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Learning Objectives Explain the characteristics and treatment of malignant peripheral nerve sheath tumors, both in

relation to neurofibromatosis type | and otherwise.
Cite the unique challenges in optimal management of malignant peripheral nerve sheath tumors.

Appraise the large amount of new data surrounding the potential molecular drivers, possible targets
for therapy in this disease.

/ABSTRACT

Malignant peripheral nerve sheath tumors (MPNST) are un-
common, biologically aggressive soft tissue sarcomas of neural
origin that pose tremendous challenges to effective therapy. In
50% of cases, they occur in the context of neurofibromatosis type
I, characterized by loss of function mutations to the tumor
suppressor neurofibromin; the remainder arise sporadically or
following radiation therapy. Prognosis is generally poor, with
high rates of relapse following multimodality therapy in early
disease, low response rates to cytotoxic chemotherapy in
advanced disease, and propensity for rapid disease progression
and high mortality. The last few years have seen an explosion in
data surrounding the potential molecular drivers and targets for
therapy above and beyond neurofibromin loss. These data span

multiple nodes at various levels of cellular control, including
major signal transduction pathways, angiogenesis, apoptosis,
mitosis, and epigenetics. These include classical cancer-driving
genetic aberrations such as TP53 and phosphatase and tensin
homolog (PTEN) loss of function, and upregulation of mitogen-
activated protein kinase (MAPK) and (mechanistic) target of
rapamycin (TOR) pathways, as well as less ubiquitous molecular
abnormalities involving inhibitors of apoptosis proteins, aurora
kinases, and the Wingless/int (Wnt) signaling pathway. We
review the current understanding of MPNST biology, current
best practices of management, and recent research develop-
ments in this disease, with a view to informing future advance-
ments in patient care. The Oncologist 2014;19:193-201

Implications for Practice: Malignant peripheral nerve sheath tumors (MPNST) are amongst the most challenging mesenchymal
malignancies to treat. They affect young and middle-aged adults, tend towards early metastasis, and often demonstrate resistance
to chemotherapy. Their frequent association with a seemingly simple genetic aberration—the loss of the tumor suppressor gene
neurofibromin—belies a quite prolific genomic complexity that has rendered effective therapy elusive to date. This review aims to
detail elements of current optimal clinical management and summarize recent data on potential molecular drivers and targets,

with a view to charting the course for future progress in patient care.

INTRODUCTION

Malignant peripheral nerve sheath tumors (MPNST) are
believed to derive from peripheral nerves or demonstrate
peripheral nerve differentiation. More specifically, they are
defined as nerve sheath tumors arising from a peripheral
nerve, from a pre-existing peripheral nerve sheath tumor, or
in the setting of neurofibromatosis type 1 (NF1) syndrome.
In other contexts, the diagnosis can only be made in the
presence of demonstrable features of Schwannian differen-
tiation [1]. MPNST may arise from a precursor plexiform
neurofibroma, a benign tumor characterized by differenti-
ated Schwann cells embedded in a varied microenvironment

comprising perineural-like cells, fibroblasts, vascular cells,
and mast cells. In contrast, schwannomas, benign peripheral
nerve sheath tumors comprised exclusively of Schwann
cells, do not give rise to malignancies. The term MPNST does
not include tumors arising from the epineurium or the
vasculature of peripheral nerves, but has replaced previous
less well-defined terms of malignant schwannoma, neuro-
genic sarcoma, and neurofibrosarcoma. MPNST should
also be distinguished from the vanishingly uncommon ma-
lignant granular cell tumor, yet another aggressive soft
tissue tumor of Schwannian origin, which is more frequently
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associated with small nerve twigs, rather than large nerve
trunks [1].

EPIDEMIOLOGY, ETIOLOGY, AND PATHOGENESIS

MPNSTs comprise ~2% of all sarcomas, a small fraction of
a group of cancers that affect 5 people per million per year [2].
Whereas MPNST may arise at any age with no gender
predilection, it tends to present earlier in life than most other
genomically complex sarcomas, which are generally more prev-
alent beyond the sixth decade. The median age for sporadic
MPNST is between 30 and 60 years, and that for NF1-associated
MPNST is between 20 and 40 years [3].

