

In addition to loss of SUZ12 and EED, several studies have demonstrated additional alterations in
PRC2 components or associated chromatin modifying genes. Sohier and colleagues detected a novel
sequence change in the histone lysine demethylase KDM2B by WES (c3376C > T) in one out of eight
human MPNST. This change is thought to potentially impact protein function; in an additional set of
14 tumors assayed by qPCR, KDM2B expression was reduced [44]. Whole genome and whole exome
sequencing on an additional subset of NF1-associated MPNST identified mutations in additional
chromatin associated genes including CHD4, AEBP2, EPC1, and EZH2, particularly in tumors with
intact SUZ12 [42].

6.7. Evidence for Alterations in the HIPPO Pathway in a Subset of MPNST and Schwann Cell Derived Tumors

Several studies have found evidence for alterations in the HIPPO–YAP pathway in MPNST.
Analysis of aCGH from 51 MPNST samples [40] revealed an increase in the copy number of HIPPO
effector gene loci, including TAZ, CTGF and BIRC5 and a loss of HIPPO inhibitory gene loci, such as
LATS2 and AMOTL2 [77]. In agreement with these findings, transcriptome sequencing of human
MPNST samples from two additional patient cohorts revealed elevated YAP-activated gene expression
in MPNST relative to normal nerves and NF1-associated neurofibromas [85,86]. Genomic alterations
in the HIPPO pathway appear to occur in additional NF1 patient tissues including somatic mutations
in seven of 33 cNF described in a recent study and as germline mutations (e.g., missense, frameshift
and occasionally insertion) in seven of nine NF1 patients from the same dataset [87]. Together these
studies validate the role of HIPPO pathway in neurofibroma biology and as a driver of MPNST
tumorigenesis [77,87].

7. Beyond Genomics: The State of Understanding MPNST Transcriptomes, Proteomes,
Epigenomes, and Metabolomes

In addition to the genomic alterations described above, these and other studies on human
MPNST have revealed downstream effects on MPNST gene product expression and signaling.
These investigations have confirmed or supplemented the genomic data by assaying downstream
pathway effects in human MPNST. Several studies have broadly analyzed gene expression in human
MPNST samples using microarray or RNAseq approaches [48,88]; these data can be examined in relation
to known genetic changes to generate additional hypotheses for effects on downstream signaling
pathways. Recent work compared gene expression in multiple functional pathways across pNF,
ANF/ANNUBP, and MPNST and found that some ANNUBP share signaling pathway characteristics
that more closely resemble pNF (e.g., ERK/MAPK) and others (e.g., AKT/mTOR) are more similar
to MPNST [88]. Phospho-proteome arrays may be used to investigate kinase signaling in relation to
various genomic alterations or therapeutic interventions in MPNST; to date this has primarily been
used in MPNST cell lines or animal models (see article by Grit et al. in this Special Issue on Genomics
and Models of Nerve Sheath Tumors) [89]. Methylation analysis on MPNST has revealed overall
decreased histone and DNA methylation [90], and has also revealed how methylation changes in
MPNST can affect expression of other tumor suppressor genes (e.g., PTEN) in MPNST [91]. Parallel
methylation analysis and proteomic analysis on a set of nine MPNST samples characterized the
relationship between PRC2 LOF on histone and DNA modification and consequent gene product
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expression. This work found that PRC2 loss was associated with increased pro-growth and immune
evasion protein expression [92]. To date global metabolomics profiling has not been reported on human
MPNST specimens; several recent efforts have examined metabolic shifts in animal models of MPNST
in response to preclinical therapeutic interventions [93–95].

8. Translating Molecular Landscape of MPNST into Improved Therapies for Patients

One overarching goal of improved molecular characterization of MPNST is to translate genomic
discoveries into improved treatments for this classically chemo-refractory tumor. As a result of
improved understanding of MPNST genomic variants, several targeted therapies have been trialed in
preclinical MPNST models. For example, the MET-specific tyrosine kinase inhibitor capmatinib has
shown promise, particularly in combination with the MEK inhibitor trametinib, in an NF1-MET driven
MPNST GEM model [70]. BRAF mutant MPNST may also respond to targeted therapy; one case
report described a dramatic response to the RAF inhibitor vemurafenib in a patient with sporadic
metastatic MPNST harboring the BRAF V600E mutation [96]. Efforts to target histone acetylation in a
preclinical MPNST model with loss of SUZ12 shrank tumors when combined with MEK inhibition [41],
while other DNA methyltransferase inhibitors appear to affect immune surveillance of MPNST [92].
It is likely that in the near future MPNST clinical trials will incorporate therapies inhibiting components
of the epigenetic machinery.

9. Conclusions

Significant research efforts over the past three decades have significantly advanced the state
of knowledge of the genetic landscape of human MPNST. Particularly in NF1-associated MPNST,
it is generally accepted that alterations in NF1, CDKN2A, TP53, and SUZ12 are involved in tumor
progression from benign to malignant tumors. However, less frequent alterations in genes with
complementary function have been described in subsets of tumors, and additional tumor-driving
mutations may be present in sporadic or recurrent/metastatic tumor samples. Future genomic studies
should aim to incorporate as many well-annotated samples as feasible and clearly report on differences
between NF1-associated and sporadic MPNST subtypes. Exciting future work will also incorporate
additional technologies to improve our understanding of the downstream consequences of genomic
alterations for MPNST biology and aid in development of improved treatments.
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Abstract: Neurofibromatosis Type 1 (NF1) is a common genetic disorder and cancer predisposition
syndrome (1:3000 births) caused by mutations in the tumor suppressor gene NF1. NF1 encodes
neurofibromin, a negative regulator of the Ras signaling pathway. Individuals with NF1 often
develop benign tumors of the peripheral nervous system (neurofibromas), originating from the
Schwann cell linage, some of which progress further to malignant peripheral nerve sheath tumors
(MPNSTs). Treatment options for neurofibromas and MPNSTs are extremely limited, relying largely
on surgical resection and cytotoxic chemotherapy. Identification of novel therapeutic targets in both
benign neurofibromas and MPNSTs is critical for improved patient outcomes and quality of life.
Recent clinical trials conducted in patients with NF1 for the treatment of symptomatic plexiform
neurofibromas using inhibitors of the mitogen-activated protein kinase (MEK) have shown very
promising results. However, MEK inhibitors do not work in all patients and have significant side
effects. In addition, preliminary evidence suggests single agent use of MEK inhibitors for MPNST
treatment will fail. Here, we describe the preclinical efforts that led to the identification of MEK
inhibitors as promising therapeutics for the treatment of NF1-related neoplasia and possible reasons
they lack single agent efficacy in the treatment of MPNSTs. In addition, we describe work to find
targets other than MEK for treatment of MPNST. These have come from studies of RAS biochemistry,
in vitro drug screening, forward genetic screens for Schwann cell tumors, and synthetic lethal screens
in cells with oncogenic RAS gene mutations. Lastly, we discuss new approaches to exploit drug
screening and synthetic lethality with NF1 loss of function mutations in human Schwann cells using
CRISPR/Cas9 technology.

Keywords: malignant peripheral nerve sheath tumors; plexiform neurofibromas; Schwann cells;
neurofibromatosis type 1 syndrome; neurofibromin 1; genetically engineered mouse models

1. Neurofibromatosis Type 1 Syndrome and Associated Peripheral Nerve Sheath Tumors

Neurofibromatosis type 1 (NF1) syndrome is a common, autosomal dominant genetic disease that
causes a predisposition to several kinds of tumors, especially a spectrum of benign and malignant
forms of peripheral nerve sheath tumors (PNSTs). Patients with NF1 have inherited one mutant copy
of the NF1 gene, encoding the Ras GTPase activating protein neurofibromin, and tumors develop
after somatic cell loss of the remaining wild type NF1 allele. Benign Schwann cell PNSTs in patients
with NF1 called plexiform neurofibromas (PNs) are common and problematic, occurring in roughly
60% of patients [1]. PNs have limited treatment options and can cause significant pain and morbidity.
These PNs are composed of a complex mixture of cell types, but the neoplastic component is derived
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from a Schwann cell lineage cell, which has undergone loss of heterozygosity (LOH) of the NF1 locus,
with retention of the mutant allele [2]. Thus, these PN cells have no functional copies of NF1 and do
not produce any functional neurofibromin protein. Other reactive cell types within the PN, several of
which are thought to help initiate and drive PN growth, include perineural and CD34+ fibroblasts,
endothelial cells, neurons, and various cells of hematopoietic origin including mast cells, macrophages,
and T cells [2–4]. PNs can affect any peripheral nerve, are thought to be congenital, and often grow
aggressively during childhood [3]. A feared complication of the PNs is malignant transformation.

A newly recognized type of tumor along the spectrum of neurofibroma to malignant peripheral
nerve sheath tumors (MPNST) is called atypical neurofibromatosis neoplasms of uncertain biological
potential (ANNUBP) [5]. ANNUBP have at least two of three features not common in PNs, including
loss of neurofibroma architecture, high cellularity, and high mitotic activity [5,6]. ANNUBPs are
very important because they may well be premalignant tumors and an important transition step to
MPNST. They often show loss of nuclear p16INK4A protein expression with variable loss of S100
and SOX10 expression, which are also common findings in MPNSTs [5]. ANNUBP have frequent
CDKN2A/CDKN2B gene copy number loss [6,7].

MPNSTs are aggressive soft tissue sarcomas thought to be derived from PN Schwann cells.
MPNSTs can occur in any nerve and do not respond to current therapies. In fact, MPNSTs are the
most common cause of death of patients with NF1 [1]. It is estimated that roughly half of all MPNST
patients have NF1, the other half of MPNSTs occur sporadically in patients without any obvious cancer
predisposition syndrome [8]. As might be expected, sporadic MPNST occurs more commonly in older
patients compared to patients with NF1 syndrome, many of whom develop MPNSTs in adolescence or
young adulthood. While disputed, some data suggests that MPNSTs developing in the context of NF1
syndrome have worse clinical outcomes [9].

2. Molecular Genetics of the NF1 Gene Product and MPNST

As mentioned above, NF1 encodes a large GTPase activating protein (GAP) called neurofibromin.
GAPs increase the intrinsic GTPase activity of small GTPases, such as the Ras superfamily of proteins.
Neurofibromin has GAP activity for several Ras proteins including HRAS, KRAS, NRAS, RRAS,
and perhaps others [10]. Patients with NF1 are heterozygous for NF1 gene mutations, but the benign
and malignant tumors that develop in these patients are caused, in part, by somatic cell loss of the
remaining wildtype NF1 allele [11]. Preclinical models suggest, many NF1-associated tumors have
increased and prolonged RAS activation and MEK/ERK signaling after stimulation [1,12]. However,
monotherapy often leads to emergence of drug resistance, and work from our lab indicates MEK
inhibition can synergize with other therapeutics, such as mTOR inhibitors [13]. It is unclear if MEK
inhibition will be useful in MPNST treatment, but preclinical data suggests that it may [12]. It is likely,
however, that other recurrent genetic changes in MPNSTs make them relatively resistant to treatment
with a MEK inhibitor alone [14–17]. Moreover, these other genetic abnormalities may be associated
with additional drug sensitivities, which might be usefully exploited along with MEK inhibition.

