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Abstract 

 In 2012 in the United States alone, over 1.6 million people were diagnosed 

with cancer and nearly 600,000 people died as a result of cancer. Cancer is a 

disease in which inherited or acquired genetic changes endow cells with abnormal 

properties such as the ability to rapidly grow and proliferate, resist normal 

mechanisms of cell death and senescence, induce angiogenesis, invade 

surrounding tissues and eventually metastasize throughout the body. Malignant 

peripheral nerve sheath tumors (MPNSTs) are tumors composed of Schwann cells 

that have acquired these oncogenic characteristics. MPNSTs occur spontaneously 

in the general population at a rate of 1 in 100,000 people per year, but more 

commonly occur in the context of Neurofibromatosis Type 1 (NF1), an inherited 

genetic disease that occurs in 1 in 2,500 live births. NF1 patients develop 

neurofibromas, benign tumors derived from Schwann cells throughout the 

peripheral nerves of the body, due to loss of the tumor suppressor gene 

Neurofibromin 1 (NF1). Ten percent of patients with NF1 will incur additional 

genetic mutations in NF1 null cells that lead to the transformation of a benign 

neurofibroma into an MPNST. With little known about the genetic changes that 

cause sporadic MPNSTs or transformation from neurofibromas to MPNST, the 

current treatments for patients with MPNSTs are surgical resection and non-

specific chemotherapy and the 5-year survival rate remains very low at less than 

25%. In an attempt to better understand the genetic drivers of Schwann cell 
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tumors and identify potential pathways that could be targeted by small molecule 

inhibitors, we conducted a Sleeping Beauty (SB) unbiased, forward genetic screen 

in mice. This screen uncovered hundreds of genes that may play a role in 

Schwann cell tumor initiation, development, progression and maintenance. The 

following thesis will describe in detail, several of the important findings that came 

out of the SB screen including: the discovery and validation of canonical Wnt/-

catenin signaling as a pathway that plays a role in Schwann cell transformation, 

progression and tumor maintenance, and the profound clinical implications of co-

targeting the MAPK and PI3K pathways, shown to be co-activated in the SB 

screen using small molecule, targeted therapies.  
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I. Cancer in the United States 

 Cancer is a disease in which normal cells in the body acquire or inherit 

genetic mutations that endow them with abnormal properties, which lead to the 

formation of a tumor (Hanahan and Weinberg, 2011). In the United States, in 

2012, over 1.6 million people were diagnosed with cancer, with an incidence rate 

of 465.2 per 100,000 men and women based on the National Cancer Institute 

Surveillance Epidemiology and End Results (SEER data)(Siegel et al., 2012). 

While detection, diagnosis, and treatment of cancer has been steadily improving 

over the past decade, nearly 600,000 people died of cancer in 2012 alone and 

cancer remains the second leading cause of death in the United States (SEER 

data)(Siegel et al., 2012). Clearly there are improvements that have yet to be 

made, and in the era of new technology and genetic tools, hopefully, our 

understanding and treatment of cancer will continue to improve. 

II. Cancer is a Genetic Disease 

 Epidemiological data clearly shows that cancer is a disease of age (SEER 

data) (Siegel et al., 2012) (Figure 1). The reason that cancer incidence increases 

with age is because cells incur genetic mutations that can give a normal cell 

abnormal or oncogenic properties, and it often takes many years for a single cell 

to acquire the mutations necessary to become cancerous (Armitage and Doll, 

2004). Epidemiological data and mathematical models in colorectal cancer has 
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suggested that it takes about 5 to  7 rate limiting “steps” for transformation to 

occur (Renan, 1993). It is thought that these steps are the occurrence of genetic 

mutations that are drivers of tumorigenesis (Renan, 1993). Recently, whole 

exome sequencing analysis in colorectal and breast cancer has shown that any 

given tumor has an average of 90 mutant genes, with 11 of these mutations being 

“cancer-causing” (Sjoblom et al., 2006).  Genetic mutations have been found to 

be caused by mutagens, which can be further classified as chemical (i.e. benzene, 

asbestos, hydrocarbons, arsenic), physical (i.e. radiation), or biological (i.e. 

viruses) (Ames, 1979; Huang et al., 2003; zur Hausen, 1991) . While many 

genetic mutations seen in cancer are caused by environmental or biological 

mutagens, approximately 15% of cancers occur due to inherited genetic 

syndromes (Houlston et al., 1992). In these cases, defective genes are inherited 

and can predispose a person to the formation of cancer.  

 In addition to the genetic mutations described above, many other changes 

are known to occur to drive tumorigenesis. The role of epigenetics, or changes 

that do not involve variations in the underlying DNA sequence have been shown 

to play a role in many types of cancer (Esteller, 2008). Epigenetic changes include 

DNA methylation and histone modifications that result in changes in gene 

expression (Esteller, 2008). For example, while germline mutations in the tumor 

suppressor gene BRCA1 are found in a small percentage of breast cancer patients, 

13% of patients have CpG island methylation of the BRCA1 gene, resulting in 
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reduced gene expression of BRCA1 and an increased susceptibility to cancer 

(Bird, 2007).  

Non-coding RNAs (ncRNAs) have recently been shown to play a role in 

many aspects of development and disease, and their role in cancer is beginning to 

be elucidated (Jansson and Lund, 2012). One important type of ncRNAs are 

micro-RNAs (miRNAs), which are 22 base pair, non-coding RNAs that function 

in transcriptional and post-transcriptional regulation of gene expression (Jansson 

and Lund, 2012). miRNAs can reduce gene expression by targeting an mRNA for 

destruction or repressing the translation of an mRNA (Jansson and Lund, 2012). 

One of the first human miRNAs to be discovered was mir-21, which targets many 

tumor suppressor genes, including PTEN, TGFBR11, and RHOB and deregulation 

of mir-21 has been identified in many cancer types including breast, colon, lung, 

liver, and brain cancer (Jansson and Lund, 2012). 

Larger chromosomal abnormalities are also a common phenomenon in 

cancer (Albertson et al., 2003). These include whole chromosome gains or losses 

(aneuploidy), large chromosomal deletions, chromosomal translocations, and 

smaller copy number variations (CNVs) in which small regions of the 

chromosome are amplified or deleted (Albertson et al., 2003; Rajagopalan and 

Lengauer, 2004). Examples of aneuploidy include somatic trisomy 12 in 

chromonic lymphocytic leukemia and somatic trisomy 8 in acute myeloid 

leukemia, and in most cases, this is the result of genetic instability (Hassold and 
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Hunt, 2001). Individuals with genetic syndromes associated with chromosomal 

instability such as Fanconi Anemia patients, have a high risk of developing cancer 

due to the increased susceptibility to large chromosomal aberrations and 

aneuploidy (D'Andrea, 2010). CNVs are also commonly seen in cancer, and many 

recurrent CNVs have been identified, such as EGFR amplification in non-small 

cell lung cancer (Cappuzzo et al., 2005). 

III. Proto-Oncogenes and Tumor Suppressor Genes 

There are two types of genes that can acquire mutations and increase the 

likelihood of a cell becoming cancerous, proto-oncogenes and tumor suppressor 

genes (Hanahan and Weinberg, 2000). Proto-oncogenes control aspects of cellular 

biology such as growth rate and differentiation status, and their expression is 

tightly controlled in normal cells (Hanahan and Weinberg, 2000). When proto-

oncogenes are activated in cancer, they become oncogenes, and drive the 

formation of cancer by allowing cells to rapidly proliferate, remain 

undifferentiated, and avoid normal mechanisms of cell death (Croce, 2008). 