Half of MPNSTs are associated with neurofibromatosis
type 1(NF1), the autosomal dominant condition that, affecting
1 in 3000 live births, represents the most common human
cancer genetic predisposition syndrome. NF1 is characterized
by multiple areas of cutaneous hyperpigmentation, termed
café-au-lait spots, and numerous neurofibromas, the slowly
progressing, pathologically heterogeneous nerve sheathtumors
first described by the German pathologist von Recklinghausen
in the 1880s. This syndrome is almost completely penetrant,
but demonstrates variable expressivity, a phenotypic hetero-
geneity that renders accurate prediction and early detection of
clinical complications like malignant transformation challenging.
Cutaneous neurofibromas, superficial lesions derived from small
peripheral nerve branches, affect virtually all NF1 patients, are
generally asymptomatic, and have very low malignant poten-
tial. In contrast, plexiform neurofibromas are foundin less than
half of NF1 patients, but may cause significantly greater morbidity.
Many are deep seated, arising from and involving single or
multiple branches of larger nerves or nerve plexuses, and may
grow to be quite large. Plexiform neurofibromas are often
associated with a wide range of symptoms related to mass
effect and can transform into MPNSTs. Other clinical features
of NFlinclude axillary freckling, optic gliomas, irishamartomas
termed Lisch nodules, bone dysplasia, and family history of
NF1inafirst-degreerelative; NF1is diagnosed when any two of
these seven criteria are met. NF1 can also be associated with
cardiovascular abnormalities, learning deficiencies, and the
development of a variety of malignancies, including leukemia,
gastrointestinal stromal tumor, and rhabdomyosarcoma.

The genotypic hallmark of NF1 involves mutations to or
other loss of the 350 kilobase gene NF1 on the long arm of
chromosome 17, which encodes the tumor suppressor protein
neurofibromin. This cytoplasmic protein possesses a guanosine
triphosphatase (GTPase)-associated protein-related domain
that inhibits the activity of the ras proto-oncogene by
catalyzing the conversion of the active ras-GTP to its inactive
GDP-bound conformation. Thus, NF1 inactivation leads to ras
hyperactivity and consequent activation of multiple down-
stream survival and proliferative pathways, including the
mitogen-activated protein kinase (MAPK), mammalian target
of rapamycin (mTOR), and AKT (Mouse breed AK thymoma,
also termed protein kinase B, or PKB) pathways. Biallelic loss of
neurofibromin (one “hit” from the germline, and the second
“hit” acquired somatically) resulting in ras activation is as-
sumed to be directly responsible for the development of
neurofibromas in NF1 syndrome. Yet the pathway to neuro-
fibroma tumorigenesis is considerably more complex; NF1
mutations are likely necessary, but not sufficient to drive
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neoplastic change. Loss of heterozygosity at the NF1 locus has
been demonstrated in human tissue samples and confirmed in
mouse models as being permissive to neurofibroma formation
[4]. However, murine studies have also revealed the impor-
tance of haploinsufficient NF1 mast cells to the promotion of
inflammation and acceleration of tumor growth in plexiform
neurofibromas [5]. The maturation, proliferation, and recruit-
ment of these mast cells have been shown to be mediated by
stem cell factor (SCF), the ligand for the KIT receptor tyrosine
kinase (RTK) [6], suggesting SCF/KIT-dependent tumorigenic
tumor-stromal interactions in plexiform neurofibromas, in
addition to ras activation.

The subsequent molecular path from neurofibroma to
MPNST in NF1 syndrome remains uncertain, although NF1
deficiency in and of itself is clearly insufficient, given that only
approximately 10% of all NF1 patients eventually develop
MPNST. The large number of molecular aberrations associated
with MPNST in both preclinical and clinical studies across
a variety of platforms is, on the other hand, not in doubt;
MPNST s agenomically complexdisease. Unsurprisingly, signal
transduction pathways downstream of ras demonstrate
evidence of increased activation. The MAPK pathway, mediated
by the signal transduction kinases rapidly accelerated fibrosar-
coma (RAF) MAPK/extracellular signal-regulated kinase (ERK)
kinase (MEK), and ERK, demonstrates overexpression or upregu-
lation of one or more of its elements in multiple studies of
MPNST. For instance, phosphorylated MEK was overexpressed
in >90% of MPNST tissues compared with 21% of benign
neurofibromas in one study [7]. The phosphatidyl inositol 3
kinase-mouse strain AK thymoma-[mechanistic] target of
rapamycin (PI3K/AKT/TOR) pathway, another major mitogenic
signal transduction pathway downstream of ras, is also implicated
in MPNST development. Expression of downstream targets of
phosphorylated AKT and activated TOR assessed immunohis-
tochemically on a tissue microarray was significantly higher in
MPNSTs than neurofibromas, and the same pathways were
foundto be highly activated in MPNST cell lines [8]. Phosphatase
and tensin homolog (PTEN), a key tumor suppressor regulating
the PI3K/AKT/TOR pathway, has also been shown to be sig-
nificantly downregulated in MPNST samples when compared
with neurofibromas [9, 10]. Among the RTKs, the epidermal
growth factor receptor (EGFR) has been prominently studied
and associated with the development of MPNST. A recent
study in a genetically engineered mouse model showed that
EGFR overexpression was sufficient to transform neurofi-
broma into MPNST via Janus kinase 2/signal transducer and
activator of transcription 3 (STAT3) activation [11]. The MNNG
HOS transforming gene (MET) RTK is also of putative impor-
tance in MPNST pathogenesis; MET activation increased
MPNST invasion, motility, and angiogenesis in an in vitro model,
whereas MET knockdown markedly decreased tumor growth in
severe combined immunodeficiency mice [12]. Finally, a recent
study using both a murine forward genetic screen and tissue
microarray studies of human tumor samples revealed evidence
that activation of the canonical Wingless/int (Wnt) signaling
pathway could induce transformation of immortalized Schwann
cells, and that downregulation of this pathway was sufficient to
reduce the tumorigenic phenotype of human MPNST cell lines [13].