MPNSTs also have frequent loss of either CDKN2A or TP53 [18–20]. In addition, loss of function
mutations in the Polycomb repressive complex 2 (PRC2) component genes, such as SUZ12 or EED,
are now known to be very common in MPNSTs, occurring in ~70% of NF1-associated cases and
more than 90% of sporadic cases [21,22]. PRC2 represses many loci by causing histone H3 lysine
27 trimethylation (H3K27me3) in promoter regions [23]. Loss of H3K27me3, known to be caused
by mutations in SUZ12 or EED, is an indicator of a bad prognosis in MPNST [24]. These common
mutations in chromatin remodeling machinery provide unique avenues of therapeutic targeting. In fact,
it has been reported that SUZ12 mutant MPNSTs are sensitive to bromodomain inhibitors, such as
JQ1 [25]. To determine if such therapeutic ideas might have merit in the clinic, it is critical to ensure
that the very best model systems for MPNSTs are utilized.
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3. MPNST Model Systems

Human MPNST tumor models for testing new therapeutic ideas include genetically engineered
mouse models (GEMMs), genetically engineered zebrafish [26–29], and established human MPNST
cell lines [30]. There are two main problems with these approaches. The most often used GEMM does
not recapitulate all of the genetic features of human MPNSTs, especially NF1 syndrome-associated
MPNSTs, which likely develop from a pre-existing PN or ANNUBP. Secondly, there are relatively few
established human MPNST cell lines in common usage in the field. We believe that MPNST therapy
would benefit from development of better model systems. These should include: (1) better GEMMs,
(2) genetically engineered human cells of the correct lineage(s) for an MPNST, and (3) use of primary
human MPNSTs grown in vitro and in vivo as patient derived xenografts. Below, each of these three
types of models are described in more detail including work already done and published, current
efforts, and future innovations.

3.1. Genetically Engineered Mouse Models (GEMM)

Several GEMMs of MPNSTs have been published. While the most relevant incorporate loss of
the Nf1 gene, others have shown that Ras oncogene activation itself can cooperate with Pten loss to
induce MPNST-like tumors [31]. Others have shown that overexpression of certain growth factor
ligands or receptors in Schwann lineage cells can also induce these tumors [32]. These models have
been useful for many things, including testing new therapies. However, major current limitations of
these models include: few demonstrate metastasis (as is common in human MPNSTs), most do not
incorporate loss of PRC2 function, and it is currently unclear if any really represent human MPNSTs at
the transcriptomic level or reflect human MPNST molecular subtypes if they exist.

Several investigators have shown that Schwann cell lineage overexpression of growth factor
receptors or ligands can promote peripheral nerve sheath tumor development. The ligand neuregulin-1,
which binds to the ERBB3 and ERBB4 receptors, when expressed from the P0 promoter leads to
peripheral nerve sheath tumor formation [33,34], which is accelerated to a higher grade by concomitant
loss of Trp53 [35]. Expression of human epidermal growth factor receptor (hEGFR) from a Desert
hedgehog (Dhh) promoter can induce neurofibromas by itself [36], and cooperate with expression of
a dominantly acting Trp53R270H mutant [37], or loss of one or two copies of Pten [32]. Human PTEN
is often deleted in human MPNSTs and is expressed at reduced levels compared to normal human
Schwann cells or Schwann cells from benign neurofibromas [38]. Indeed, codeletion of Nf1 and Pten in
Dhh-Cre positive cells caused rapid high grade peripheral nerve sheath tumors [38]. Another paper
also showed that loss of Pten potently accelerated high grade MPNST-like tumors in the presence
of Schwann cell lineage expression of KrasG12D [31]. Taken together these data strongly suggest that
PTEN-regulated pathways are major suppressors of progression to MPNST. Which PTEN-regulated
processes are most important is not clear, but evidence suggests AKT-driven beta-catenin activation [39],
and/or mTOR activation might be critical effectors [40]. CDKN2A is a well-established human MPNST
tumor suppressor, frequently lost in pre-malignant, atypical neurofibromas [5,41]. When combined
with deletion of Nf1 in the Schwann cell lineage, signatures of senescence are suppressed in resultant
neurofibromas, which appear as faster developing, higher grade tumors than produced by deletion of
Nf1 alone [7]. Thus, this work provides a good model of ANNUBP and it suggests that senescence limits
neurofibroma progression. Therefore, therapies that target senescent cells, so called senolytics [42],
could be useful to prevent peripheral nerve sheath tumor progression.

Two papers report Sleeping Beauty (SB) transposon-based insertion mutation screens in Dhh-Cre
or Cnp-Cre positive cells in mice in vivo [43,44]. These studies were done on an Nf1flox/flox [44] or
loxP-STOP-loxP-Trp53R270H (LSL-Trp53R270H) plus Cnp-hEGFR mutant backgrounds [43]. The result of
SB mutagenesis in Dhh-Cre positive cells on the Nf1flox/flox background was to increase tumor multiplicity
but not tumor grade, which were all benign neurofibromas. However, SB mutagenesis in Cnp-Cre
positive cells on a LSL-Trp53R270H plus Cnp-hEGFR background resulted in accelerated high-grade
MPNSTs like tumor development in most mice. While this model is primarily useful for the genes and
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pathways it revealed as potential drivers of MPNST, tumors made in this way could be used to select
for additional tumor phenotypes because the tumors can be allografted and SB transposon mutagenesis
is an ongoing process. It may be possible to select for metastatic potential and treatment resistance
using this SB model. In any case, the SB screen revealed PTEN regulated signaling (e.g., PI3 kinase),
Wnt-beta catenin signaling, RAS-MAPK signaling, Hippo/Yap signaling, Myc activation through
FOXR2, SHH signaling, and other pathways as potential drivers of MPNST [43]. Moreover, while
inactivating SB transposon insertion mutations in Eed and Suz12 were not recovered in the screen,
inactivating Jarid2 and Nsd1 insertion mutations were recovered [43]. JARID2 is a critical component of
the PCR2 complex required for localization of the PRC2 complex on chromatin, and has been reviewed
before [45]. NSD1 is required to prevent histone H3 lysine 27 trimethylation (H3K27me3) from
spreading to new regions of chromatin genome-wide, the effect of which is to decrease H3K27me3 in its
usual domains [46]. Thus, the SB screen did reveal a role of H3K27me3 function in MPNST suppression.

Perhaps the most well-studied GEMM for MPNST is the so-called NPCis mouse, in which
loss of function mutations in Nf1 and Trp53 are placed in a Cis configuration as both genes reside
closely linked on chromosome 11 [47,48]. As in the mouse, these two TSGs are closely linked in
the human genome. In NPCis mice, therefore, a single loss of heterozygosity event can result in
complete elimination of both TSGs. Two different groups reported that NPCis mice develop a variety
of sarcomas, including MPNST-like tumors, as well as gliomas [48]. Strain-specific effects influence the
frequency of MPNST-like tumors, with more developing on a 129/SvJ background than on a C57BL/6J
background [49]. The NPCis mouse model has been used to test a variety of new therapies [40,50–53].
The major limitation of the NPCis model may have to do with the fact that these tumors do not
develop through a process that involves progression from benign neurofibroma (with loss of Nf1
only), to pre-malignant atypical neurofibroma (with loss of Nf1 and Cdkn2a), to MPNST with loss
of Suz12 or Eed. However, heterozygous germline loss of function mutations in Nf1 and Suz12 have
been combined in Cis on chromosome 11 and this resulted in the acceleration of neurofibroma and
MPNST-like tumors [25]. Furthermore, heterozygous germline mutations in Nf1, Trp53 and Suz12
have been combined and the result was acceleration of MPNST-like tumor formation, along with other
tumor types including glioma, lymphoma and histiocytic sarcoma [25]. The utility of the MPNST
models utilizing the Suz12 germline mutation is limited by the fact that other types of cancer develop
in the mice, the highly stochastic nature of tumor development, and lack of a suitable method for
labeling the MPNST cells as they develop so that in vivo imaging might be accomplished. Some of
these concerns could be addressed using conditional alleles for Cdkn2a or Trp53 and for Suz12. Another
approach would be to use somatic cell editing in situ. Indeed, adenoviral delivery of Cre to the sciatic
nerves of Nf1flox/flox; Cdkn2aflox/flox mice resulted in development of MPNST-like tumors at the injection
site [54]. This model was used to demonstrate a positive, driver role for the Nf1+/− heterozygous
field in promoting MPNST-like tumor development [55]. More recently, it has been shown that
adenovirus-mediated somatic cell delivery of single guide RNAs (sgRNA) and Cas9 to the sciatic nerve
can produce MPNST-like tumors [56]. The flexibility of this approach is promising since building
murine MPNST-like tumors that are truly genetically similar to their human counterparts may require
layering many mutations in the correct temporal order. Achieving this remains a major challenge in
the field.

3.2. Human MPNST Cell Lines and Patient Derived Xenografts

The MPNST research field has been hampered by a relative dearth of established cell lines [57,58].
Moreover, cell lines that do exist have not been well characterized. Commonly, only a few are used to test
new hypotheses. Critically, none are included in large scale whole exome/whole genome sequencing,
gene expression profiling, drug, RNAi, or CRISPR/Cas9 screening projects. The field will benefit
tremendously from better characterization of existing lines and establishment of more human MPNST
cell lines. Similarly, only a few human MPNST patient derived xenografts (PDXs) have been described
in the literature [59,60]. Apparently, MPNST PDXs can be fairly readily established in immunodeficient
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mice and this also has been our experience using NOD-Rag1null. Il2rgnull (NRG) mice. New efforts to
make additional human MPNST cell lines and PDXs are underway and some of these new these resources
are available to the research field already (https://www.hopkinsmedicine.org/kimmel_cancer_center/
centers/pediatric_oncology/research_and_clinical_trials/pratilas/nf1_biospecimen_repository.html).

3.3. Human Cell-Based Models for MPNST

In theory, engineering relevant mutations into primary human cells of the correct lineage would
provide models useful for synthetic lethal genetic screens and drug screens. Models of neurofibroma
and MPNST made in this way would also guard against the possibility that mouse cells fail to
accurately recapitulate aspects of human cell biology relevant to MPNST development. Making a
permanent, non-perishable cell line resource of this kind is difficult using purified, primary human
Schwann cells as they have limited proliferative potential in vitro and are difficult to culture without
contaminating fibroblasts [61]. For this reason, Dr. Margaret (Peggy) Wallace, Ph.D., at the University
of Florida, Gainesville, has pioneered the generation of immortalized human Schwann cells from
normal nerves of non-patients with NF1 and patients with NF1, as well as neurofibromas [62]. These
cells were immortalized using lentiviral transduction of human TERT and murine Cdk4 transgenes.
These immortalized cells have been useful for testing the effects of candidate MPNST oncogenes and
tumor suppressor genes on human Schwan transformation [43,63]. The NF1−/−plexiform neurofibroma
derived Schwann cells provide a useful cell culture model of these benign tumors [62], and provide a
logical platform for studying progression to MPNST.