Tumor suppressor genes are genes that under normal conditions, put a break on 

cell division, control DNA repair, and tell the cell when to undergo apoptosis 

(Weinberg, 1991). In cancer, tumor suppressor genes themselves, or their 

functions are often lost, contributing to the cells ability to become oncogenic 

(Weinberg, 1991).  
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IV. Hallmarks of Cancer 

 The abnormal properties that normal cells acquire to become cancer cells 

are known as oncogenic properties. These properties are acquired when genes and 

subsequent signaling pathways are activated or disrupted, that lead to several 

functional changes that characterize cancer cells. Historically, there have been six 

“hallmarks of cancer” that describe these functional changes (Hanahan and 

Weinberg, 2000) (Figure 2A) . First, cancer cells acquire the ability to actively 

proliferate, even in situations when proliferation should be halted, such as in adult 

tissues that are no longer developing (Hanahan and Weinberg, 2000). This is often 

accomplished by activating pathways that promote cellular proliferation such as 

the MAPK or PI3K pathways (Jiang and Liu, 2009; Zhang and Liu, 2002). 

Second, cancer cells attain the ability to evade growth suppressors, often by loss 

of proteins that function as gatekeepers of cell cycle progression, such as 

Retinoblastoma protein (Rb) (Hanahan and Weinberg, 2000; Murphree and 

Benedict, 1984). Third, cancer cells have the ability to evade cell death signals 

that would normally result in apoptosis of unhealthy or genetically damaged cells 

. The most common mechanism for evading cell death is loss of the TP53 tumor 

suppressor gene which senses DNA damage and induces programmed cell death 

(Hanahan and Weinberg, 2000; Smith et al., 2003). Fourth, cells that are destined 

to become cancerous will also achieve replicative immortality . Under normal 
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circumstances, a cell only has the ability to pass through a limited number of 

growth and division cycles, as the telomere at the end of chromosomes shorten 

and signal for the cell to enter senescence, or a viable, non-proliferative state 

(Blasco, 2005; Hanahan and Weinberg, 2000). In order for a macroscopic tumor 

to form, cells must overcome this limitation, and often accomplish replicative 

immortality by activating telomerase, an enzyme which adds repetitive DNA to 

the end of chromosomes, allowing resistance to the induction of senescence 

(Blasco, 2005). A fifth hallmark of cancer is the induction of angiogenesis, in 

which a tumor is able to harness the vascular system to attain the required oxygen 

and nutrient supply necessary for its continued growth (Bergers and Benjamin, 

2003; Hanahan and Weinberg, 2000). Finally, tumor cells are able to invade 

surrounding tissue, enter the circulatory system, and metastasize to a new location 

in the body (Klein, 2008). This process is known as epithelial to mesenchymal 

transition (EMT) and is often induced by activating pathways and transcription 

factors that are normally only on in developing tissues (Hanahan and Weinberg, 

2000; Kong et al., 2011).  

In addition to the 6 hallmarks of cancer described above, there are several 

features of cancer cells that have recently emerged as contributing to the ability of 

oncogenic cells to become tumors, as well as characteristics that enable cancer 

cells to attain the 6 hallmarks described above (Figure 2B) (Hanahan and 

Weinberg, 2011). The first emerging hallmark is the ability of cancer cells to 
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change cellular energetics to enable these cells to rapidly grow and divide 

(Hanahan and Weinberg, 2011). The second emerging hallmark of cancer cells is 

avoiding detection and/or destruction by the immune system (Hanahan and 

Weinberg, 2011). Because the immune system can detect and eliminate abnormal 

cells, this acquired capability is critical to ensure cancer cell survival (Hanahan 

and Weinberg, 2011; Whiteside, 2006). To enable cells to acquire the hallmarks 

of cancer described above, there are two “enabling” characteristics of cancer cells, 

genome instability and tumor-promoting inflammation (Hanahan and Weinberg, 

2011). Genome instability is a trait that characterizes cells that have a high 

frequency of mutations, including aneuploidy, chromosomal inversions and 

translocations, deletions, and double-stranded breaks (Hanahan and Weinberg, 

2011). The mutations that result from genome instability may contribute to the six 

hallmarks of cancer (Hanahan and Weinberg, 2011). Tumor-promoting 

inflammation is a phenomenon in which normal cells of the immune system 

contribute to tumorigenesis by promoting inflammation within the tumor 

(Hanahan and Weinberg, 2011). The result of this inflammation is a supply of 

growth factors, cytokines, angiogenic factors, extracellular matrix-modifying 

enzymes, and factors that can promote EMT, all of which promote tumor growth 

and progression (Hanahan and Weinberg, 2011).  

V. The History of Cancer Treatments 
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Over the course of history, the treatment of cancer has largely depended 

on the available knowledge of cancer biology (Figure 3). The oldest known 

description of cancer comes from the Edwin Smith Papyrus that was written in 

3000 BC (Sudhakar, 2009). This work describes tumors of the breast and the 

treatment of these masses by cauterization using a tool called a fire drill 

(Sudhakar, 2009). Surgical removal of the tumors continued to be the only 

treatment for cancer until the late 19th century, and is still used today, although 

many scientific and technological advances made in the late 19
th

 and early 20
th

 

centuries had made surgery safer and more effective (Sudhakar, 2009). These 

advances include anesthesia, which became widely available in 1846, and allowed 

for major operations to take place, including the first mastectomy, performed in 

1882 (Henderson and Canellos, 1980). Advanced imaging techniques and 

fiberoptic technology have allowed surgeons to more safely operate and remove 

tumors more precisely, in less invasive procedures. The advancement of surgical 

techniques has indeed improved the quality of life and chances of survival for 

patients after diagnosis. 

In the late 19
th

 century, other treatments of cancer were beginning to be 

explored and laid the foundation for non-surgical techniques that are still being 

used today. Radiation therapy was discovered in the late 19
th

 century, and by the 

early 20
th

 century, it was being used to destroy cancer cells by inflicting 

irreparable DNA damage to cancer cells, effectively killing them (Bucci et al., 
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2005). Chemotherapy drugs were discovered in the mid 20
th

 century, and it was 

later found that these drugs often act as alkylating agents that could kill rapidly 

growing cells by damaging their DNA (Hirsch, 2006). Chemotherapy began being 

used in 1949, and by 1958, combination chemotherapy was found to cure certain 

types of leukemia (DeVita and Chu, 2008; Gilman, 1963; Hirsch, 2006). By 1975, 

the combination of surgery and adjuvant chemotherapy had been shown to be 

very beneficial in the treatment of breast cancer (DeVita and Chu, 2008). As more 

data became available, it became clear to physicians and researchers that viruses 

played a role in oncogeneisis, and in 1981, the first vaccine against hepatitis B 

became available and dramatically reduced the incidence of liver cancer (zur 

Hausen, 1991). More targeted therapies also began to be developed including 

hormone therapy, in which hormone-dependent tumors such as breast, ovarian, 

and prostate tumors were treated by depriving them of the hormones required for 

their growth (Brawer, 2006; Jones and Buzdar, 2004; Riman et al., 1998). In 

1986, tamoxifen, an estrogen antagonist, was first used as a hormone therapy for 

the treatment of breast cancer (Jones and Buzdar, 2004).  

In recent decades, targeted therapeutics have become of great interest, as 

these drugs can specifically and effectively target cancer cells, while leaving 

normal cells in the body relatively unharmed (Ross et al., 2004). The downside to 

targeted therapies is that it requires in depth and precise knowledge about the 

genetic changes that drive the formation of any given tumor (Ross et al., 2004). A 
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hallmark example of targeted therapy is Gleevec (imantinib), which was 

developed in light of the finding that many patients with chronic myeloid 

leukemia (CML) harbored an abnormal chromosome known as the Philadelphia 

chromosome (Stegmeier et al., 2010). The Philadelphia chromosome was the 

result of a reciprocal chromosomal translocation between chromosome 9 and 22, 

resulting in an oncogenic gene fusion between the BCR and ABL1 genes 

(Kurzrock et al., 2003). Gleevec is a small molecule that potently and specifically 

blocks the tyrosine kinase activity of BCR-ABL (Stegmeier et al., 2010). With the 

implementation of Gleevec and its FDA approval in 2001, patients diagnosed with 

CML saw a sharp increase in cytogenic responses and survival rates compared to 

previous therapies such as interferon combined with cytarabine (Figure 4) 

(O'Brien et al., 2003). Similar to Gleevec, there are hundreds of tyrosine kinase 

targeted therapies being designed and tested pre-clinically and in clinical trials 

and have often proven to be effective in patients and FDA approved (Miller et al., 

2013; Ross et al., 2004).  