As in the case of many malignancies, mutations in TP53
have been prominently associated with MPNST development;
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these mutations have been shown to result in MPNST
development in several models, including elegant zebrafish
models that have proved useful in modeling NF1-related
tumors [14]. The actual incidence of TP53 aberrations in
MPNST ranges widely across studies; a gene signature as-
sociated with TP53 inactivation was found in 16 of 20 tumor
samples evaluated in one gene expression profiling study [15],
whereas another study demonstrated TP53 mutations only in
fewer than 25% of patient samples assessed [16].

Perhaps unexpectedly, a number of recent studies have
demonstrated that there is an overall downregulation of genes
in MPNST as compared with neurofibromas. In the gene
expression study mentioned above, microarray analyses of
global mRNA and microRNA (miRNA) expression profiles of both
neurofibromas and MPNSTs revealed frequent loss of expres-
sion in the malignant transformation to MPNST [15]. Further
studies have since corroborated these findings. Comparative
methylome analyses showed that promoter hypermethylation
may be responsible for much of this downregulation [17],
whereas another study revealed the critical role of down-
regulation of further miRNA tumor suppressors, such as miR-
29c¢, in the malignant progression of neurofibromas [18].

The molecular heterogeneity of MPNSTs goes beyond
multiply activated pathways and widespread genomic ab-
errations. MPNSTs are known to have complex karyotypes,
with an average of 18 aberrations per tumor based on
metaphase comparative genomic hybridization analysis.
Common karyotypic changes include gains from chromo-
somearms 7p, 8q,and 17q, and losses from 9p, 11q, 13q, and
17p [19]. MPNSTs demonstrate both inter- and intratumoral
heterogeneity, and more than 70% of NF1-associated MPNSTs
displayed intratumoral heterogeneity as shown by loss of
heterozygosity analysis [20]. Even the canonical biallelic NF1
losses demonstrate significant heterogeneity; the spectrum of
specific germline NF1 mutations in NF1 patients with MPNST
has been shown to differ from both the somatic NF1 mutations
in either sporadic or NF1-associated MPNST [21]. Finally, there
are also data suggesting that the importance of neurofibromin
loss in NF1-mutated MPNST may not be dependent on ras and
MEK regulation, but rather mediated through the activation
of alternative pathways like the bone morphogenetic protein
2 - small body size/mothers against decapentaplegic (BMP2-
SMAD) pathway [22].

Although relatively similar molecular mechanisms are
involved in the pathogenesis of sporadic MPNST, which com-
prise approximately 40% of all MPNST, there are some distinct
differences between these tumors and the NF1-associated
variety. Somatic NFI mutations are far from universal in
sporadic MPNST, affecting 41% of sporadic MPNSTs in one study
[21]; the pathogenetic necessity of these mutations in this
setting is thus unclear. In addition, TP53 mutations are more
often associated with sporadic MPNST, whereas EGFR over-
expression and Raf and PI3K/AKT pathway activation are more
commonly seen in NFl-associated MPNST. In spite of these
putative differences, no consistently distinctive gene expression
profiles have been discovered for either subset to date [23].

The remaining 10% of MPNSTs arise secondary to previous
irradiation and account for about 5% of radiotherapy (RT)-
induced sarcomas, which arise most frequently in the setting of
external beam RT for breast cancer or lymphoma. RT-induced
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sarcomas are known to have poorer outcomes compared with
sporadic softtissue sarcomas, independent of histologic type [24].
Inferior outcomes have been observed for RT-associated MPNST
compared with NF1-associated or sporadic MPNST [24, 25].