A permanent, non-perishable, and human cell-based model for MPNST modeling would be best
accomplished using induced pluripotent stem cells (iPSC). Indeed, NF1−/− iPSC have been made
from plexiform neurofibroma cells from patients with NF1 [64]. When these NF1−/− iPSCs were
differentiated to neural crest cells and subsequently Schwann cells, it was found that they had an
enhanced proliferation rate, poor myelination ability, and a tendency to form 3D spheres like those
from primary neurofibromas compared to Schwann cells made from wild type iPSC. Thus, these
Schwann cells made from a NF1−/− iPSC represent a valuable model to study and treat plexiform
neurofibromas. It remains to be seen whether these iPSC, or differentiated progeny derived from
them, can be used to model ANNUBP and MPNST by knocking out CDKN2A and SUZ12. It is also
unclear how the differentiation state of the target cell and order of mutation would affect the outcome
of studies like these. In any case, CRISPR/Cas9 based models produced this way are an ideal method
to produce isogenic sets of relevant human cells for drug and synthetic genetic lethality screens.

3.4. Synthetic Lethality as A Tool for NF1 Drug Discovery

Synthetic lethality is the genetic incompatibility of the loss of two or more gene products, leading
to cell death. However, the deficiency of any of these gene products on their own results in viable
cells (Figure 1). The notion of synthetic lethality was first described in work on Drosophila genetics in
the 1920′s by Calvin B. Bridges and others who noticed parental lines of flies harboring mutations
were able to successfully reproduce, yet when these independent mutant lines were crossed it was not
possible to obtain viable offspring with a combination phenotype [65]. Using the power of synthetic
lethality to identify novel vulnerabilities in a given cancer based on defined genetic backgrounds was
first suggested over 20 years ago [66]. The first type of investigation to move to clinical relevance
was that of the use of inhibitors of poly(ADP-ribose) polymerase (PARP) to selectively kill BRCA-2
deficient tumors [67]. Now PARP inhibitors such are olaparib are approved for BRACA mutated
ovarian cancers [68].
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Figure 1. Synthetic lethality if the genetic incompatibility of the loss of two independent gene products
results in cell death. Whereas a hypothetical cell can survive with either loss of Gene A or Gene B, it cannot
live with loss of both simultaneously. A prime example of this being exploited therapeutically is in
BRCA1/2 mutated cancers and their sensitivity to PARI inhibitors such as olaprarib. Similarly, loss of
NF1 could render human Schwann cells sensitive to pharmacologic intervention with novel agents.

Treatment options for plexiform neurofibromas and malignant peripheral nerve sheath tumors
(MPNST) are limited, relying mostly on surgical resection and broad-spectrum chemotherapy. The
genetic basis of NF1 syndrome is well suited for using synthetic lethal genetic screens and related
approaches to uncover unique variabilities in NF1 deficient cells, as well as cells closely mimicking
the genetics of an MPNST. Loss of the NF1 gene could uncover sensitivity to loss or impairment of
another gene or pathway. All neurofibromas, and derived MPNSTs, harbor NF1-deficient Schwann
cells, which may have re-wired signaling to reveal unique vulnerabilities. However, the synthetic
lethal interactions after loss of NF1 are likely to be highly context dependent. Ideally, they should be
operative in human Schwann cells. The discovery of such interactions would most easily be found
using pairs of isogenic, human NF1-deficient and NF1-proficient Schwann cells. Genome engineering
technologies, such as CRISPR/Cas9, allow introduction of clinically relevant mutations into cells of the
correct tissue type for the disease being studied. Cells engineered in this manner would be poised to
be used for novel drug discovery for not only NF1-associated malignancies, but many other cancers
harboring loss of tumor suppressors or with known oncogenic drivers [69].

Efforts have been made to undertake this type of study for the NF1 deficient cells. A small-scale
screening project was conducted using mouse embryonic fibroblasts harboring biallelic loss of NF1 [70].
This screening effort yielded only modest amounts of selective lethality toward NF1 null cells and it is
unclear how these could translate to the clinic. It would be most useful to undertake these types of
screening efforts in cells of the correct cell-type for neurofibromas and MPNST (i.e., human Schwann
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cells). There are two cell-based platforms that would be amenable to the required genetic manipulation
and required screening efforts: 1. Immortalized human Schwann cells. 2. iPSC derived Schwann
cells. A number of immortalized human Schwann cell lines have been created that could be used for
these types of assays [71]. These do have the limitation of being immortalized with retroviral vectors
carrying hTERT for example and thus not mirroring the exact genetics of an MPNST cell. Induced
pluripotent stem cell-based models are also a powerful tool for these types of studies. For example,
protocols have been established to differentiate iPSC cells to the neural crest linage and then further
to Schwann cells [64]. iPSC lines harboring NF1 loss would have the advantage of being a “cleaner”
genetic background, but perhaps not as easy to work with on large scale, genome-wide genetic screens.
However, both systems could be used for: 1. Medium to large scale small molecule screens looking
for drugs that could selectively kill NF1 null cells. 2. Genome-wide genetic screens looking for other
gene products whose loss would result in cell death when combined with NF1 deficiency (Figure 2).
The genetic screens are extremely powerful, as they offer a truly non-biased approach for novel target
discovery. Whereas the small molecule screens could yield a potential therapeutic compound faster
(particularity if the drug is already approved for another indication).

3.5. Preclinical Development of New Therapies for NF1-Associated MPNST

A clear, standout success has been the identification of MEK inhibitors as effective treatment for
symptomatic, inoperable plexiform neurofibromas [72]. Work examining the preclinical effectiveness
of a selective pharmacological inhibitor of MEK, PD0325901, was reported in 2013 [12]. This work
demonstrated that MAPK signaling suppression was effective in controlling neurofibroma growth in a
neurofibromatosis mouse model (Nf1fl/fl;Dhh-Cre) and an NF1 patient MPNST cell xenograft. PD0325901
treatment increased survival of mice implanted with human MPNST cells, and shrank neurofibromas
in more than 80% of the mice enrolled on treatment [73]. This important work clearly demonstrated
that Ras/ERK signaling is critical for growth of NF1-associated PNSTs and provided reasoning to
initiate clinical trials of MEK inhibitors for the treatment of these tumors in patients with NF1.

Following these promising results with PD0325901 in various in vivo models, investigation of
other MEK inhibitors (including trametinib and selumetinib) were performed and advanced to human
clinical trials. The most striking of these to date were the responses seen with selumetinib in pediatric
patients with NF1 and inoperable plexiform neurofibromas [72]. Again, for this study the preclinical
modeling of the MEK inhibitor was tested in the Nf1fl/fl; Dhh-Cre mouse model. As assessed by
volumetric MRI, 67% of mice showed a reduction in tumor volume from baseline. When assessed in
the human patient population, the results were marked, with confirmed partial responses in >70% of
patients (≥20% decrease in volume from baseline). Moreover, disease progression was not reported in
any patient and decreased tumor-related pain and functional impairment was widely reported. Recent
Phase II trials also reported reduced tumor growth and in some cases a reduction in PN-associated
pain and quality of life [74]. This is a major breakthrough in PN therapy and selumetinib was granted
approval by the FDA for treatment of NF1-associated PN in April of 2020.

The success of selumetinib and other MEK inhibitors for NF1-associated PNs and other benign
tumors represents a major milestone in therapy for this disease. However, several important questions
remain. Selumetinib treatment effects are not complete, as tumors usually shrink by 20% or more, but
do not disappear completely and typically regrow after treatment cessation [74]. It would be ideal if
robust responses were observed in more patients. Moreover, MEK inhibitors have serious side effects
when used long term, including skin rashes, ocular and cardiac toxicities [75]. Finally, it is unclear
if MEK inhibition will be useful in the context of the premalignant atypical NF/ANNUBP in which
CDKN2A/2B gene deletions are present or MPNSTs.

Given the success of MEK inhibition for the control of plexiform neurofibromas and that many
MPNST arise from within existing plexiform neurofibromas or ANNUBPs, it would seem likely that
patients with MPNST could already be undergoing treatment with a MEK inhibitor. As such, it would
be critical to establish any future targeted therapy for MPNST is at the least not antagonistic when
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used in combination with MEK inhibitors, such as selumetinib. Indeed, it would be desirable to
identify novel candidate therapeutics exhibiting synergistic effects against MPNST models when used
alongside MEK inhibitors.

 
Figure 2. Screening scheme utilizing NF1-deficeint immortalized or iPSC derived human Schwann cells.
NF1 −/− cells (of either origin) and their isogenic match parental lines can be used in selective lethal
pharmacologic screens or synthetic lethal genetic screens. Compounds found to only kill NF1-deficient
cells could be then prioritized for further preclinical testing, using in vivo models of MPNST for
example. Novel genetic targets identified from genome-wide synthetic lethal genetic screens could
provide the basis for additional drug discovery efforts.
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3.6. Targeting Ras or Ras-Activated Signaling Pathways

Ras proteins are small, membrane associated GTPases that exist in an inactive guanosine
diphosphate (GDP) bound form and an active guanosine triphosphate (GTP) bound form. Biallelic
loss of the NF1 gene, and the encoded protein neurofibromin, has been shown to lead to increased and
prolonged Ras activation (i.e., Ras-GTP), including in benign and malignant peripheral nerve sheath
tumors [10]. Ras-GTP itself has been considered undruggable as it lacks deep grooves that would fit a
small molecule [76]. Ras proteins are post-translationally modified, including by farnesylation, and the
enzymes that carry out these effects have been tested for therapeutic effects with some success in
treating NF1-associated peripheral nerve sheath tumor cells [77–79]. However, translation into human
clinical trials was disappointing [80,81]. Ras-GTP activated pathways have provided an alternate
pathway to reverse the effects of NF1 gene loss. A clear example, is Ras activation of the MAPK
pathway, which proceeds from RAS activation to activation of a series of kinases: RAF to MEK to
ERK(MAPK) kinase activation. MAPK ultimately phosphorylates many other substrates that can
confer a survival or proliferation advantage to RAS activated cells [13]. As described above, a number
of MEK inhibitors, notably selumetinib, have shown some clinical activity versus PN and other benign
NF1-associated tumors [74,82].