In addition to tyrosine kinase inhibitors, several other molecular targeted 

therapies have been developed and are currently being tested for safety and 

efficacy in patients (Sawyers, 2004). These include monoclonal antibodies that 

target antigens that are expressed by cancer cells such as Bevacizumab (Avastin) 

which targets the Vascular Endothelial Growth factor Receptor (VEGF-R) (Rini, 

2007). Avastin works by inhibiting angiogenesis, effectively cutting off nutrient 
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supply to the tumor, and was FDA approved in 2004 for several types of cancer 

(Rini, 2007).  

Immunotherapy is also being implemented as a cancer therapy (Miller et 

al., 2013). Immunotherapy works by harnessing the immune system to attack 

cancer cells (Miller et al., 2013). One type of immunotherapy is to block immune 

checkpoints to allow persistent and prolonged anti-tumor immune response 

(Miller et al., 2013). Examples of checkpoint blockade drugs are PD-1 inhibitors 

which entered clinical trials in 2013, and CTLA-4 inhibitors such as Ipilimumab, 

which was FDA approved for malignant melanoma in 2011 (Pardoll, 2012). 

With the advancement of cancer treatments, the United States saw a record 

number of cancer survivors in 2012, of over 12 million people, a four-fold 

increase since 1971 (Figure 3) (Siegel et al., 2012). The overall survival rates of 

most cancer types have also been steadily improving over the last 40 years 

(Figure 5) (SEER data) (Siegel et al., 2012).  

VI. The Future of Targeted Cancer Therapeutics 

While the design and development of targeted therapies has been rapid in 

the past 20 years, and will continue to revolutionize cancer therapy, many 

problems have arisen with their use that will need to be addressed in the future. 

The main problem with targeted therapies is that, undoubtedly, most patients will 

eventually develop resistance to targeted agents (Daub et al., 2004; Ellis and 
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Hicklin, 2009). The development of resistance to targeted therapies has been well 

studied in CML patients given Gleevec, in which nearly half of patients develop 

resistance to targeting the BCR-ABL kinase (Gambacorti-Passerini et al., 2003).  

To address this problem, researchers are now trying to unravel the mechanisms by 

which resistance develops, and design new drugs or combinations of targeted 

agents that reduce the occurrence of resistance (Ellis and Hicklin, 2009). Agents 

designed to overcome multi-drug resistance are also being developed and tested 

(Persidis, 1999). There is also research being conducted to address drug delivery 

methods that may make these therapies more effective (Moses et al., 2003). 

Finally, new approaches to targeted therapies are being developed to more 

selectively target cancer cells, while leaving normal, healthy cells untouched. 

These approaches include liposomal therapy, in which drugs are embedded in 

liposomes, which selectively target cancer cells, and monoclonal antibody 

therapies directed towards an antigen that is enriched in cancer cells (Adams and 

Weiner, 2005; Noble et al., 2004). 

VII. Schwann Cell Tumor Biology 

 Schwann cells are glial cells of the peripheral nervous system and play a 

role in supporting neurons and transmitting nerve impulses along axons (Bhatheja 

and Field, 2006). They are derived from neural crest cells during embryogenesis, 

and begin the process of development into Schwann cell precursors when they 

associate with axons of the peripheral nervous system (Figure 6) (Jessen and 
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Mirsky, 2005). They then develop into immature Schwann cells, and eventually 

into mature Schwann cells which can be either myelinating or non-myelinating. 

Myelin is a material composed of water, lipids, and proteins that surrounds axons 

and facilitates the conduction of nerve impulses (Hartline and Colman, 2007). 

This process of Schwann cell development has been well studied, and many of the 

pathways and molecules involved have been elucidated (Jessen and Mirsky, 

2005). These include important developmental pathways such as BMP/TGF, 

Notch, PI3K/AKT, and growth factor receptor signaling pathways (Jessen and 

Mirsky, 2005). It is thought that Schwann cell precursors, or immature Schwann 

cells are the cell of origin for Schwann cell tumors, and it is likely that many of 

the pathways that control Schwann cell development and differentiation may also 

play a role in the path to malignancy (Carroll and Ratner, 2008). 

 Schwann cell tumors include benign neurofibromas, plexiform 

neurofibromas, and malignant peripheral nerve sheath tumors (MPNSTs) (Carroll, 

2012; Uhlmann and Plotkin, 2012). These tumors can arise sporadically in the 

general population, but are more often associated with the genetic disorder 

Neurofibromatosis Type 1 (NF1), which will be described in the following section 

(Uhlmann and Plotkin, 2012). Benign neurofibromas are seen in 99% of patients 

with NF1 and arise when a Schwann cell precursor or immature Schwann cell 

incurs a genetic mutation that gives it a proliferative advantage, usually loss of the 

wild type NF1 allele (Ferner, 2010; Zhu et al., 2002). This results in nerve 
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hyperplasia, and eventual macroscopic, grade 1 tumor formation (Figure 7) 

(Brossier and Carroll, 2012).  Neurofibromas can occur on any peripheral nerve of 

the body but are most often associated with dermal nerves, the sciatic nerves, and 

nerves of the brachial plexus (Ferner, 2010). While Schwann cells are the cell of 

origin for these tumors, they also contain many other cell types including 

fibroblasts, macrophages and mast cells (Brossier and Carroll, 2012; Prada et al., 

2013). Neurofibromas are associated with severe pain and discomfort and are 

often result in disfigurement in patients (Uhlmann and Plotkin, 2012). Plexiform 

neurofibromas are similar to benign neurofibromas, but are often associated with 

multiple nerve bundles, and have a high likelihood of malignant transformation 

into MPNSTs (Carroll and Ratner, 2008). MPNSTs are the result of malignant 

transformation of neurofibromas due to additional genetic changes (Figure 7) 

(Brossier and Carroll, 2012). These tumors are classified as soft tissue sarcomas, 

arising from Schwann cells associated with peripheral nerves (Carroll and Ratner, 

2008). MPNSTs are notoriously difficult to treat, as surgery is often not an option 

due to the association of these tumors with nerves (Widemann, 2009). In addition, 

MPNSTs tend to be highly chemo-resistant and very aggressive tumors 

(Widemann, 2009).  

VIII. Neurofibromatosis Type 1 

 Neurofibromatosis Type 1 (NF1) is one of the most common genetic 

disorders known, occurring in 1 in 2,500 live births (Uhlmann and Plotkin, 2012). 



 

16 
 

NF1 an inherited autosomal dominant disorder, which is characterized by loss of 

one copy of the tumor suppressor gene Neurofibromin (NF1) (Cichowski and 

Jacks, 2001). While half of patients with NF1 inherit the mutant NF1 gene from a 

parent, the other half of NF1 patients have new NF1 mutations (Ferner, 2010). 

The NF1 gene was cloned in 1990 and was discovered to encode the protein 

Neurofibromin (Cichowski and Jacks, 2001). Neurofibromin is a negative 

regulator of Ras signaling, and functions to keep Ras in its inactive GDP-bound 

state by acting as a Ras GTPase activating protein (Ras-GAP) (Figure 8) 

(Cichowski and Jacks, 2001). This hyperactive Ras signaling leads to activation 

of the MAPK and PI3K pathways, giving cells proliferative and survival 

advantages (Cichowski and Jacks, 2001; Johannessen et al., 2005). 