CLINICAL PRESENTATION AND DIAGNOSIS

As noted above, half of all MPNSTs arise in the context of NF1
syndrome, usually in association with pre-existing plexiform
neurofibromas. The lifetime risk of developing MPNST in
a patient with NF1 syndrome is 8%—13% [26]. Patients present
with a rapidly enlarging mass that may be painful or cause local
neurological symptoms such as weakness or paresthesias. The
development of new, worsening, or persistent pain in the
neurofibroma of a patient with NF1 is an important symptom
that should always be conscientiously evaluated, even if there
was already pre-existing chronic discomfort from the lesion.
The most common sites of involvement include the nerve roots
and bundles in the extremities and pelvis, particularly the
sciatic nerve. In most instances, the size of the mass is greater
than 5 cm at presentation (Fig. 1A, 1B), and up to 50% of
patients present with metastatic disease, usually to the lung.

Magnetic resonance imaging is the most useful imaging
modality for characterizing the anatomical extent of the tumor
for surgical planning. Fluorodeoxyglucose-positron emission
tomography (FDG-PET) has been studied to evaluate the key
clinical task of differentiating benign neurofibromas from
MPNST in patients with NF1. One study demonstrated reliable
and replicable differentiation with relatively high specificity
[27]; this high degree of diagnostic accuracy with FDG-PET
remains to be replicated in other series.

Histologic features of MPNST are rather nonspecific (Fig. 2A—
2C). Generally, tumors are composed of monotonous spindle
cellsarranged in intersecting fascicles. Pleomorphic variants also
exist. At low power, alternating hyper- and hypocellular areas
may be present, often with hypercellular areas localized in close
proximity to blood vessels. Compared with benign neuro-
fibromas, MPNST usually demonstrate a marked increase in
tumor cellularity, pleomorphism, and mitotic activity and show
a more organized cellular growth pattern, with less extracellular
matrix material. Occasionally, a spectrum of changes may be
seen, ranging fromatypical neurofibromas to high-grade MPNST.
The former are associated with increased nuclear pleomorphism
in the absence of mitotic activity or cellularity. A recent study
revealed recurrent cyclin-dependent kinase 2A (CDKN2A) and
CDKN2B deletions in atypical neurofibromas; aberrations at this
gene locus were also found in MPNSTs evaluated, but not benign
neurofibromas [28]. These data suggest atypical neurofibromas
to be true premalignant lesions, pointing toward the need to
consider pre-emptive therapeutic intervention when such
neurofibromas are detected. Graded by either the National
Cancer Institute or the Fédération Nationale des Centres de
Lutte Contre le Cancer systems [1], the majority of MPNSTs will
be intermediate to high grade. Heterologous elements, such as
skeletal muscle, bone, cartilage, and blood vessels, are presentin
approximately 15% of tumors [1]. Heterologous elements may
portend an even poorer prognosis; MPNSTs demonstrating
skeletal muscle differentiation (malignant Triton tumors) are
particularly aggressive and associated with poor prognosis.
There is no pathognomonic molecular or immunohistochem-
ical study for MPNST. S100 protein is weakly and patchily
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Figure 1. Radiological findingsin malignant peripheral nerve sheath tumors (MPNST). (A): 24-year-old male with neurofibromatosis type
1 presenting with large thigh mass. Contrast MRI revealed dominant mass within the left vastus medialis muscle with heterogeneous
signal intensity and enhancement with areas of central necrosis. Biopsy confirmed MPNST, for which he underwent local resection and
adjuvant RT. (B): 45-year-old male presenting with thoracic cord compression. Magnetic resonance imaging revealed a homogeneously
enhancing mass within the right posterior mediastinum extending through the right T3-T4 neural foramen into the spinal canal with
associated compression of the spinal cord. Biopsy confirmed MPNST; he underwent extensive resection and adjuvant radiotherapy.
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Figure 2. Histopathologic features of (A): Low power view (X20) of MPNST demonstrating variable hypo- and hypercellular areas. (B):
Low power view (X40) showing more cellular MPNST with scattered pleomorphic cells. (C): Moderate power view (X100) showing
hypercellular area with intersecting fascicles of monotonous spindle cells.

MET activation has also been suggested to portend inferior
prognosis [12].

present in <50% of cases; strong diffuse staining nearly always
excludes a diagnosis of MPNST. Thus, in the absence of a history
of NF1 or gross or microscopic evidence of association of tumor
with nerve sheath or neurofibroma, the most reliable method of

diagnosis remains electron microscopy, which can identify
ultrastructural features of Schwann cells.