3.7. Combination Signal Pathway Inhibition

Given the incomplete effects of MEK inhibition alone on PN and MPNST, combinations with
MEK inhibitors have been explored. MEK inhibitors have been shown to cooperate in vitro and
in vivo with inhibition of the MNK kinases, which are active in many MPNSTs and converge on
mTOR-dependent eIF4E phosphorylation [53]. Indeed, several papers show that NF1-deficient cells
are relatively dependent on mTOR signaling and that mTORC1 inhibition synergizes with MEK
inhibition [50]. mTORC1 inhibition as a single agent was weakly effective for PN treatment in
patients [83]. Better results may be obtained with a direct mTOR kinase inhibitor that inhibits both
mTORC1 and mTORC2 [84]. MEK inhibition and mTORC1, or mTORC1 and mTORC2 inhibition are
synergistic in vitro and in vivo [13,84], and such a combination may be useful for PNs and MPNST
treatment. The mTORC1 inhibitor sirolimus plus selumetinib is currently in a Phase II MPNST
trial [NCT03433183; https://www.ctf.org/research/clinical-drug-pipeline]. mTOR inhibition was also
combined with other signaling inhibitors including the HSP90 inhibitor ganetespib [NCT02008877],
which did not produce responses in MPNST patients [85], despite promising preclinical data in the
NPCis GEM model [86]. The mTORC1 inhibitor everolimus plus the VEGF inhibitor bevacizumab
also failed to show potential in a Phase II MPNST study [87]. The multi-kinase inhibitor PLX3397 in
combination with rapamycin inhibited MPNST xenografts in vivo [88], and this has led to a Phase II
clinical trial [NCT02584647]. A more recent study revealed that blockade of mTOR with sapanisertib,
which inhibits mTORC1 and mTORC2, with histone deacetylase (HDAC) inhibition is selectively toxic
to Ras pathway-driven tumors, including human MPNST xenografts and the NPCis GEM model,
by converging on the TXNIP/thioredoxin pathway [52]. The polo-like kinases (PLKs) have also emerged
as targets for MPSNT therapy [89].

3.8. Targeting Cyclin-Dependent Kinases for MPNST

Premalignant atypical PN/ANNUBP have often acquired loss of CDKN2A and the CDKN2B genes,
also a feature of many MPNSTs. These genes encode cyclin dependent kinase inhibitors and their loss
is thought to lead to unregulated cyclin/cyclin dependent kinase (CDK) activity, in particular CDK4 or
CDK6. Thus, these tumors may become sensitive to CDK4/6 inhibitors like ribociclib or palbociclib,
which are approved for breast cancer treatment. Interestingly, high level expression of RABL6A in
some MPNSTs promotes growth, in part by inhibition of RB1 protein, and its effects can be blocked
by CDK4/6 inhibition [90]. CDK4/6 inhibition using ribociclib plus doxorubicin is in Phase II trial for
MPNST now [NCT03009201].
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3.9. Sensitivities Associated with Loss of PRC2 Function in MPNST Cells

As described above, progression to MPNST usually involves biallelic loss of the EED or SUZ12
genes, essential components of the polycomb repressor complex 2 (PRC2). Most MPNSTs lack,
or have reduced, histone H3 lysine 27 di- and tri-methylation, a chromatin repression mark mediated
by EZH2, the enzymatic component of the PRC2 complex [22,24]. Loss of PRC2 activity has been
proposed to sensitize MPNST cells to BRD4 inhibition, as BRD4 seems to be involved in activation
of Ras pathway-dependent transcription dependent on histone H3 lysine 27 acetylation, which is
enhanced following loss of methylation at this same site [25]. Another recent publication strongly
suggests that loss of PRC2 in MPNST cells sensitizes them to histone deacetylase (HDAC) and DNA
methyltransferase inhibition [91]. If these results are validated in isogenic model systems and proper
in vivo preclinical MPNST models, these drugs should be tested in vivo, possibly with the signaling
inhibitors described above that leverage sensitivities from loss of NF1 expression.

3.10. Other Therapeutic Approaches

Several other therapeutic approaches have made it to clinical trials for MPNST in recent years.
Excitement for immunotherapies, especially checkpoint blockade and chimeric antigen receptor
(CAR) T cell or CAR-T therapy has been building for treatment of MPNST. Indeed, blockade of
PD1 [NCT02691026] or PD-1 and CTLA-4 [NCT02834013] are in clinical trials for MPNST. CAR-T
cells specific for human EGFR are also being tested clinically in EGFR+ MPSNT [NCT03618381].
The perinuclear compartment disrupter metarrestin [92] is in Phase I trials for MPNST [NCT04222413],
although not published specifically in MPNST. Inhibition of NFκB signaling and MPNST preclinical
effectiveness was demonstrated using selinexor, a compound that induces IkB nuclear localization [93],
and this agent is in Phase I testing for MPNST [NCT03880123]. Oncolytic viral therapy is a relatively
new approach for MPNST therapy, but several reports describe promising preclinical data [94–100].

3.11. Comprehensive Pharmacological Profiling of Neurofibromatosis Type 1 Cancer Cell Lines

One attractive method for discovering new therapeutic options for NF1-associated tumors is
to perform drug screens using one or more of the model systems described above. Drug screens in
animal models are likely to be most predictive of future efficacy in vivo. Indeed, some measure of
predictability for drugs to treat PNs in people was obtained using the P0-Cre; Nf1fl/Nf1fl or Dhh-Cre.;
Nf1fl/Nf1fl models [12,87,101]. Unfortunately, these in vivo models are not well suited to testing many
drugs and drug combinations. Therefore, screens using cell lines or cell strains have been used instead.
In one medium throughput drug screen of about 470 compounds, immortalized Nf1-deficient mouse
embryo fibroblasts (MEFs) were screened, using wildtype MEFs as a counter screen [70]. This project
revealed several drugs with some selectivity for Nf1-deficienct cells. Moreover, validation of screening
results using a human NF1-associated MPNST cell line xenograft model showed that nifedipine
treatment significantly decreased local tumor growth. The reported data suggest that inhibitors of
PP2A, including cantharidins, as well as calcium channel blockers like nifedipine, might be useful in
MPNST treatment. A screen of this nature would benefit from the use of human isogenic cells of the
correct cell lineage rather than fibroblasts. It is also possible that screening a larger number of drugs
would yield additional drug candidates.

3.12. Synthetic Sensitivities Identified by Drug Screening in Nf1-Deficient Mouse Embryo Fibroblasts

In another in vitro drug screening effort, seven NF1-associated human MPNST and one sporadic
MPNST cell line were used in a medium throughput screen of 130 drugs predicted to be useful for
NF1-associated cancer therapy based on an analysis of the literature [102]. These drugs were based
on mechanistic knowledge of neurofibromin and merlin function, as NF2-mutant cells were screened
also, as well as important cancer pathways and classic chemotherapies. Drugs were found that clearly
differentiated NF1 from NF2 mutant cells. Raf, MEK, PI3K/mTOR and Pak inhibitors were active
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versus NF1-mutant MPNST cells, while EGFR, GSK3, and AKT inhibitors had almost no activity.
These data are consistent with the concept of using combination therapy centered on targeting the
RAS-MAPK pathway in NF1-associated tumor cells. Additional drugs can then be layered on to
maximize tumor-specific killing by targeting additional parallel vulnerabilities. This concept should
be tested in vivo in improved models for NF1-associated peripheral nerve sheath tumors.

4. Summary and Future Perspectives

It has become clear that improved model systems are needed both to better validate current ideas
before clinical testing in patients and to discover new MPNST treatment approaches and vulnerabilities.
Too many MPNST clinical approaches have stalled at Phase II because they did not meet primary
response rate endpoints and/or the effects were modest. The field is in desperate need of a home
run. MPNST lack obvious activated oncogene products to target. Therefore, we favor the concept of
using carefully engineered isogenic human Schwann lineage cell lines, harboring MPNST-relevant
mutations, to screen for mutation-specific drug sensitivities and synthetic lethal genetic interactions
to discover new therapies. Human iPSC derived model systems are likely to be especially useful in
this regard. New therapeutic drugs and combinations must be better vetted before clinical testing
and we favor testing in multiple human MPSNT PDXs and looking for evidence of very profound
and long-lasting tumor shrinkage. Because in NF1 we can consider measures to reduce the chance
of malignant progression we encourage the development of genetically accurate models in which
benign PN, premalignant atypical PN, and MPNST can be studied using human cells and GEMMs.
Immunoproficient GEMMs may also play an important role in development of new immune based
and oncolytic viral therapies. Many good candidate therapeutic targets for NF1, CDKN2A and
PRC2-deficient MPNST have emerged in recent years. These drugs, perhaps in combination, may also
be relevant in tumors that characterize other RASopathies or which show activation of RAS-MAPK
signaling after NF1 gene loss in sporadic settings.
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Abstract: Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive soft tissue sarcomas
that can arise most frequently in patients with neurofibromatosis type 1 (NF1). Despite an increasing
understanding of the molecular mechanisms that underlie these tumors, there remains limited
therapeutic options for this aggressive disease. One potentially critical finding is that a significant
proportion of MPNSTs exhibit recurrent mutations in the genes EED or SUZ12, which are key
components of the polycomb repressive complex 2 (PRC2). Tumors harboring these genetic lesions
lose the marker of transcriptional repression, trimethylation of lysine residue 27 on histone H3
(H3K27me3) and have dysregulated oncogenic signaling. Given the recurrence of PRC2 alterations,
intensive research efforts are now underway with a focus on detailing the epigenetic and transcriptomic
consequences of PRC2 loss as well as development of novel therapeutic strategies for targeting
these lesions. In this review article, we will summarize the recent findings of PRC2 in MPNST
tumorigenesis, including highlighting the functions of PRC2 in normal Schwann cell development
and nerve injury repair, as well as provide commentary on the potential therapeutic vulnerabilities of
a PRC2 deficient tumor cell.

Keywords: neurofibromatosis; malignant peripheral nerve sheath tumor; MPNST; polycomb
repressive complex; PRC2

1. Introduction

Neurofibromatosis type 1 (NF1) is a common autosomal dominant disorder caused by
inactivating mutations in the tumor suppressor gene NF1 and affects roughly 1/3000 newborns
worldwide [1,2]. The gene NF1 encodes the GTPase-activating protein neurofibromin (also called
neurofibromatosis-related protein) that is a negative regulator of the RAS signaling pathway.
Both heterozygous and biallelic loss-of-function (LOF) mutations in NF1 are associated with
hyper-activation of RAS signaling and its downstream targets [3–5]. Patients with NF1 are diagnosed
when they exhibit two or more of the following symptoms: Six or more café-au-lait macules, two or
more neurofibromas or one plexiform neurofibroma (PN), freckling in the axillary or inguinal regions,
optic glioma, two or more Lisch nodules, bony dysplasia, or first degree relative with NF1 [6–8].
A life-threatening complication of NF1 is an increased risk of the development of the aggressive
and highly metastatic soft tissue sarcoma, malignant peripheral nerve sheath tumor (MPNST) [9].
Patients with NF1 have a risk of developing MPNST that is 1000-fold higher than the general
population [10,11]. Currently, there are no effective treatments for MPNST other than complete surgical
resection with wide negative margins. There are three types of MPNST: NF1-associated, sporadic, and
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radiation-related, accounting for 50%, 40%, and 10% of all MPNSTs, respectively [12]. Mutations in NF1
are found in nearly 90% of MPNSTs and frequently involve biallelic loss of the entire gene [13]. As an
important tumor suppressor gene, NF1 is mutated in 8% of all 10,967 The Cancer Genome Atlas (TCGA)
curated samples. Interestingly, mutations in NF1 are not enriched in its GTPase-activating protein
domain; rather, they favor missense or truncating lesions that lead to hyper activated RAS signaling.