 Loss of NF1, and subsequent hyperactive PI3K and MAPK signaling 

leads to severe clinical manifestations in NF1 patients (Uhlmann and Plotkin, 

2012). The most prominent feature of patients with NF1, and one of the 

diagnostic indicators of this disorder is café au lait spots, or darkened 

pigmentation of the skin (Ferner, 2010). Café au lait spots appear in 99% of NF1 

patients by 5 years of age (Ferner, 2010). Other complications of NF1 include 

epilepsy, cerebral malformations, cognitive problems, cardiovascular disease, 

respiratory problems and bone abnormalities (Uhlmann and Plotkin, 2012). In 

addition to these symptoms, NF1 patients are at very high risk for developing 

cancer (Carroll, 2012). Tumors of the brain and optic pathway are quite common, 
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occurring in 15% of patients (Gutmann et al., 2006). Additionally, there is a 99% 

penetrance of neurofibromas in NF1 patients (Carroll, 2012). These tumors, while 

benign, can cause debilitating pain and neurological symptoms and are often quite 

difficult to surgically remove, as they are closely associated with nerves 

(Widemann, 2009).  Sixty percent of NF1 patients will also develop a plexiform 

neurofibroma, which is characterized as a more aggressive benign tumor with a 

higher likelihood of transforming into a malignant tumor (Brems et al., 2009). 

10% of NF1 patients will go on to develop a malignant peripheral nerve sheath 

tumor (MPNST), and these aggressive tumors remain the leading cause of death 

for NF1 patients (Carroll and Ratner, 2008). 

IX. Known Genetic Drivers of Schwann Cell Tumorigenesis 

 The most common genetic change associated with Schwann cell tumors is 

loss of the tumor suppressor NF1 (Laycock-van Spyk et al., 2011). The majority 

of benign neurofibromas and plexiform neurofibromas arise in patients with NF1, 

and 50% of MPNSTs are also NF1-associated (Widemann, 2009). While loss of 

NF1 is sufficient for the development of benign neurofibromas, secondary genetic 

changes are required for the transformation to malignancy (Figure 7) (Miller et 

al., 2006).  

Many mouse models have been developed to try to understand the genetic 

changes that lead to neurofibromas and MPNST development (Table 1) (Brossier 
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and Carroll, 2012). The first mouse model of neurofibroma was developed in 

1999, in which Nf1 null chimeric embryos were generated and led to the presence 

of plexiform neurofibromas in every animal (Cichowski et al., 1999; Vogel et al., 

1999).  The first mouse model of MPNST was also made in 1999 in which Nf1 

and p53, two tumor suppressor genes that are highly linked on mouse 

Chromosome 11, were knocked out in cis, resulting in MPNST formation in 81% 

of animals (Cichowski et al., 1999; Vogel et al., 1999). These two mouse models 

demonstrated that while loss of Nf1 is sufficient for plexiform neurofibromas 

formation, secondary genetic changes are required for the development of 

MPNSTs, and that the P53 pathway represents a major barrier to MPNST 

development (Cichowski et al., 1999; Vogel et al., 1999).   

 Many mouse models have been developed to identify genes that cooperate 

with loss of Nf1 in the formation of MPNSTs (Brossier and Carroll, 2012). In a 

Sleeping Beauty screen conducted in our lab to identify novel drivers of Schwann 

cell tumorigenesis, we identified Nf1 and Pten as two tumor suppressor genes that 

were often co-mutated in MPNSTs. In this screen, while either Nf1 or Pten were 

often mutated in benign neurofibromas, nearly every tumor that had both Nf1 and 

Pten mutated were high grade MPNSTs. To model the cooperation of these two 

genes, our lab developed a mouse model showing that biallelic loss of Nf1 and 

Pten in Schwann cells and their precursors is sufficient for rapid, high grade 

tumor formation in 100% of mice (Keng et al., 2012a). CDKN2A is a tumor 
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suppressor gene also found highly mutated in human MPNSTs, and when this 

locus (p16
Ink41

/p19
Arf

) is homozygously deleted in the context of Nf1 

heterozygous mice, 26% of animals develop MPNSTs (Kourea et al., 1999b; 

Nielsen et al., 1999).  

Other mouse models have been developed to investigate the genetic 

changes that lead to spontaneous MPNSTs (Brossier and Carroll, 2012). 

Overexpression of EGFR in Schwann cells and their precursors was sufficient to 

cause nerve hyperplasia and hypercellularity, and at a low rate, neurofibromas 

(Ling et al., 2005). Our lab demonstrated that when EGFR is overexpressed in the 

context of biallelic Pten deletion, aggressive peripheral nerve sheath tumors are 

formed in 100% of mice (Keng et al., 2012b).  

X. Current Challenges in Understanding and Treating Schwann Cell Tumors 

 The standard treatment for Schwann cell tumors has historically been 

surgery, radiation, and chemotherapy (Widemann, 2009). Unfortunately, surgical 

excision is often impossible, as these tumors are highly associated with nerves. 

High dose radiation and chemotherapy, while modestly effective, have many 

unwanted and negative side effects (Widemann, 2009). With these current 

treatments, the 5-year survival rates for MPNSTs remain very low at less than 

25% (Brekke et al., 2010). There is an urgent need for new, more effective 

therapies to treat these tumors.   
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With the increased understanding of the genetic drivers of Schwann cell 

tumors over the past decade, as well as new genetic and genomic technologies 

available, the discovery and use of targeted therapies to treat these tumors will 

hopefully increase survival and quality of life for patients. Unfortunately, to date, 

no targeted therapies that have entered clinical trials for neurofibromas or 

MPNSTs have been very successful (Packer and Rosser, 2002; Widemann, 2009). 

For example, one of the first biologic-based therapies was a randomized phase II 

trial using either cis-retinoic acid or interferon-(Packer et al., 2002). It was 

hypothesized that retinoic acid, as a maturation agent, may be effective in slowing 

or stopping tumor cell growth (Packer et al., 2002). Interferon- has been shown 

to have both anti-inflammatory and anti-angiogenic properties, and was thought 

that this agent may also be effective at treating these tumors (Packer et al., 2002). 

At the end of this trial, 86% of patients on retinoic acid and 96% of patients on 

interferon- were stable, although no patients demonstrated a radiographic 

response. Importantly, 14% (8 patients) did show symptomatic improvements, 

including resolution of bradycardia (1 patient) and orthopnea (1 patient) and 

reduction in pain (6 patients) (Packer et al., 2002). A phase I clinical trial was 

conducted in which patients were given thalidomide, another antiangiogenic 

therapy (Gupta et al., 2003). Although this was a relatively small study, with only 

20 patients, 4 patients showed a decrease in tumor size, and five patients had 

symptomatic improvements (Gupta et al., 2003). Another phase I clinical trial 



 

21 
 

tested the use of a farnesyl protein transferase inhibitor, in an attempt to block the 

function of RAS proteins (Yan et al., 1995). This was the first study to target a 

molecular change known to occur in transformed Schwann cells (Packer et al., 

2002). Unfortunately, no patients showed a radiographic response (Yan et al., 

1995).    