PROGNOSTIC FACTORS

In general, MPNST is known to have high metastatic potential
and poor prognosis. Reported long-term outcomes vary widely
across multiple series, with 5-year survival ranging between
15% and 50%. Most data on clinicopathologic factors are
derived from several retrospective single institution studies
analyzing between 100 and 200 patients each. Large tumor
size at presentation (typically >5 cm) has been the most
consistently determined adverse prognostic factor across all
series [7, 25, 29]. Other reported factors include tumor grade,
truncal location, surgical margin status, local recurrence,
and heterologous rhabdomyoblastic differentiation. There
remain no well-defined or widely reproducible molecular
prognosticators. One series found an association with nu-
clear p53 expression with inferior outcome [7]; AKT and
TOR pathway activation (identified immunohistochemically)
were negatively prognostic in another study [30], whereas
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Large tumor size at presentation (typically >5 cm) has
been the most consistently determined adverse prog-
nostic factor across all series. Other reported factors
include tumor grade, truncal location, surgical margin
status, local recurrence, and heterologous rhabdo-

myoblastic differentiation.

The true prognostic impact of NF1 syndrome in MPNST
remains somewhat in flux. Several large series report
significantly worse outcomes for MPNST arising in the setting
of NF1 compared with sporadic disease, with inferior
responses to cytotoxic chemotherapy and 5-year survivals
that are up to 50% worse [31-33]. A meta-analysis of several
European studies, however, suggested that, whereas NF1
may have been negatively prognostic in studies before the
year 2000, this effect was subsequently lost, possibly
because of better overall surveillance and more rapid
intervention at earlier stages of disease in patients with
NF1 accruing from improvements in imaging and diagnostic
techniques [34].
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Table 1. Completed and ongoing clinical trials of targeted therapies in malignant peripheral nerve sheath tumor- or

neurofibromatosis type 1-related plexiform neurofibromas

Reference or

ClinicalTrials.gov Mechanism Sample
Identifier Agent of action Trial design and population size Results
Albritton et al. Erlotinib SMOKI Phase Il study in MPNST 20 No objective responses; median
[49] against EGFR PFS = 2 months; median OS = 4
months
Widemann etal. Tipifarnib Farnesyl Phase I study in pediatricrefractorysolid 17NF1,23 MTD = 200 mg/m?/dose; no
[41] transferase  tumors and NF1 with plexiform solid objective responses
inhibitor neurofibromas tumors
Robertson et al. Imatinib SMOKI Phase Il study in NF1 with plexiform 36 17% response rate®
[52] against KIT  neurofibromas
Kim et al. [44] Sorafenib SMOKI Phase | trial in chidren with NF1 and 9 No objective responses
against plexiform neurofibromas
VEGF, RAF
Maki et al. [43] Sorafenib SMOKI Phase Il study in soft tissue sarcomas 12 No objective responses in
against MPNSTs  MPNST patients
VEGF, RAF (122
total)
NCT01661283 Bevacizumab mAb against Phase Il study of combination of 25P Trial ongoing
VEGF ligand  Bevacizumab and Everolimus in MPNST
Everolimus  TOR Phase Il study of combination of 25P Trial ongoing
inhibitor Bevacizumab and Everolimus in MPNST
NCT01362803 AZD6244 SMOKI Phase | trial in children and young adults 30 Trial ongoing
(Selumetinib) against MEK with unresectable plexiform
neurofibromas
NCT01275586 Nilotinib SMOKI Phase Il study in NF1 with plexiform 20° Trial ongoing
against KIT  neurofibromas
NCT01365468 Everolimus  TOR Phase Il study in NF1 with plexiform 20P Trial ongoing
inhibitor neurofibromas
NCT01402817 Sunitinib SMOKI Phase Il study in NF1 with plexiform 42° Trial ongoing
against neurofibromas
VEGF, KIT

#Response defined as 20% reduction or more in at least one tumor after 6 or more months of therapy. This reduction refers to a decrease in volume of tumor,
distinct from established tumor response criteria such as Response Evaluation Criteria in Solid Tumors or the World Health Organization response criteria.

PEstimated accrual for ongoing trials.

Abbreviations: EGFR, epidermal growth factor receptor; mAb, monoclonal antibody; MEK, mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase; MPNST, malignant peripheral nerve sheath tumor; MTD, maximum tolerated dose; TOR, (mechanistic) target of
rapamycin; NF1, neurofibromatosis type 1; OS, overall survival; PFS, progression-free survival; RAF, rapidly accelerated fibrosarcoma; SMOKI, small

molecule oral kinase inhibitor; VEGF, vascular endothelial growth factor.