Comprehensive genomic and clinical efforts led to the proposal that there are at least three steps
required for cellular transformation during the development of MPNST. These steps are outlined
in a genetic model for the development of MPNSTs (Figure 1): 1) fifty percent of NF1 patients will
suffer from histologically benign PNs that are caused by the biallelic LOF in NF1 and associated
hyperactivation of RAS signaling [14]; 2) atypical neurofibromas (ANFs, here encompassing distinct
nodular lesions and atypical neurofibromatous neoplasms of uncertain biologic potential, ANNUBP)
arise within PNs and in addition to hyperactivation of RAS, exhibit heterozygous loss of the genomic
locus encompassing the gene CDKN2A [15,16]; and 3) approximately 8%-13% of NF1 patients will
ultimately have their tumors transform into MPNSTs [11,17], where recurrent mutations in SUZ12
and/or EED, two key components of the polycomb repressive complex 2 (PRC2), lead to loss of
tri-methylation of histone H3 lysine 27 (H3K27me3) and de-repression of its target genes [18,19].
Undoubtably, this model oversimplifies the genetic progression of the cell towards malignancy and
minimizes the contribution of mutations in other genes, such as TP53. However, given the high
recurrence of PRC2 alterations, this review will focus on summarizing the current understanding of
PRC2 loss in MPNST pathogenesis.

Figure 1. The clinical spectrum and genetic model of nerve tumor development in neurofibromatosis
type 1 (NF1). Cells shown here are Schwann cells in the dorsal ganglia root and are affected by the
sequential mutations driving the malignant transformation. Green: NF1 alteration, yellow: CDKN2A
alteration, and red: PRC2 alteration.
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2. Recurrent Mutations in EED and SUZ12 in MPNST

A critical advance in the understanding of the molecular pathogenesis of MPNSTs came from
comprehensive genomic analyses of MPNST patient samples through next generation sequencing
(NGS). These studies discovered recurrent and frequently mutually exclusive alterations in Embryonic
Ectoderm Development (EED) and Suppressor of Zeste 12 Protein Homolog (SUZ12), two key
components of PRC2, in MPNSTs. Three independent groups nearly simultaneously reported their
findings of the genetic aberrations using archived patient MPNSTs [18–20]. Lee and colleagues
performed whole exome sequencing (WES) of a discovery cohort consisting of 15 MPNSTs and
identified five EED mutations including four frame-shift and one splice-site alterations, which were
associated with loss of heterozygosity, either as a result of deletion of the normal allele or copy-neutral
loss and seven SUZ12 mutations comprised of two homozygous deletions (hom) and six heterozygous
loss (het) of one allele [18]. Intriguingly, analysis of WES coupled with whole transcriptome sequencing
(RNAseq) of the six MPNSTs with SUZ12 het loss revealed that two appeared to express the full
length of the transcript, with the other 4 exhibiting exonic structural variations (SV). Strikingly, these 4
MPNST samples designated as “het+SV” are all radiation-related, indicating the possibility of local
genomic rearrangement caused by previous exposure to radiation in those patients. In the same study,
the authors utilized a targeted capture sequencing approach in an additional 37 MPNST samples that
were formalin-fixed paraffin-embedded (FFPE) and validated the recurrent mutations in polycomb
genes. In another study, Zhang and colleagues performed whole-genome sequencing (WGS) or WES
on eight frozen MPNST samples and identified mutations in EED or SUZ12 in 75% of the cases [20].
In their validation cohort of 42 FFPE MPNST specimens, they identified 11 tumors harboring a SUZ12
mutation (26%). The authors attributed the low fraction of this cohort harboring genetic aberrations in
polycomb genes to the partially degraded DNA and false negative rate of the targeted sequencing
approach. Finally, DeRaedt et al. used a targeted sequencing approach in a cohort of 51 NF1-associated
MPNST samples and discovered 19 samples harboring an NF1 microdeletion, in which SUZ12 was
frequently co-deleted due to the proximity of these genes in the human genome [19]. More than 50%
of the non-microdeletion tumors (32 cases) exhibited inactivating mutations in SUZ12 or EED. Two
additional studies verifying the mutation of these polycomb genes were published in 2017. Sohier et al.
performed WES in eight NF1-associated MPNSTs and identified SUZ12 mutations in seven samples
and EED mutations in two samples [21]. Brohl et al. performed WES on 12 MPNSTs and found genetic
alterations in SUZ12 and/or EED in seven samples [13]. The authors also summarized the overall
mutational frequency of all five studies that used NGS: SUZ12 (56.1%) and EED (32.5%). Further,
MPNST was included in the 2018 soft tissue sarcoma characterization study of TCGA, in which two of
the included samples were identified as SUZ12 mutants in the publicly available data, although no
comment was made on these findings in the publication [22]. In summary, a variety of aberrations of
the SUZ12 gene have been identified, including indels, truncating mutations, and missense variants,
all of which likely result in aberrant production of this core polycomb protein. Similarly, EED is
frequently altered through copy number variations in MPNST, as well as through other various LOF
mutations including truncating, frameshift, and missense mutations, which lead to abnormal protein
production. The SUZ12 and EED mutations identified thus far do not appear to cluster at any known
conserved domains within either gene, such as the VEFS binding domain of SUZ12 or the WD40
protein interaction domain of EED, but this may be due to the limited number of MPNST samples that
have been characterized for their PRC2 mutant status. Using OncoPrinter and MutationMapper [23,24],
we performed meta-analysis of all currently published genome sequencing results of MPNSTs and
summarized the accumulated observations of EED or SUZ12 alterations (Figure 2, Table S1).

143



Genes 2020, 11, 287

A

B

C

Figure 2. A compiled overview of SUZ12 and EED alterations identified in malignant peripheral nerve
sheath tumors (MPNST) published to date, accounting for approximately 75% of sequenced cases.
(A) A representation of single nucleotide variants (SNVs) discovered in SUZ12 thus far in MPNST
sequencing studies. (B) EED SNVs identified through sequencing studies. (C) An Oncoprint map of the
various mutations discovered in both SUZ12 and EED across the MPNST samples sequenced thus far.
Figure generated using OncoPrinter and MutationMapper from https://www.cbioportal.org/visualize.

As another core component of PRC2, Enhancer of Zeste Homolog 2 (EZH2) has been implicated
as an oncogenic driver in a variety of cancers, playing diverse roles in aiding the development and
progression of malignancy [25]. In MPNSTs, however, EZH2 has recurrently been identified intact,
despite the high rate of mutation in other key PRC2 components, SUZ12 and EED. Wassef and
colleagues revealed that only the combined loss of both EZH1 and EZH2 in immortalized plexiform
neurofibroma-derived cells produced deregulatory effects similar to that observed with the sole absence
of either EED or SUZ12 [26]. They also noted a lack of independent function of EZH2 in the presence
of either a SUZ12 or EED mutation, and therefore concluded that the functional redundancy of EZH1
and EZH2 was a contributing factor to the lack of mutation in this component of the PRC2 core.

As noted previously, genetic alterations involving PRC2 and its product H3K27me3 have been
reported in a variety of cancer types and most of these studies implicate the EZH2 methyltransferase as
the driver of oncogenesis. In contrast to the LOF mutations observed in the SUZ12 and EED subunits of
the PRC2 complex, EZH2 is noted to contribute to tumorigenesis through both over-expression as well
as gain-of-function (GOF) mutations [27–31]. A prominent example of an oncogenic GOF mutation of
this gene is in human B-cell lymphomas. In this tumor type, a mutation in the SET domain of EZH2
(Tyr641) was present in 21.7% of diffuse large B-cell lymphoma and 7.2% of follicular lymphomas of
the germinal-center origin [32]. Subsequent biochemical studies showed that mutant Tyr641, through
coordination with the wildtype EZH2, exhibited GOF activities by increasing global H3K27me3
levels [27,33]. Additionally, it was noted that this mutation led to a redistribution of the H3K27me3
repressive mark, thereby allowing for transcriptional activation at certain loci and tumorigenesis in
rodent B-cell lymphoma and melanoma models [34]. Further GOF mutations have also been identified
within this SET domain of EZH2, involving A677G mutant in B-cell lymphoma [35] and A687V mutant
in non-Hodgkin lymphoma [36]. In addition to the association of GOF mutations in EZH2 with
oncogenesis, some studies have implicated the overexpression of this gene in cancer development
despite an absence of mutations in the coding region, such as in multiple myeloma [37–39], prostate,
breast, and endometrial cancers [31,40]. In such cases, the mechanism of EZH2 overexpression could
be the result of genomic copy number changes or as a result of epigenomic dysregulation.

Mutations in the PRC2 target histone proteins can also be oncogenic through interference with
deposition of the repressive methyl group in the presence of wildtype PRC2. This mechanism is most
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notable in diffuse intrinsic pontine gliomas and pediatric non-brainstem high-grade gliomas, where
mutation in histone H3 yields variant, K27M, that binds and mislocalizes PRC2 in addition to inhibiting
its function [41,42]. Interestingly, although these brain tumors exhibit global loss of H3K27me3, several
genes retain this repressive mark, and PRC2 itself is required for tumor cell proliferation. This discovery
ultimately led to the identification of small molecule inhibitor of EZH2 as potential therapy for this
deadly cancer [43].