While much has been learned about the genetic changes that occur in 

Schwann cells as they become malignant, the success of targeted therapies has 

lagged (Widemann, 2009). There are likely several reasons for this. First, while 

large-scale genetic approaches such as cytogenetics to look for large 

chromosomal abnormalities, comparative genome hybridization to find gene copy 

number changes, whole exome sequencing to identify genetic mutations, gene 

expression microarray, and RNA sequencing to look for gene expression changes 

have uncovered a myriad of genetic changes, it is difficult to determine which 

genetic changes are simply “passengers” and which changes are “drivers” 

(Bignell et al., 2010). It is important to determine the “driver” mutations in order 

to design targeted therapies that will have functional consequences to malignant 

tumor cells (Bignell et al., 2010). Another problem that has arisen is that although 

some driver mutations have been discovered, such as loss of NF1, it is often quite 

difficult to target these changes (Downward, 2003). There has been a lot of work 

done to identify and implement Ras-targeted therapies, but most, including 

farnesyl transferase inhibitors described above, have proven to be ineffective 
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(Downward, 2003). An additional problem in treating Schwann cell derived 

tumors is tumor heterogeneity, in which subsets of cells within a single tumor 

may harbor different genetic mutations that each may need to be targeted 

(Gerlinger et al., 2012).  Not only are neurofibromas and MPNSTs composed of 

malignant Schwann cells, but there are also other cell types that are highly 

associated with thee tumors, including fibroblasts, mast cells and macrophages, 

and targeting these tumor-associated cells may be necessary for the successful 

treatment of these tumors (Brossier and Carroll, 2012). Finally, while targeted 

therapies have been shown to be quite effective in many cancer types, it is very 

clear that the likelihood of a patient developing resistance to these therapies is 

quite high (Sierra et al., 2010). It is therefore necessary to begin to investigate the 

mechanisms of targeted therapy resistance, and develop new drugs or 

combinations of drugs that may overcome this acquired resistance.   

XI. Sleeping Beauty Mutagenesis as a Tool to Understand the Genes and 

Pathways Involved in Schwann Cell Tumorigenesis and Develop Better 

Treatments 

 Sleeping Beauty (SB) mutagenesis is a tool used to identify genetic drivers 

of cancer, and in our recently published study, we used SB to uncover genes, 

pathways, and drugable targets in Schwann cell tumors (Largaespada, 2009; 

Rahrmann et al., 2013). SB is a two part system composed of an oncogenic 
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transposon, known as T2/Onc and the transposase enzyme Sleeping Beauty 

(Figure 9) (Collier and Largaespada, 2005). The oncogenic transposon contains a 

murine stem cell virus (MSCV) 5’ LTR, splice acceptor (SA)/splice donor (SD), 

and polyadenylation (pA) sequences (Dupuy et al., 2009). Therefore, if the 

T2/Onc transposon lands upstream of an oncogene, it can drive its overexpression, 

and if it lands within a tumor suppressor gene, it can disrupt the gene or cause a 

truncated product (Collier and Largaespada, 2005). Once a tumor forms, DNA 

can be extracted, and linker-mediated PCR can be performed to identify the 

T2/Onc genomic junctions using an Illumina sequencing platform (Largaespada, 

2009). After bioinformatic distillation, a list of common transposon insertion sites 

(CIS) is generated (Sarver et al., 2012). These are regions of the genome that 

harbor transposons at a frequency higher than expected by random chance, and 

are therefore likely genetic drivers of tumorigenesis (Largaespada, 2009). 

In the SB screen to identify genetic drivers of Schwann cell tumors, we 

used a CNPase promoter driving Cre Recombinase expression which, in 

combination with a Cre/Lox-regulated Rosa26-SB11
LSL 

 transgene,  allowed for 

T2/Onc mutagenic transposon mobilization in Schwann cells and their precursors, 

the cell of origin for peripheral nerve sheath (Carroll and Ratner, 2008; Rahrmann 

et al., 2013). It is known that a high percentage of human MPNSTs have 

expression of EGFR and 75% have deletion or mutations in P53 (Frahm et al., 

2004; Holtkamp et al., 2008; Spurlock et al., 2010; Tabone-Eglinger et al., 2008; 
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Tawbi et al., 2008). To predispose mice to the development of Schwann cell 

tumors, we used a CNP-EGFR transgene to drive the overexpression of EGFR, 

and a dominant negative Tp53 allele (p53
R270H

) in combination with SB 

transposition (de Vries et al., 2002; Ling et al., 2005).  

 This SB screen resulted in a spectrum of peripheral nerve disease 

including nerve hyperplasia, grade 1 neurofibromas, grade 2 Schwannomas, and 

grade 3 peripheral nerve sheath tumors (Figure 10) (Rahrmann et al., 2013). 

These murine tumors highly resembled human tumors in both location and histo-

pathology analysis (Rahrmann et al., 2013). While overexpression of EGFR and 

loss of Tp53 alone resulted in the development of Schwann cell tumors, the 

addition of transposition increased the frequency of tumor development, resulted 

in higher grade tumors, and reduced latency, suggesting that we were in fact 

identifying drivers of tumor development and progression (Figure 11) (Rahrmann 

et al., 2013). A list of CIS-associated genes was generated for 269 neurofibromas 

and 106 MPNSTs and resulted in the identification of 695 and 87 statistically 

significant sites of recurrent transposon integration (Rahrmann et al., 2013). 

When compared to human data sets, this SB screen in fact revealed both known 

and novel genes that function in the formation and/or progression of MPNSTs 

(Rahrmann et al., 2013). Additionally, an analysis of transposon integration co-

occurrence revealed cooperating genes that were enriched for in the Wnt/-
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catenin, PI3K/AKT/mTOR, and growth factor receptor signaling pathways 

(Rahrmann et al., 2013). 

XII. Using Genetic Information to More Effectively Treat Schwann Cell 

Tumors  

 The SB screen that we conducted to identify genetic drivers of Schwann 

cell tumor development and progression gave us a wealth of new information. 

The goal of my research was to use the genetic information derived from this 

screen to develop and pre-clinically test new targeted therapies for MPNSTs. 

Using the data from the forward genetic screen, I was able to address some of the 

difficulties associated with targeted therapies as cancer treatments. First, this 

screen allowed us to differentiate between “driver” and “passenger” mutations 

that other genetic approaches are unable to do. We set the parameters for CIS 

calling stringent enough to exclude potential non-driver mutations that are found 

in minor sub-clones or due to artifacts (Sarver et al., 2012). Second, we found 

enough driver mutations to choose which genes or pathways would be potentially 

drugable targets, and exclude those that are likely difficult or impossible to design 

drugs to (Rahrmann et al., 2013). Third, the co-occurrence analysis allowed us to 

find cooperating pathways that could potentially be co-targeted with small 

molecules to avoid the rapid development of resistance (Rahrmann et al., 2013).  

XIII. Thesis Statement 
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 The following thesis will describe my hypothesis that the SB screen we 

conducted for Schwann cell tumor initiation, development, and progression may 

identify genes and pathways that could be used as novel drug targets for therapy 

of Schwann cell tumors. Specifically, I will describe the identification and 

validation of canonical Wnt/-catenin signaling in Schwann cell tumor 

development, progression and maintenance, and the use of small molecule 

inhibitors of Wnt signaling in combination with mTor inhibitors to successfully 

induce apoptosis in MPNST cell lines. I will also describe the results of co-

targeting the MAPK and PI3K pathways in two in vivo genetically engineered 

mouse models of MPNSTs as a means to increase the efficacy and overcome 

resistance that often occurs when treating tumors with a single targeted agent. 
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Figure 1: Cancer incidence increases with age. The National Cancer Institute 

Surveillance Epidemiology and End Results (SEER) analysis of cancer incidence 

by age (Siegel et al., 2012) . These data show that in the United States, the rate of 

cancer is relatively low for younger populations and increases with age, with ages 