TREATMENT

In the setting of localized disease, as is the case with all soft
tissue sarcomas, complete surgical extirpation with clear
margins is the treatment of choice. Multiple retrospective
datasets have shown the negative prognostic impact of
involved margins and local recurrence. Crucially, even in large,
nonextremity MPNSTs, as often arises in NF1, for which
extensive gross total resections would be associated with
significant morbidity, data exist to suggest the independent
prognostic importance of complete surgical resection [35]. As
in the case with most large (>5 cm) high-grade limb sarcomas,
adjuvant radiation is advocated to reduce local recurrence.
The risk-benefit profile of adjuvant radiation in patients with
NF1 must be carefully discussed with all patients in view of
the heightened risk of radiation-induced sarcomas. There
are no randomized data examining adjuvant chemotherapy
specifically in MPNST. In histologically unselected populations
of soft tissue sarcomas, data exist from meta-analyses to
suggest marginal survival benefit [36], implying that adjuvant
chemotherapy remains a consideration for motivated patients.
The recently reported SARC006 phase Il trial conducted by the
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Sarcoma Alliance for Research (SARC) evaluated the role of
chemotherapy with doxorubicin, ifosfamide, and etoposide in
48 locally advanced or metastatic MPNST patients. It revealed
encouraging disease stabilization and responses accruing from
neoadjuvant chemotherapy that rendered subsequent local
therapy feasible in the majority of patients with localized
disease [37]. In this study, there was also a suggestion that
NF1-associated disease predicted for inferior responses to
chemotherapy compared with sporadic disease. Although by
no means definitive, these data suggest that chemotherapy
may yet have a role in the multimodality treatment of selected
MPNST patients with nonmetastatic disease.

In the setting of advanced or metastatic MPNST, outcomes
are generally poor. Doxorubicin and ifosfamide are the most
active agents in unselected soft tissue sarcomas, with a Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) response
rate of approximately 25% for the combination. Responses are
no better in MPNST, reported to be 21% in a multi-institution
retrospective study pooling MPNST patients across multiple
soft tissue sarcoma trials [38].

Previous gene expression analyses of MPNST tumor
samples have identified topoisomerase Il a as the most
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overexpressed gene in MPNSTs relative to benign neurofi-
broma [39]. There exist very limited data suggesting the
possible greater activity of etoposide than doxorubicin in
MPNST. A case series demonstrated significant responses to
the combination of carboplatin and etoposide in two MPNST
patients who were refractory to doxorubicin and ifosfamide
[40]. In the earlier described SARC006 study of chemother-
apy in MPNST, patients were given two cycles of doxorubicin
combined with ifosfamide (lA), followed by two cycles of
etoposide combined with ifosfamide (IE); more objective
responses were obtained in both NF1l-associated and
sporadic MPNSTs following the administration of IE than IA
[37].

Poor results with conventional agents have stimulated
interest in exploring rationally developed targeted therapeutics
in MPNST, building upon the large amount of molecular data
surrounding MPNST pathogenesis amassed to date (Table 1).
The family of ras proto-oncogenes aberrantly activated with loss
of neurofibromin is an obvious, if to date elusive, target for
many cancers, including MPNST. One strategy involves exploit-
ing the need of ras to localize to the cytoplasmic surface of the
cell membrane through farnesylation, in which a lipid group is
attached to the ras protein posttranslationally. Interrupting this
process, necessary for efficient signaling, can potentially abro-
gate ras activity. This can be achieved at the level of blocking
lipid synthesis, through the use of 3-hydroxy-3-methyl-glutaryl-
coenzyme A (HMGCoA) reductase inhibitors (statins), or at the
level of protein prenylation, using farnesyl transferase inhib-
itors. Clinical studies with these agents have not, however,
realized this promise; a phase | trial of tipifarnib in children with
NF1-associated plexiform neurofibromas and refractory solid
tumors revealed no objective responses [41]. The MAPK path-
way, activated immediately downstream of ras, and compris-
ing the sequential phosphorylation of Raf family, MEK, and
ERK kinases in a mitogenic cascade, would appear to be a
rational pathway to target, and MEK inhibition has shown
promising results in vitro [42]. However, a multicenter phase Il
trial evaluating sorafenib, a small-molecule oral tyrosine kinase
inhibitor, revealed no objective RECIST responses in the 12
patients with MPNST [43], although some symptomatic relief
was observed. A phase | study evaluating sorafenib in nine
pediatric patients with NF1 and plexiform neurofibromas also
revealed no responses [44].

Another pathway closely linked with neurofibromin-
deficient ras and most likely important in the pathogenesis of
MPNSTs is PI3K/AKT/TOR. In vitro analyses revealed constitutive
activation of TOR in NF1-deficient cells, an aberrant activation
dependent on ras and PI3K [45]. Multiple studies have shown
promising activity of TOR inhibitors against MPNST in preclinical
studies in vitro and in vivo, either singly or in combination with
otheragents[8,29,45,46]. Importantly, there are datatosuggest
the possible need to appropriately enrich populations for
optimal therapeutic effect.