3. The Biochemical, Epigenetic, and Transcriptomic Consequences of PRC2 Loss in MPNST

Polycomb proteins are important regulators of chromatin structure during early development.
PRC2 is a highly conserved multimeric complex that plays a distinct role in the transcriptional
regulatory activity of the genome through repressive methylation of H3K27 of target genes, which
is required in order to induce transcriptional silencing [44–47]. PRC2 methylates H3K27 to different
extents, catalyzing the addition of mono- (H3K27me1), di- (H3K27me2), or tri- methyl groups in cell
type specific patterns [48,49]. H3K27me3 is the most well characterized form of methylation at this
lysine residue, and occupies around 5%-10% of the genome, while the lesser studied H3K27me2 and
H3K27me1 are found at about 50%-70% and 5%-10%, respectively [49–51]. PRC2 is highly mobile,
with around 80% of the nuclear-located complex undergoing continuous diffusion throughout it,
while the remaining PRC2 is stably bound to chromatin [52]. While stably bound PRC2 is often
located at H3K27me3 sites, it is rarely found at the site of dimethyl H3K27 that marks intragenic
regions and is suggested to act as a repressor of inappropriate activation of cell-specific enhancers and
promoters [25–28]. Unlike the di- and tri- methylated states of H3K27, H3K27me1 does not appear to
be involved in transcriptional repression and instead has been found in high abundance at transcribed
genes [53]. Prior studies have shown that these global methylation patterns at H3K27 are not regulated
by active demethylation at these sites, such as by UTX, Jmjd3, or intracellular demethylases [49]. Target
genes that are transcriptionally regulated by PRC2 are essential for embryonic development and cell
lineage decisions [48].

Detailed characterization of the biochemical, epigenetic, and transcriptomic consequences of
PRC2 loss in the MPNST cell remains a goal of current research efforts. In the 2014 study, Lee and
colleagues identified a correlation between PRC2 mutation and H3K27me3 loss in MPNST samples,
through a combined use of NGS for PRC2 characterization and immunohistochemistry (IHC) staining,
to identify loss of H3K27me3 [18]. The identification of IHC screening for H3K27me3 as a reliable
biomarker of MPNST led to additional studies that utilized H3K27me3 IHC as a diagnostic marker
for MPNST [54–61]. Wojcik and colleagues used this screen to select samples of both PRC2 mutant
and PRC2 wildtype status for use in proteomic analyses [62]. These proteomic analyses revealed that
the loss of PRC2 caused global changes in post-translational modifications of histones, including 1) a
substantial decrease in the transcriptionally repressive modification H3K27me3, 2) broad distribution
of the repressive marker H3K27me2, 3) no compensatory gain of other repressive markers, for instance
H3K9me3 or H4K20me3, and 4) significant increase in active chromatin markers, including H3K27
acetylation (H3K27ac) and H3K36me2 [62]. Furthermore, they identified that the loss of H3K27me3
across the genome led to the occupancy of those histone tails solely by H3K36me2. Though this paper
assumes the commonly theorized transcriptional activation function of H3K36me2, some literature
indicates that the dimethylation of H3K36 might be transcriptionally repressive and in contrast with
the activation trimethylation of H3K36. Early investigations regarding the location and function
of H3K36 di- and tri- methylation marks suggested both distinct locations and opposing roles of
these two marks in the regulation of the Drosophila genome [63]. This was further commented on
by Turberfield et al., who used genome-wide profiling of H3K36me2 to indicate the widespread
deposition of transcriptional mark throughout the genome, but with a notable absence on bodies of
highly transcribed genes and CpG island-associated gene promoters [64]. Although methylation of
H3K36 is commonly associated with transcriptional activation, it has been shown to participate in
other cellular processes, including alternative splicing, DNA replication, as well as transcriptional
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repression [65]. Interestingly, methylation of H3K36 and H3K27 seems to occur mutually exclusively,
suggesting that the elevation of H3K36me2 may be a compensatory mechanism of transcriptional
repression in cases of PRC2 and H3K27me3 loss [66].

In addition to the upregulation of recognized PRC2 targets, loss of PRC2 has been implicated
in the upregulation of generalized growth and cell division pathways, nucleosome remodeling, and
transcriptional activation [18,62]. Somewhat surprisingly, due to the transcriptionally repressive role
of PRC2, loss of this complex has also been identified as correlating with the downregulation of
certain pathways, including immune-related signaling such as interferon (IFN) signaling and antigen
presentation [62]. It is unclear whether these observations are due to alteration of these pathways in
the tumor cells or through the reduction of tumor-infiltrating antigen-presenting cells within the tumor.
Finally, PRC2 loss was noted to correlate with global DNA hypermethylation at gene promoters and
intergenic regions [62]. This DNA hypermethylation was hypothesized by the authors as a potential
explanation for the repression of protein expression in the absence of functional PRC2 in MPNSTs.
The cooperation of DNA methylation and polycomb complexes in the transcriptional regulation of
the genome remains incompletely understood, despite intensive research of the area. It is known
that DNA methylation and H3K27me3 mark introduced by PRC2 are typically found in a mutually
exclusive pattern across the genome [67–69], and the identification of reduced binding capability of
PRC2 to nucleosomes with methylated DNA highlights the possibility of an antagonistic relationship
between these two epigenetic marks [70,71]. Further, a study by Cooper et al. noted that a decrease in
DNA methylation levels corresponded to a redistribution of the H3K27me3 mark across the genome,
indicating a role for DNA methylation in polycomb targeting [72]. The effect of polycomb deposited
H3K27me3 on DNA methylation levels are less well known, although recent research indicates a role for
PRC2 in maintenance of regions of DNA hypomethylation via TET proteins [73]. It remains to be seen
whether the loss of PRC2 leads to the upregulation of DNA methylation in human MPNST samples.
Despite the wealth of information provided by these research efforts (as summarized in Figure 3),
further investigation of the effects of PRC2 loss on the biochemical, epigenetic, and transcriptomic
organization of MPNST is crucial to deciphering the mechanisms of tumor development, metastasis,
and discovery of potential treatment options for this aggressive disease.

Figure 3. PRC2 structure and consequences of its loss in MPNST. Loss of PRC2 via EED or SUZ12 loss
in MPNSTs leads to loss of tri-methylation of histone H3 lysine 27 (H3K27me3) and other potential
epigenetic modifications. In addition, PRC2 loss can have a wide variety of consequences on oncogenic
signaling and immune surveillance and response.

An unexplored avenue in MPNSTs is the potential relative importance of polycomb repressive
complex 1 (PRC1) in a PRC2 deficient cell. PRC1 is a functionally distinct protein complex that plays a
critical role in the transcriptional regulation of the genome. PRC1 is responsible for the deposition of
mono-ubiquitylation of lysine 119 on histone H2A (H2AK119ub), catalyzed by its E3-ligase subunits,
either RING1A or RING1B [74,75]. The mechanism by which PRC1 and PRC2 are recruited to the
genome remains an area of debate. It was shown previously that while PRC2 actively methylates
H3K27 in target genes and is required in order to induce transcriptional silencing, the Pc subunit of
PRC1 also recognizes and binds to this modification, contributing to the transcriptional repression
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through structural modifications to chromatin, as well as blocking the recruitment of nucleosome
remodeling factors such as SWI/SNF [76–79]. In contrast, the H2AK119ub catalyzed by PRC1 can
attract bindings by PRC2, therefore affecting deposition of methylation at H3K27 [72,80,81]. Whether
the PRC2 loss in MPNST cells affects the PRC1 complex and the ubiquitination of the epigenome
remains to be determined but may represent a unique vulnerability and target in this disease.

4. The Role of PRC2 in Schwann Cell Development and Nerve Injury

MPNSTs arise from peripheral nerve branches or fiber sheaths and are thought to be derived from
either Schwann cells or pluripotent cells of neural crest origin [82]. In patients with NF1, MPNSTs can
arise within the plexiform neurofibromas, and the plexiform neurofibromas grown in the paraspinal
region associated with dorsal root ganglia are more likely to go through malignant transformation [83].
In a search for the cells of origin of NF1-associated plexiform neurofibromas, Chen et al. identified a
population of GAP43+ PLP+ Schwann cell precursors in the embryonic nerve roots responsible for the
neurofibromagenesis [48]. Therefore, understanding the normal development of Schwann cells may be
informative for building a model of tumorigenesis of MPNSTs.

Schwann cells are the primary glial cell of the peripheral nervous system and play a variety of
functions including nerve impulse conduction [84], maintenance of the nerve microenvironment [85],
presentation of antigens [86], and nerve development and regeneration after injury [85,87]. During
embryonic development, the development of peripheral nervous system parallels the development
of Schwann cells from neural crest cells through a series of phases starting with migration of neural
crest cells and differentiation into Schwann cell precursors, which subsequently become immature
Schwann cells. These cells can ultimately differentiate into myelinating and non-myelinating Schwann
cells of the mature nerves [88–92]. This highly ordered process of Schwann cell development is tightly
regulated by a number of signals, including epigenetic and transcriptional regulations (reviewed in
detail [93–95]). Notably, in vivo studies showed that disruption of PRC2 or the proper deposit of
its product H3K27me3 led to hypermyelination in adult mice [96,97], whilst EZH2 loss in cultured
Schwann cells inhibited the myelination process [98]. These inconsistent results may be explained by
the differences between in vivo and in vitro systems, and further experiments are needed to resolve
these results.

Unlike the ambiguities observed in Schwann cell development, the critical role that PRC2 plays
in nerve injury repair is well documented. The Schwann cell injury response involves the reversal
of myelin differentiation and downregulation of myelin proteins (reviewed in [99]) and a switch to
a repair cell phenotype (reviewed in [87]). In this capacity, the repair Schwann cells can express
neurotrophic factors and cytokines that promote neuron survival and axonal regeneration [100,101].
These cytokines recruit macrophages that promote vascularization of distal nerves and assist in the
removal of myelin debris that can potentially inhibit axon growth [102,103]. Repair Schwann cells also
form tracks known as Bands of Bungner that can guide axon recovery [104].

Nerve injury also induces epigenetic changes in Schwann cells that allows for reprogramming of
these cells as they generate the cellular environment required for axon regeneration [105]. PRC2 has
been shown to regulate the expression of Schwann cell repair genes and affect nerve injury response
via H3K27me3. In this context, PRC2 was found to repress nerve repair genes such as sonic hedgehog
(Shh), glial-derived neurotrophic factors (Gdnf ), and brain-derived neurotrophic factors (Bdnf ) [105].
Nerve injury leads to reversal of PRC2 repression, H3K27 demethylation, and de-repression of these
nerve repair genes [106]. Loss of PRC2 repression in an Eed conditional knockout mouse model
was sufficient to activate these repair genes in uninjured nerves; however, there was no evidence of
accelerated nerve injury repair [105]. It is possible that the linkages demonstrating the relationship
between nerve injury and PRC2 may yield important clues into the pathogenesis of disease progression
of benign neurofibromas to MPNSTs. A critical difference is that PRC2 alteration in nerve injury
repair is transient, whereas permanent loss of repression by genetic alteration appears to be needed
for malignant transformation. An intriguing result was seen in mice with NF1 deficiencies, where
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normal mature myelinating Schwann cells exhibited no signs of tumor formation; however, when there
was injury to the nerve, neurofibromas developed at those sites [107]. These results and others may
indicate that epigenetic programs utilized in the normal process of nerve healing are corrupted by the
MPNST cells through the genetic alteration of PRC2.