70-74 having the highest incidence of cancer. This is due to the fact that cancer is 

a genetic disease that requires multiple mutations and selection for a tumor to 

form. Based on the rate of mutations, epidemiological studies, and whole exome 

sequencing analysis, it is predicted that 6-11 driver mutations must occur for 

cancer to form (Sjoblom et al., 2006). This figure was generated from the 

National Cancer Institute Surveillance Epidemiology and End Results (SEER 

database) (Siegel et al., 2012).   
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Figure 2: Hallmarks of cancer. A. The 6 hallmarks of cancer describe the 

functional changes that occur in cells or tumors during the process of 

oncogenesis. These hallmarks include sustained proliferative signaling, avoiding 

growth suppressors, resisting cell death, enabling replicative immortality, 

inducing angiogenesis, and activating invasion and metastasis. B. Over the past 

decade, two “emerging” hallmark of cancer have been described including 

deregulating cellular energetics and avoiding immune destruction. In addition, it 

has become clear that there are enabling characteristics of cancer cells that allow 

them to attain the hallmarks of cancer. These include genome instability and 

mutation as well as tumor-promoting inflammation (Hanahan and Weinberg, 

2000; Hanahan and Weinberg, 2011). This figure was adapted from Hanahan and 

Weinberg, 2000 and Hanahan and Weinberg, 2011.   
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Figure 3: History of cancer treatment. Cancer treatments have evolved 

dramatically over the past century. Cancer was first described in 3000 BC in the 

Edwin Smith Papyrus, and the treatment for these tumors was surgical removal 

with a device referred to as a fire drill. Surgery remained the only available 

treatment for cancer into the 20
th

 century, although surgical techniques and patient 

outcome improved with the advent of anesthesia in 1846. In 1882, the first 

mastectomy was performed as a treatment for breast cancer. With the discovery of 

X-rays, came with first use of radiation to kill cancer cells in 1903, a technique 

that has been optimized, but is still in use today. In 1949, the first 

chemotherapeutic agent, nitrogen mustard was approved as a cancer therapy, and 

by 1958, combination chemotherapy had been implemented and could cure 

certain types of leukemia. In 1975 adjuvant chemotherapy in combination with 

surgery was developed and improved survival in breast cancer. In the mid to late 

1900s, a viral basis for cancer became known, and the development of the 

hepatitis B vaccine in 1981 dramatically reduced the incidence of liver cancer. 

Hormone-dependent cancers were identified, and in 1986, tamoxifen was first 

used to treat estrogen-dependent breast cancer. It was also in the 1980’s when 

targeted therapies began to be investigated. Researchers and physicians sought to 

identify cancer cell-specific changes that could be used to design treatments that 

targeted oncogenic cells in the body. The first targeted therapy, rituximab was 

approved in 1997, and many other monoclonal antibody therapies have been 

designed and implemented in the clinic since. Gleevec, a therapy that targets the 

BCR-ABL fusion product became available in 2001, and revolutionized the 

outcome for patients diagnosed with CML. In 2004, the FDA approved Avastin, a 

drug that targets the VEGF Receptor and inhibits angiogenesis, effectively 

shrinking and/or killing macroscopic tumors.  With the vast increase in 

knowledge about the genetic changes that cause cancer and the advancements in 

cancer treatments, by 2012 there were over 12 million cancer survivors in the 

United States, a four-fold increase from 1971. 
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Figure 4: Gleevec has dramatically improved Chronic Myeloid Leukemia 

(CML) responses.  Historically, CML has been a very deadly disease. With the 

implementation of Gleevec as a targeted therapy patients observed an increase in 

major cytogenic response (A), complete cytogenic response (B), freedom from 

progression at 18 months (C), and progression-free survival at 24 month (D) 

compared to interferon and cytarabine combination treatment (O'Brien et al., 

2003). This figure was generated from data cited in O’Brien et al., 2003. 
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Figure 5: Cancer survival rates are improving. The National Cancer Institute 

Surveillance Epidemiology and End Results (SEER database) of cancer survival 

based on cancer type (Siegel et al., 2012). Nearly all cancer types have shown an 

increase in survival over the past 3 decades. This is due to a better understanding 

of the causes of cancer, cancer prevention strategies, improved diagnostic 

techniques, and better treatment strategies.  This figure was generated from the 

National Cancer Institute Surveillance Epidemiology and End Results (SEER 

database) (Siegel et al., 2012).  
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Figure 6: Schwann cell development. Schwann cells are derived from neural 

crest cells. A subset of neural crest cells become Schwann cell precursors after 

migration to the periphery of the body and association with axons. Schwann cell 

precursors develop into immature Schwann cells under the influence of Notch 

signaling and FGF signals. Immature Schwann cells the mature into either 

myelinating or non- myelinating (not shown) Schwann cells. This maturation 

process is controlled by many different secreted factors and transcription factors. 

Myelinating Schwann cells are highly associated with axons of the peripheral 

nervous system, where they function to help in the conduction of nerve impulse, 

as well as support neurons (Jessen and Mirsky, 2005). This figure was adapted 

from Jessen and Mirsky, 2005.  
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Figure 7: Development of neurofibromas and MPNSTs. Nerve hyperplasia is 

often seen in patients with NF1. When patients with NF1 lose the second copy of 

the NF1 allele in Schwann cells, neurofibromas develop. Neurofibromas are grade 

1 benign tumors that are highly associated with peripheral nerves and contain a 

variety of cell types including Schwann cells, fibroblasts, and mast cells. When 

secondary genetic changes occur in addition to the loss of NF1, an MPNST can 

develop. These secondary genetic changes include loss of p16 expression, 

mutation or deletion of p53, overexpression of EGFR, and loss of PTEN. 50 % of 

MPNSTs form sporadically, or in the absence of NF1 syndrome, and are often 

characterized by similar genetic changes (Brossier and Carroll, 2012). This figure 

was adapted from Brossier and Carrol, 2012. 

  



 

40 
 

 

  



 

41 
 

Figure 8: NF1 is a negative regulator of RAS. NF1 is a gene that encodes for 

the protein Neurofibromin. This protein is a Ras GTPase-activating protein, or 

RAS-GAP. Neurofibromin functions as a negative regulator of Ras signaling by 

keeping Ras in its GDP bound state. When NF1 is mutated or deleted, constitutive 

Ras signaling occurs, and the MAPK and PI3K/AKT/mTOR pathways are 

hyperactivated. This results in a proliferative and survival advantage in cells that 

are NF1 null. This figure was adapted from mycancergenome.org. 
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Figure 9: T2/Onc identifies oncogenes and tumor suppressor genes. A. T2/Onc 

is a mutagenic transposon which is flanked by inverted repeat/direct repeat 

(IR/DR) sequences that the SB enzyme can recognize, allowing excision from the 

donor locos and insertion randomly into the genome. T2/Onc has been genetically 

engineered to be an oncogenic transposon, containing splice donor (SD)/splice 

acceptor (SA) sequences, polyadenylation (pA) sequences, and a murine stem cell 

virus 5’ LTR (MSCV 5’ LTR) sequence. B. The T2/Onc transposon can identify 

oncogenes by integrating in the genome upstream of proto-oncogenes. The 

MSCV 5’LTR allows the transposon to cause overexpression of genes 

downstream of the integration site. C. The T2/Onc transposon can identify tumor 

suppressor genes (TSG) by integrating within a TSG. If the transposon lands 

within an exon of a TSG, it can disrupt the gene, and if it lands within an intron, it 

can cause a truncated product due to the presence of the SD/SA and pA sequences 

(Collier and Largaespada, 2005; Dupuy et al., 2009). This figure was adapted 

from Collier and Largaespada, 2005.  
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Figure 10: SB mutagenesis results in the development of Schwann cell 

tumors. Schwann cell tumors were derived from animals with EGFR 

overexpression, expression of a p53 dominant negative allele, and SB 

transposition in Schwann cells. The resulting tumors occurred in locations in 

which resemble the locations seen in patients including the brachial plexus, 

lumbar plexus, sciatic nerve, and nerves of the dorsal root ganglia. Histological 

analysis also revealed that these tumors microscopically resemble human tumors 

with high cellularity and spindle-shaped cells. Hematoxylin and eosin (H & E) 