Expression level of PTEN, a tumor suppressor that neg-
atively regulates the TOR pathway, has been suggested as
a potential biomarker for TOR pathway blockade efficacy,
although the data in support of this have been mixed. It may
also be necessary to combine TOR inhibitors with other agents,
to optimize therapeutic blockade of the pathway, in view of the
complexand multifarious axes of control and feedback limiting
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the efficacy of single pathway blockade. For example, studies
in xenograft models have revealed apoptotic resistance
secondary to significant productive autophagy accompany-
ing growth arrest of MPNST cells in response to PI3K/TOR
inhibition; the addition of genetic and pharmacologic in-
hibition of autophagy reversed apoptotic resistance and
induced significant cell death [47]. TOR inhibitors have also
demonstrated synergism when combined with statins, in-
hibitors of ras production and activity, in models in vitro [10].
The addition of inhibitors of the molecular chaperone heat
shock protein 90 (hsp90) to therapy with rapalogues is yet
another promising strategy, mechanistically underpinned by
this combination abrogating the cellular stress response
machinery required to survive proteotoxic stress engendered
by reactive oxygen species, thus leading to cell death [48]. In
an elegant study, this combination demonstrated striking
in vivo tumoricidal activity significantly surpassing the cyto-
static activity seen with TOR inhibition alone [46]. A phase I/II
trial of the hsp90 inhibitor ganetespib in combination with
sirolimus in MPNST is currently being developed.

Expression level of PTEN, a tumor suppressor that
negatively regulates the TOR pathway, has been
suggested as a potential biomarker for TOR pathway
blockade efficacy, although the data in support of
this have been mixed. It may also be necessary to
combine TOR inhibitors with otheragents, to optimize
therapeutic blockade of the pathway, in view of the
complex and multifarious axes of control and feedback

limiting the efficacy of single pathway blockade.

Hyperactive or overexpressed RTKs are attractive therapeu-
tic targets for small-molecule inhibitors and monoclonal
antibodies and have been successfully targeted in several
cancers with spectacular therapeutic effect over the last decade.
Multiple RTKs have been shown to be dysregulated in MPNST in
both the preclinical and clinical setting (Fig. 3). EGFR over-
expression in MPNST has been reported in multiple molecular
assays and has potential roles in malignant transformation of
neurofibromas and invasion. Recently promising preclinical data
have suggested the efficacy of pharmacological inhibition of
the epidermal growth factor receptor-signal transducer and
activator of transcription 3(EGFR-STAT3) pathway, in inhibiting
MPNST transformation and tumorigenesis in xenograft models
[11]. There has, however, been no clinical replication of these
data to date; an early-phase clinical trial of erlotinib revealed no
objective responses and was closed early [49].

The results of studies employing inhibitors of angiogenesis
in sarcomas have been mixed. Phase |l studies using both
monoclonal antibodies and tyrosine kinase inhibitors directed
against the vascular endothelial growth factor(VEGF) ligand
or receptors have revealed modest benefit only, if any, and
no discernible benefit specifically for MPNSTs [42, 50]. The
recently reported PALETTE study, evaluating the multitargeted
tyrosine kinase inhibitor pazopanib, with activity against VEGF
and platelet-derived growth factor signaling, against placebo,
revealed a 3-month benefit in progression-free survival in
patients with nonadipocytic sarcomas [51], although no data

O?fi?ologist”



Farid, Demicco, Garcia et al.

199

Mast Cell

TUMOR MICROENVIRONMENT |

KIT _| >
inhibitor  [SERANNES

KIT

Ras

inhibitor

Endothelial Cell

’— VEGF
L4 /oS0l rcceptor
SSLE  inhibitor e

VEGF R2

VEGFRL

-4

Death ligand-

| MAPK PATHWAY

. kS

l_ | ERK
Initiator caspases.
(8,10)
l |— IAP inhibitor

i

Tumor Cell
Cytoplasm

EPIGENETIC
REGULATION

HDAC —| —
inhibitor v

1 5 £ S e

4 Frizzled
LRP i i

LY o
(298

—

Wnt PATHWAY

Pi3K-AKT-mTOR '
dallicul
] Wnt Pathway Destruction inhibitor
AKT Complex (AXIN, APC, CK1,
GSK3B)
—