5. Consequences of PRC2 Loss on Oncogenic Signaling in MPNST

Not surprisingly, the consequences of PRC2 loss on the oncogenic signaling within the MPNST cell
has become an intensive area of investigation in the NF1 research community. The current paradigm
proposes a combination of H3K27me3 loss and de-repression of PRC2 target genes along with other
consequential epigenetic alterations in the chromatin landscape promoting oncogenesis [108]. However,
it remains unclear exactly what arethe MPNST specific PRC2 target genes that are de-repressed as the
malignant transformation takes place. One strategy to answer this question is through transcriptomic
and proteomic profiling of human MPNST samples; comparing the PRC2-negative tumors with the
PRC2-wild type ones [18,19,62]. These studies have suggested an amplified oncogenic signaling may be
playing a role; however, it remains unknown whether these changes are direct or indirect consequences
of PRC2 loss. Furthermore, although global increases in active transcription markers H3K27ac and
H3K36me3 were observed in PRC2-loss MPNST samples, it remains unclear how these changes affect
the three-dimensional structure of the genome and subsequent transcription. Well-controlled model
systems, which allow for interrogation of the epigenetic and transcriptomic landscape of MPNST cells,
in the PRC2-deficient and intact states would benefit the field tremendously. The resulting cellular
signaling changes are hypothesized to contribute to oncogenesis via cell proliferation and growth,
however the exact mechanisms that allow this to occur remain unknown. Here, we summarize what
is known about the effects PRC2 loss has on RAS, Wnt, and Notch signaling and speculate on the
implications that these findings may have for MPNST pathogenesis.

5.1. PRC2 Loss and RAS Signaling

As mentioned previously, biallelic LOF in NF1 is observed in all subtypes of MPNSTs [18,20,109]
and this disease can therefore be considered a product of hyperactive RAS signaling pathways. Since
MPNSTs can arise within a plexiform neurofibroma, treating these benign tumors is considered a
valuable preventive strategy. Indeed, the most effective treatment to date for plexiform neurofibromas
is to inhibit the RAS pathway by using MEK inhibitors [110]. However, the loss of NF1 is necessary
but not sufficient for the progression of benign neurofibromas into MPNSTs [111]. Additional genetic
mutations either through oncogene amplification or deletions in tumor suppressor genes are required
for MPNST transformation [112].

There is evidence that PRC2 loss in MPNSTs contributes to the hyperactive RAS signaling
through the epigenetic switch from H3K27me3 to H3K27ac. De Raedt and colleagues found that
PRC2 loss amplified NF1 loss-mediated RAS activation and signaling. Using gene set enrichment
analysis, this group showed that in SUZ12-depleted cells, there was a significant upregulation of
RAS signatures. SUZ12 reconstitution in PRC2-deficient MPNST cells confirmed this result, where
downregulation of RAS signatures was noted. Because phospho-ERK levels were unaffected by
SUZ12 loss or reconstitution, it was speculated that SUZ12 loss amplified RAS signaling via direct
chromatin effects [19]. Evidence for this was seen upon treatment of MPNST cell lines with JQ1, a
bromodomain inhibitor, where a similar effect on RAS signatures as SUZ12 reconstitution was noted in
the PRC2-deficient cells. Furthermore, the combination of JQ1 and a MEK inhibitor PD-901 was found
to cause significant tumor regression in a genetically engineered mouse model with cis mutations of Nf1,
p53, and Suz12 compared to JQ1 or PD-901 alone. The effectiveness of JQ1 in treating PRC2-deficient
MPNSTs is consistent with the observation that PRC2-loss triggered increased H3K27ac levels, which
is a marker of super enhancers [113]. However, it remains unclear how PRC2 loss alters the global
super enhancer landscape and whether additional transcriptional regulators might be involved in
the process of malignant transformation. Interestingly, a proteomics-based analysis did not observe
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specific activation of the RAS pathway in human MPNST samples when comparing tumors with and
without intact PRC2 [62]. This inconsistency may be explained by the “contamination” caused by
tumor microenvironment when using patient samples or the differences in methodology and requires
further investigation.

5.2. PRC2 Loss and Wnt Signaling

PRC2 is theorized to suppress Wnt signaling and thereby affect multiple biological processes, such
as skeletal muscle differentiation [114], skeletal growth [115], adipogenesis [116], erythropoiesis [117],
and intestinal homeostasis [118]. This suppression of Wnt signaling is mediated through a variety
of targets within the Wnt pathway, including genes such as Wnt1, Wnt6, Wnt10a, Wnt10b, and Lef1.
Therefore, loss of a functional PRC2 repressive complex in MPNST may lead to the upregulation of this
signaling pathway, which has previously been identified as a target of oncogenic mutation in many
cancer types [119]. Indeed, RNAseq results previously identified enrichment of Wnt signaling in genes
significantly upregulated in PRC2-deficient MPNSTs when compared with PRC2-retained samples [18].
Given the active clinical efforts and promising results targeting Wnt signaling, this may represent a
tractable therapeutic target in MPNST and supports additional preclinical study and investment.

Activation of the Wnt pathway has previously been described across several different sarcoma
types, including osteo-, Ewing, and rhabdomyosarcomas [120–122]. Interestingly, results from an
unbiased forward genetic screen highlighted the Wnt signaling pathway as potential driver of
oncogenesis in MPNST. In this work, the authors used a Sleeping Beauty transposon-based somatic
mutagenesis system in mice and found that 17.2% of all genes identified as cooperating with EGFR
overexpression were known members of the Wnt/β-catenin pathway [123]. Further, a study by Luscan
and colleagues using mRNA expression data and IHC analysis demonstrated altered expression of
20 Wnt genes in MPNST samples compared to benign neurofibromas [124]. These studies provide
evidence of Wnt pathway upregulation in MPNST, which could potentially be a direct result of loss
of PRC2 in this cancer. The role of PRC2-regulated Wnt signaling has previously been identified in
regulating migration and invasion of breast cancer cells, through the regulation of a Wnt signaling
pathway inhibitor DKK1 [125], and in multiple myeloma, in which depletion of core PRC2 components
EZH1/2 led to overactivation of Wnt signaling [126]. Interestingly, Serresi, Gargiulo, and colleagues
have shown that Eed deletion cooperated with Kras mutant and p53 inactivation to form an invasive
mucinous adenocarcinoma [127]. They reported that a chromatin switch between repressive H3K27me3
to its mutually exclusive active mark H3K27ac on the developmental genes of Wnt pathway drove the
tumorigenesis. This observation seems to be highly consistent with the genetic alterations reported in
MPNSTs. Though the current knowledge of PRC2 regulation of Wnt signaling is limited in the context
of carcinogenesis, PRC2 mutant MPNST provides a genetic mechanism and unique model system with
which to investigate this interaction further.

5.3. PRC2 Loss and Notch Signaling

Another signaling pathway implicated in MPNST pathogenesis is Notch signaling. The Notch
signaling pathway plays a central role in cell differentiation, proliferation, and reprogramming.
The Notch family of transmembrane receptors regulate cell fate choices, and aberrant Notch signaling
can lead to tumorigenesis in specific cell types such as T-cell lymphomas and pancreatic cancer [128].
While Notch is typically known as a transcriptional activator, several genes have been noted as
repressed by Notch activity. The mechanisms as to why this occurs are not fully understood; however,
PRC2 may play a role this transcriptional repression.

When Notch receptors are bound and activated, Notch intracellular domains (NICDs) are cleaved
and released. NICDs travel to the nucleus and form a ternary complex with the transcriptional
coactivator Mastermind (Maml) and DNA-binding transcription factor CSL that can then recruit
higher-order transcriptional complexes, resulting in a transcriptional cascade [129–132]. Han and
colleagues found that Notch recruited PRC2 in a Lysine Demethylase 1-dependent manner in T-cell
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lymphomas, and along with the ternary complex forms a stable transcriptional repressor complex.
This leads to enrichment of H3K27me3 repression and loss of H3K4me3 activation, contributing to
downstream repressive epigenetic changes [133]. In addition, preliminary data showed that Notch
activation led to direct EZH2 and SUZ12 transcriptional induction, although no evidence has shown
that they are direct Notch-target genes [133]. Intriguingly, there is also interplay between RAS signaling
and Notch signaling; in this manner, Notch signaling seems to be downstream of oncogenic RAS, and
wildtype Notch1 is needed for oncogenic RAS-mediated neoplastic transformation of human cells
in vitro and in vivo [134].

Although a Notch-mediated PRC2 mechanism has yet to be fully explored in MPNST, Notch
signaling may contribute to the malignant transformation of MPNSTs from neurofibromas. Li et al.
found that in the sNF96.2 MPNST cells, there was active Notch signaling with NICD generation [135].
Transduction of NICD into rat Schwann cells led to loss of Schwann cell differentiation markers and
cellular transformation. These transduced cells had elevated levels of phospho-ERK and Cyclins A,
D1, and D2 and were capable of growing into tumor masses when injected into rats. Further research
into Notch activation in MPNST is warranted, along with its interplay with PRC2 loss and other driver
mutations of MPNST formation.

6. Consequences of PRC2 Loss on Tumor Immune Surveillance in MPNST

Given the growing role of immunotherapy in cancer, there is great interest in understanding the
effect that PRC2 loss may play in the ability of MPNST cells to evade immune surveillance. In MPNSTs,
PRC2 loss downregulated pathways for antigen presentation and IFN signaling [62]. Proteomic studies
revealed decreases in major histocompatibility complex class I (MHC I) expression by tumor cells as
well as a decreased infiltration of MPNSTs that lost PRC2 by MHC class II-expressing inflammatory
cells. These changes were linked to increased H3K36me2 and H3K27ac as a result of H3K27me3 loss.
A proposed mechanism for this observation is PRC2 loss contributing to a decreased IFN signaling
as well as the loss of MHC expression. Consistently, restoration of a functional PRC2 or depletion
of NSD2 (H3K36me2 methyltransferase) in PRC2-deficient MPNST cell lines resulted in increased
MHC I expression and restored IFN pathway expression. It remains unclear whether these changes in
immune surveillance and the IFN pathway are directly or indirectly caused by the epigenetic switch
of PRC2 loss. Future studies using DNA sequencing coupled with chromatin immunoprecipitation
would provide additional mechanistic detail to this observation.

Understanding how to therapeutically modulate the PRC2-induced epigenetic changes in
MPNST tumor cells and harness the surrounding immune microenvironment remains a goal of
immunotherapeutics. Pilot efforts involving treating PRC2-deficient MPNST cell lines with DNA
methyltransferase inhibitors (DNMTi) led to halted cell growth and increased cell death that was
associated with increased expression of IFN pathway genes. Additionally, both DNMTi and histone
deacetylase inhibitor (HDACi) led to increased MHC I expression in MPNST [62]. Regardless of
whether the restoration of IFN pathway genes and MHC I expression is due to direct epigenetic
changes, the possibility of using drugs that modulate transcriptional activity opens up the exciting
therapeutic possibility of restoring tumor immune surveillance and increasing MPNST targetability.