staining and immunohistochemistry for proliferation (Ki67) allowed tumor grades 

to be determined, and we found nerve hyperplasia, grade 1 neurofibromas, grade 

2 Schwannomas, and grade 3 PNSTs. S100 staining, a marker of Schwann cells, 

confirmed that the tumors seen were derived from a Schwann cell origin 

(Rahrmann et al., 2013).  
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Figure 11: SB mutagenesis increase tumor burden and grade while 

decreasing latency. Wild type mice or mice with transposition alone did not form 

tumors at a significant frequency. When EGFR was overexpressed and a 

dominant negative allele of p53 was expressed in Schwann cells, over 70% of 

mice developed tumors. The majority of these tumors were benign neurofibromas 

that occurred with an average latency of 362 days. In contrast, when SB 

transposition was induced in the context of EGFR overexpression and loss of p53 

function, over 80% of mice developed tumors. These tumors were mostly high 

grade PNSTs with an average latency of 299 days. Because SB transposition 

increased tumor frequency, increased tumor grade, and decreased latency, we 

concluded that we were in fact identifying genetic drivers of Schwann cell 

tumorigenesis by transposon mutagenesis (Rahrmann et al., 2013). This figure 

was adapted from Rahrmann et al., 2013.  
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Table 1: Mouse models of peripheral nerve tumors. The following table 

describes many of the genetically engineered mousse models available to study 

the development and progression of peripheral nerve tumors. The phenotype and 

limitation of each model is also described (Brossier and Carroll, 2012). This table 

was adapted from Brossier and Carroll et al., 2012. 
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Table 1: Mouse models of peripheral nerve tumors. 

Transgenic mouse model Phenotype 

Nf1
Δ31/Δ31

 Die by E13.5 due to cardiac failure 

Nf1
Δ31/+

 Develop pheochromocytomas (15% incidence); 

show accelerated development of other non-NF1 

tumors as compared to wild-type mice 

Nf1
−/−

; Nf1
+/−

 chimeras  Multiple plexiform neurofibromas present in 

animals with intermediate level of chimerism 

Nf1
flox/flox

; Krox20-Cre Schwann cell hyperplasia 

Nf1
flox/−

; Krox20-Cre Plexiform neurofibroma development by 1yr of age 

(demonstrating importance of both Nf1
+/−

 and Nf1
−/−

 

cells in neurofibroma formation)  

Nf1
flox/flox

; Krox20-Cre 

transplanted with Nf1
+/− 

bone marrow  

Developed plexiform neurofibromas infiltrated by 

donor mast cells (demonstrating importance of Nf1 

haploinsufficiency in hematopoietic lineage for 

neurofibroma formation) 

Nf1
flox/flox

; Krox20-Cre 

transplanted with Nf1
+/−

; c-

Kit
W41/ W41

 bone marrow  

No neurofibromas developed (demonstrating 

importance of c-Kit signaling in Nf1 

haploinsufficient cells in the hematopoietic lineage) 

Nf1
flox/+

; Krox20-Cre 

transplanted with Nf1
+/+ 

bone marrow  

No neurofibromas developed (demonstrating 

importance of Nf1 haploinsufficiency in 

hematopoietic lineage for neurofibroma formation) 

Nf1
flox/−

; Wnt1-Cre, Died at birth; no neurofibromas developed 

Nf1
flox/−

; Mpz-Cre 

Nf1
flox/−

; Pax3-Cre 

Nf1
flox/−

; 3.9Periostin-Cre Died by 4 weeks after birth; no neurofibroma 

development observed  

Nf1
flox/−

; P0a-Cre Plexiform neurofibroma formation observed by 15–

20 months  

Nf1
flox/flox

; Dhh-Cre Plexiform and subcutaneous neurofibroma 

development (demonstrating that an Nf1
+/−

 

microenvironment might not be strictly required for 

neurofibroma formation)  

Nf1
flox/−

; CMV-CreERT2; 

Rosa26 
Dermal neurofibromas generated ∼6 months 

following topical tamoxifen administration  

trans-linked Nf1
+/−

;p53
+/−

 Developed non-MPNST sarcomas characteristic of 

p53 LOH  

cis-linked Nf1 
+/−

;p53
+/−

 Developed MPNSTs (∼30% incidence) 

Nf1
+/−

p16
Ink4a−/−

 Accelerated development of tumors characteristic 

of p16 
INK4a

 loss  
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Transgenic mouse model Phenotype 

Nf1
+/−

p19
Arf−/−

 Accelerated development of tumors 

characteristic of p19 
Arf

 loss  

Nf1
+/−

p16
Ink4a

/p19
Arf−/−

 Developed MPNSTs (∼30% 

incidence) 
LSL

Nras
G12V/+

; CAMK2-Cre Pigmentary abnormalities of skin and 

dermal neurofibromas observed 
LSL

Kras2B
G12D/+

; mGFAP-Cre No obvious phenotype 
LSL

Kras2B
G12D/+

Pten
flox/+

; mGFAP-Cre Plexiform neurofibroma development 

by 4 months of age with progression 

to MPNSTs by 7 months  

P0-GGFβ 3 Neurofibroma formation with 

progression to MPNSTs by 6–10 

months  

CNPase-EGFR Schwann cell hyperplasia with mast 

cell recruitment and fibrosis 

Dhh-Cre; Nf1 
fl/fl

; Pten 
fl/fl

 >20 high grade peripheral nerve 

sheath tumors in 100% of animals, 

mice moribund by day 15.  

Dhh-Cre; Pten 
fl/fl

; EGFR 10-15 high grade peripheral nerve 

sheath tumors in 100% of animals, 

mice moribund by day 28. 
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 Genetic changes required for the formation and progression of human 

Schwann cell tumors remain elusive. Using a Sleeping Beauty forward genetic 

screen, we identified several genes involved in canonical Wnt signaling as 

potential drivers of benign neurofibromas and malignant peripheral nerve sheath 

tumors (MPNSTs). In human neurofibromas and MPNSTs, activation of Wnt 

signaling increased with tumor grade and was associated with down-regulation of 

-catenin destruction complex members or overexpression of a ligand that 

potentiates Wnt signaling, R-spondin 2 (RSPO2). Induction of Wnt signaling was 

sufficient to induce transformed properties to immortalized human Schwann cells, 

and down-regulation of this pathway was sufficient to reduce the tumorigenic 

phenotype of human MPNST cell lines. Small molecule inhibition of Wnt 

signaling effectively reduced viability of MPNST cell lines, and synergistically 

induced apoptosis when combined with an mTOR inhibitor, RAD-001, suggesting 

that Wnt inhibition represents a novel target for therapeutic intervention in 

Schwann cell tumors. 
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I. Introduction 

Malignant peripheral nerve sheath tumors (MPNSTs) are soft tissue sarcomas that 

are believed to originate in the Schwann cell or Schwann cell precursors (Carroll 

and Ratner, 2008). These tumors can occur in the context of Neurofibromatosis 

Type 1 Syndrome (NF1), which occurs in 1 in 3,000 live births, but can also occur 

spontaneously in the general population (Uhlmann and Plotkin, 2012; Widemann, 

2009). Due to the incomplete understanding of the genes and pathways driving 

MPNST development and progression, the current treatment for patients is 

surgical resection of the tumor, if possible, followed by non-specific, high-dose 

chemotherapy (4,5). These therapies often prove ineffective, and subsequently, 

patients with MPNSTs suffer very poor 5-year survival rates of less than 25% 

(Katz et al., 2009; Widemann, 2009). This demonstrates the urgent need for a 

more complete understanding of the genetic events that drive these tumors, in 

order to develop novel targeted therapies to treat these patients.  