N - P

000000000000

MITOSIS
n

Aurora
Kinase
Inhibitor

Tumor Cell Nucleus

Figure 3. Pathways and potential targetsin malignant peripheral nerve sheath tumors (MPNST). Depicted in this cartoon are the multiple
nodes implicated in the pathogenesis of MPNST, involving intracellular signaling pathways, epigenetic regulation, mitosis, angiogenesis
and interactions with the tumor environment. Alongside these nodes are indicated the currently available classes of pharmacological
agents that can act upon them, thence potentially retarding tumor growth and bringing therapeutic benefit.
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on histologic subtype-specific results were provided beyond
reporting data on leiomyosarcoma and synovial sarcoma.
Further development of antiangiogenic therapy must aim to
incorporate robust biomarkers of clinical efficacy, which have
been to date elusive. In addition, single-agent antiangiogenic
therapies are often associated with objective responses of less
than 10%, as in the PALETTE trial; the addition of other agents as
part of rationally designed combination therapies will thus need
to be explored in a disease like MPNST, in which objective tumor
responses are often important. A trial launched by SARC testing
the combination of everolimus with bevacizumab in patients with
refractory MPNST is currently recruiting patients and may shed
further light on the therapeutic import of these pathways.

As earlier described, the SCF/KIT pathway appears to be
important in the recruitment and maintenance of the microen-
vironment of plexiform neurofibromas. Following on from this
mechanistic insight and encouraging single case responses,
aphaselltrial was undertaken to evaluate the activity of Imatinib
in patients with NF1-associated plexiform neurofibromas [52].
Response was defined by a 20% or greater reduction in volume of
at least one tumor after 6 or more months of therapy, and not by
RECIST or World Health Organization response criteria. This was
achieved in 26% of patients, with substantial interpatient and
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intertumor variability in tumor reduction, a heterogeneity that
highlights the need for yet undefined biomarkers to select
appropriate patient subgroups for optimal benefit.

Several other promising targets for therapy have emerged
from recent preclinical studies. Histone deacetylase inhibitors
(HDACI) have been found to induce cell death selectively in
cells demonstrating enhanced ras signaling [53] as is the
case in MPNST. Significant in vivo and in vitro activity in NF1-
associated MPNSTs has been demonstrated independent
of TP53 mutational status, and HDACi-induced autophagy
is emerging as a pharmacologically surmountable source of
resistance [54]. Survivin, the protein critically involved in
several cellular processes, including survival, cellular division,
and adaptation to stress, and whose expression is commonly
found in transformed cells, has emerged as another promising
target. Following the discovery of amplification of baculoviral
inhibitor of apoptosis repeat-containing 5 (BIRC5), which
encodes the antiapoptotic protein survivin, in human MPNST
samples [55], survivin was found to be highly expressed in
human MPNST cell lines. Survivin knockdown was associated
with abrogation of MPNST cell growth, and targeting of survivin
with a small-molecule inhibitor inhibited tumor growth and
metastases in mouse xenograft models [56].
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Recently, novel techniques for elucidation of key molecular
drivers of MPNST have yielded some tantalizing data with
regard to malignant transformation from neurofibromas and
have suggested exciting new potential therapeutic targets.
The Sleeping Beauty transposon-based somatic mutagenesis
system in mice, in which a series of DNA-mobile elements is
coupled with an enzyme that catalyzes the mobilization and
reintegration of the mobile elements within the mouse geno-
me, has gained prominence in recent years as a tool for cancer
discovery, given its ability to rapidly induce cancer in transgenic
mice as well as the ease of identification of the mutated genes
[57]. Two publications highlighted the importance of specific
genes and pathways in MPNST utilizing this system as a forward
genetic screen. In the first, the importance of the canonical Wnt
pathway to Schwann cell and neurofibroma progression to
malignancy was demonstrated, with Wnt pathway targeting
producing encouraging results in combination with TOR inhi-
bition [13]. The second investigation using this platform rein-
forced the importance of known pathways such as PI3K/AKT/TOR
and i/Wnt/B-catenin, in addition to identifying new proto-
oncogenes involved in MPNST maintenance, such as forkhead
box protein R2 (FOXR2) [58]. A ras-driven transcriptome analysis
revealed dramatic overexpression and amplification of the
downstream MAPK target aurora kinase A (AURKA) in MPNSTs
but not neurofibromas, with inhibition of AURKA reducing cell
survival in vitro and causing tumor stasis in xenograft models [59].
In spite of these encouraging discoveries, absence of significant
clinical success with such novel agents as aurora kinase inhibitors
underscores the need for rigorous clinical validation of these
targets before significant progress can be claimed.

CONCLUSION
Biologically, MPNSTs present a conundrum—although in most
cases associated with a seemingly simple genetic aberration (the
loss of neurofibromin on chromosome 17), they simultaneously
display genomic complexity more commonly associated with
sarcomas that arise in older patients, a factor that no doubt
contributes to the difficulties to date faced in treating these
sarcomas that are often intransigent to conventional therapy.
We are in need of a better understanding of the biology of,
and refining clinical biomarkers for transformation of benign
neurofiboromas into MPNSTs in the setting of NF1. The
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