It is important to note, however, that while PRC2 loss may lead to immune evasion in MPNSTs, in
many other cancer types, increased PRC2 activity can actually have a similar effect and also lead to
immune surveillance escape through decreased MHC I antigen presentation. A recent study found
that PRC2 silenced genes associated with MHC I antigen processing such as MHC I heavy chain
genes, the transporter associated with antigen processing (TAP), and the immunoproteasome [136].
In addition, PRC2 restricted transcriptional induction of MHC class I in response to cytokine stimulation
in MHC class I deficient tumors such as neuroblastoma and small cell lung cancer. EED or EZH1 and
EZH2 inhibition restored expression of MHC I antigen processing genes and effective T cell-mediated
immunity in MHC I low cancers. EZH2 inhibition also was shown to enhance tumor immunogenicity
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through increased interferon signaling, production of proinflammatory chemokines CXCL9 and
CXCL10, and modulation of immune cell differentiation.

In cancers where increased PRC2 activity leads to evasion of immune surveillance via decreased
MHC I antigen presentation, cell lineage likely plays an important role. Namely, these cells appear
to harness embryonic and tissue-specific stem cell programs that are typically regulated by PRC2 to
mediate immune evasion [137]. A well-studied example of this phenomenon is in human and mouse
melanoma, where PRC2 upregulation was found to be promoted by the presence of tumor-infiltrating
T cells [138]. In addition, anti-CTLA-4 or IL-2cx immunotherapy led to increased EZH2, subsequent
increases in global H3K27me3, and transcriptional silencing of immunogenicity-related genes including
MHC I molecules and antigen processing machinery. In this system, EZH2 inactivation via shRNA or
an EZH2 small molecule inhibitor upregulated immunogenicity-associated genes post-immunotherapy
downregulation, thus demonstrating immunotherapy-induced gene expression changes that are
EZH2-dependent. EZH2 inhibition can synergize with anti-melanoma immunotherapy, stimulating
CD8+ T cells and suppressing the PD-1/PD-L1 axis.

Thus, the loss or gain of PRC2 depending on the cancer type can both lead to evasion of immune
surveillance via decreased antigen presentation by the tumor cells. It seems likely that PRC2 loss
in MPNSTs influences the ability of the immune system to recognize these tumors. One possibility
is that MPNSTs arise in the context of NF1-loss mediated hyper activated RAS signaling, which
causes decreased interferon signaling and antigen presentation [139,140]. Future work dissecting
the interactions of the tumor cell and the host immune system using human samples and immune
competent animal models will be required to uncover the mechanistic details of these interactions.
Given the potency of immunotherapy in controlling other aggressive metastatic tumor types, this work
may have a profound therapeutic impact for patients with MPNST.

7. Establishment of Preclinical Modeling of the PRC2 Loss in MPNST as a Pathway to
Clinical Translation

Deciphering new vulnerabilities in the MPNST cell that result from PRC2 loss requires the
production and characterization of credentialed model systems that faithfully recapitulate human
tumors. The most widely used model system in MPNST investigation is that of patient derived tumor
cell lines. We summarize here a wide variety of human MPNST cell lines frequently used in preclinical
investigations (Table 1). The majority of these cell lines are derived from NF1 patient tumors, and
few have been characterized for PRC2 function or SUZ12 expression. This lack of data highlights a
potential need for more thorough characterization of these cell lines as we attempt to understand the
effects of PRC2 loss in MPNST and its role in oncogenesis. It would also be beneficial to research efforts
if EED mutant cell lines were identified or developed, which would allow for more complete analyses
of the functional consequences of PRC2 complex loss in MPNST. Further, the majority of the commonly
used MPNST cell lines were originally obtained from male patient tumors or are of unknown gender
origin. This may result in bias of the data obtained from epigenetic research on such MPNST cells,
as it has been hypothesized that sex has the potential to affect the epigenetic modification of the
nervous system and lead to morphological differences [141,142]. Clarification of the sex of available
MPNST cell lines, or the establishment of novel immortalized cell lines from tumors of female patients,
may aid the removal of such bias from ongoing MPNST research. Exciting efforts are underway to
develop a next generation of model systems, including work by the the NF1 Biospecimen Repository at
Johns Hopkins (https://www.hopkinsmedicine.org/kimmel_cancer_center/centers/pediatric_oncology/
research_and_clinical_trials/pratilas/nf1_biospecimen_repository.html). Importantly, these efforts
include a fully annotated clinical database and biospecimen bank of NF1-associated MPNST primary
tumors, cell lines, and novel patient-derived xenografts (PDXs), which are available on request.
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Table 1. A summary of immortalized cell lines used in MPNST research.

Cell Line Sex Synonyms Origin PRC2 Status Ref.

T265 /
T265-2c;
T265-2C;
T265p21

NF1 Loss [62,143] [144,145]

90-8 /
MPNST 90-8TL;
90-8TL; NF90-8;

NF190-8
NF1 Loss [19] [146]

ST88-3 M 88-3; NF188-3 NF1 Unknown [147]

ST88-14 M

ST88.14; ST
88-14; ST-8814;
ST8814; 88-14;

NF188-14

NF1 Loss [18,19] [147]

sNF02.2 M sNF02-2 NF1 WT [148] [149]
sNF10.1 / NF1 Loss [150] [150]
sNF94.3 F NF1 Loss [150] [151]

sNF96.2 M SNF96.2;
sNF96-2 NF1 Loss [19,148] [152]

S462 / NF1 Loss [19,62] [153]

S462.TY /
S462-TY;
S462TY NF1 Unknown [154]

S520 / NF1 Unknown [153]
S805 / NF1 Unknown [155]

FMS-1 F NF1 Unknown [156]
FU-SFT8710 F NF1 Unknown [157]

NFS-1 / NF1 Unknown [158]
NMS-2 M NF1 Unknown [159]

NMS-2PC M NF1 Unknown [159]
MPNST-14 M NF1 Unknown [160]
MPNST642 M NF1 Unknown [161]

1507.2 / S1507-2 NF1 Unknown [153,162]

STS-26T / STS26T; STS26 Sporadic WT [62,143] [163]
MPNST-724 / MPNST724 Sporadic WT [18] [160]

HS-Sch-2 F Sporadic Unknown [164]
HS-PSS M Sporadic Unknown [165]
YST-1 F Sporadic Unknown [165]

FU-SFT9817 F Sporadic Unknown [157]
FU-SFT8611 M Sporadic Unknown [157]

F: Derived from a female patient. M: Derived from a male patient. Loss: Normal function of PRC2 loss determined
in the indicated reference. WT: Normal function of PRC2 retained in the indicated reference.

A variety of animal models have been used in preclinical investigations of MPNST in an effort
to more closely recapitulate the human tumor environment. Murine models are frequently used in
this area of research, particularly xenograft or orthograft models involving the engraftment of the
human tumor cell lines into mice. Most of the cell lines listed in Table 1 have been utilized in xenograft
research of MPNST, including those known to be PRC2 mutant, allowing for biological modelling of
tumors possessing this aberration. Another common method of MPNST investigation is the use of
PDX models, in which patient tumor is engrafted onto an immunocompromised host, to allow for
the investigation of these tumor cells in the context of an in vivo environment. Although there is a
growing number of PDX models described [166,167], documentation of PRC2 mutational status has
not been routinely commented on.

Genetically engineered mouse models (GEMMs) are another useful tool for the study of cancer
development, progression, and therapeutics, but have proved difficult to produce in the case of PRC2
mutant MPNST. Despite the success of GEMM in contributing to the study of NF1 pathogenesis and
plexiform development, the development of MPNST models has been a slow and complex process [168].
An effort was made by De Raedt and colleagues to generate MPNST models through the generation
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of Nf1, p53, and Suz12 mutant mice [19]. They generated Nf1+/−, Suz12 +/− mice in cis, in which the
mutant copies of these genes were on a single chromosome, and tumors developed upon spontaneous
loss of the wildtype chromosome. This murine model had a high rate of tumor development and
decreased survival. They further developed a Nf1+/−, Suz12+/−, and p53+/− cis model, as the p53 tumor
suppressor protein is found to be commonly mutated in MPNST. These mutant models were found to
have a high rate of spontaneous tumor development, but the tumors were of a wide histological variety,
including histiocytic sarcomas, intestinal adenomas, neurofibromas, hepatocellular carcinomas, as well
as MPNSTs. While MPNST development was identified in this study, mice frequently succumbed to
other cancerous diseases prior to this tumor formation, indicating a lack of efficiency of this MPNST
model. Due to the high rate of tumorigenesis and wide variety of tumors as a result of the combination
of NF1, p53, and SUZ12 deletion, it is possible that a more effective murine model of MPNST can
utilize floxed alleles that conditionally knockout tumor suppressors in the appropriate cells of origin.
As mentioned previously, neural crest gives rise to Schwann cell precursors, which subsequently
differentiate into immature Schwann cells and then myelinating and non-myelinating Schwann cells
after birth [90]. It has been appreciated that the cells of origin that give rise to plexiform neurofibromas
and therefore MPNSTs are the Schwann cells in the dorsal ganglia root [83]. Using a genetically
engineered Nf1 floxed, Cdkn2a/Arf floxed, and PostnCre mouse model that triggered conditional
knockout in the nerve crest derived Schwann cell lineage, Rhodes et al. created one of first models that
mimic the human malignant transformation from plexiform to atypical neurofibroma, which eventually
developed MPNST with a high penetrance [169]. It is hoped that with the increasingly accurate
description of the genetic lesions associated with the tumorigenic formation of human MPNSTs, more
MPNST GEMMs will be produced that faithfully recapitulate the genetic lesions and will become
available to the researcher community.

8. Conclusions

The advance of NGS enabled the discovery of PRC2 loss in MPNSTs, and the loss of H3K27me3
has become a clinically useful, sensitive, and specific marker for diagnosis. Efforts to understand
the consequences of PRC2 loss in MPNST tumorigenesis and to identify novel vulnerabilities in this
difficult to treat tumor are areas of intensive focus for both basic and translational researchers. Recent
works have discovered that the loss of PRC2 in MPNST likely affects changes in cellular signaling
and immune surveillance through alteration of the core epigenetic and transcriptomic landscape
in a neuronal specific precursor cell. Further studies will be enabled through a new generation of
clinically annotated and genetically profiled patient samples and their derivative MPNST cell lines
and PDX models, as well as GEMMs that mimic the clinically observed disease progression from
benign plexiform neurofibroma through atypical neurofibroma to MPNST. These and other anticipated
advances will hopefully accelerate discovery of mechanistically based strategies for the treatment of
this devastating tumor.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/3/287/s1,
Table S1: Summary of mutations of SUZ12 and EED in human MPNSTs.
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