 It is known that biallelic loss of the Neurofibromin 1 gene (NF1) in 

Schwann cells is the pathological cause of the benign neurofibromas seen in NF1 

patients, but secondary genetic changes, many of which remain unknown, must 

occur for these benign tumors to transform into MPNSTs (Carroll, 2012; Carroll 

and Ratner, 2008; Gregorian et al., 2009; Kourea et al., 1999a; Kourea et al., 

1999b). Ten percent of NF1-associated neurofibromas will undergo malignant 

transformation, the leading cause of death in adult NF1 (Katz et al., 2009). 
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MPNSTs can also form spontaneously, in the absence of NF1 loss, and the genes 

responsible for spontaneous MPNST formation are also largely unknown (Katz et 

al., 2009; Widemann, 2009). Loss of Phosphatase and Tensin Homolog (PTEN) 

expression and overexpression of Epidermal Growth Factor Receptor (EGFR) are 

two changes often seen in both spontaneous MPNSTs and NF1-associated 

MPNSTs, but there are likely many other important genetic changes and signaling 

pathways yet to be identified (Carroll, 2012; Gregorian et al., 2009; Holtkamp et 

al., 2008; Keng et al., 2012a; Ling et al., 2005; Mawrin, 2010; Tawbi et al., 2008; 

Vincent W. Keng, 2012).     

Canonical Wnt/-catenin signaling has been shown to play a role in many 

types of cancer, including colorectal, lung, breast, ovarian, prostate, liver and 

brain tumors (MacDonald et al., 2009). However, this pathway has not been 

directly implicated in neurofibromas or MPNSTs. In other cell types, Wnt 

signaling can be activated in cancer through a variety of mechanisms, including 

activating mutations in -catenin (CTNNB1), overexpression of Wnt ligand genes, 

inactivating mutations in AXIN1, GSK3B, and APC (all members of the -catenin 

destruction complex), and promoter hypermethylation of negative regulators of 

Wnt signaling (Curtin and Lorenzi, 2010). Another mechanism of Wnt pathway 

activation recently shown in colorectal cancer is overexpression of R-spondins 

due to gene fusions (Seshagiri et al., 2012). R-spondins are secreted ligands that 

can potentiate Wnt signaling in the presence of Wnt ligands (Jin and Yoon, 2012). 
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Wnt signaling can also be activated via crosstalk with other signaling pathways 

including the PI3K/AKT/mTOR pathway, where loss of PTEN can activate 

PKB/AKT, causing the phosphorylation and inactivation of GSK3B, resulting in 

stabilization of -catenin protein (Gehrke et al., 2009). Growth factor signaling 

pathways can also activate Wnt signaling; such as the case of Epidermal Growth 

Factor (EGF) stimulation of the receptor (EGFR), which results in the activation 

of -catenin/TCF/LEF-dependent transcription of genes such as CyclinD1 

(CCND1), C-Myc (MYC), and Survivin (BIRC5) (Emami et al., 2004; Hu and Li, 

2010). Notably, some human MPNSTs have been shown to have loss of PTEN 

expression and/or express high levels of active EGFR (Holtkamp et al., 2008; 

Ling et al., 2005; Mawrin, 2010; Vincent W. Keng, 2012). -catenin-dependent 

transcription can promote progression through the cell cycle, stem cell self-

renewal, and epithelial to mesenchymal transition, all of which play a role in 

tumor initiation and progression (Barker, 2008; Curtin and Lorenzi, 2010; 

MacDonald et al., 2009).  Due to the importance of this pathway in driving 

tumorigenesis in many types of cancer, the development of small molecule 

inhibitors that target Wnt signaling is rapidly underway and has the potential for 

profound clinical benefits for patients with Wnt-driven tumors (Curtin and 

Lorenzi, 2010; Ischenko et al., 2008; Yao et al., 2011). 

 We have implicated canonical Wnt signaling in the development and 

progression of peripheral nerve tumors by using a murine Sleeping Beauty (SB) 
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forward genetic screen (Rahrmann et al., 2013). Additionally, we demonstrate that 

several well-established murine models of neurofibromas and MPNST 

development also exhibit activation of the Wnt signaling pathway. Activation of 

this pathway has been confirmed in human patient samples by gene expression 

microarray analysis and tissue microarray (TMA) studies. Activation of Wnt 

signaling occurs in human tumors through multiple mechanisms including down-

regulation of -catenin destruction complex members and overexpression of R-

spondin 2 (RSPO2). We demonstrate that activating canonical Wnt signaling is 

sufficient to induce transformed properties in immortalized human Schwann cells 

in vitro. We also show that down-regulating canonical Wnt signaling reduces the 

oncogenic and tumorigenic phenotypes observed in human NF1-associated and 

sporadic MPNST cell lines as measured by cell viability, colony formation, and 

xenograft tumor growth. Further, we find that small molecule inhibitors of Wnt 

signaling inhibit MPNST cell viability with little effect on normal human 

Schwann cells. These inhibitors show marked synergistic effects when combined 

with the mammalian target of rapamycin (mTOR) inhibitor, RAD-001, which has 

previously shown to be moderately effective in preclinical MPNST models 

(Johannessen et al., 2008; Johansson et al., 2008; Wu et al., 2012). These results 

suggest that Wnt/-catenin signaling is a novel drug target for patients with 

MPNSTs. 
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II. Results 

Diverse mouse models implicate canonical Wnt signaling in Schwann cell tumor 

development and progression 

 To identify genes and pathways that drive Schwann cell tumor 

development and progression, a forward genetic screen using the SB transposon 

system was conducted in mice, similar to many that have been previously 

published (Largaespada, 2009). The full details of this screen will be published 

separately (Rahrmann et al., 2013). This screen identified several members of the 

canonical Wnt/-catenin signaling pathway in the development of benign 

neurofibromas and MPNSTs (Supplementary Table 1). This screen was 

conducted using a CNPase promoter driving Cre expression which, in 

combination with a Cre/Lox-regulated Rosa26-SB11
LSL 

 transgene,  allows for 

T2/Onc mutagenic transposon mobilization in Schwann cells and their precursors, 

the cell of origin for peripheral nerve sheath tumors (Lappe-Siefke et al., 2003).  

A common transposon insertion site (CIS) associated gene list was generated 

independently for benign neurofibromas and MPNSTs, as diagnosed by 

histopathological examination (Rahrmann et al., 2013). We required that 

integrations map uniquely to the murine genome with a sequence length that 

would preclude random mapping. Further, we required that each integration be 

present at greater than 1/10,000 of the total sequences present to exclude potential 
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non-driver mutations that are found in minor sub-clones or due to artifacts (Sarver 

et al., 2012). When the entire CIS gene list for MPNSTs was analyzed using 

Ingenuity Pathway Analysis (IPA, Ingenuity ® Systems, www.ingenuity.com), 

we found enrichment for genes that are present in the Wnt/-catenin pathway (p= 

3.93E-4). Further, when immunohistochemistry (IHC) analysis was performed on 

murine tumors from this SB screen at various stages of progression, the level and 

nuclear localization of -catenin increased with tumor progression (Figure 1A). 

In addition to tumors from mice induced with SB, four other well-established 

mouse models of MPNST showed nuclear -catenin expression (Figure 1B) 

(Cichowski et al., 1999; Keng et al., 2012a; Mayes et al., 2011; Vincent W. Keng, 

2012; Vogel et al., 1999). These mouse models represent both NF1-associated and 

sporadic MPNST development by a variety of genetic mechanisms. Interestingly, 

tumors from the rapidly forming, highly aggressive models, Dhh-Cre; Nf1 
fl/fl

; 

Pten 
fl/fl

 and Dhh-Cre; Pten 
fl/fl

; CNP-EGFR stained very strongly for nuclear -

catenin, while the slower forming NPcis and PLP-Cre; Nf1 
fl/fl

 tumors had less 

total -catenin, but still highly nuclear staining. Thus, the intensity of nuclear -

catenin staining may correlate with and indeed drive tumor aggressiveness. 

To determine the role of Wnt/-catenin signaling in human Schwann cell 

tumors, we assayed expression and localization of -catenin and expression of 

known Wnt target genes in human Schwann cells and MPNST cell lines. 

http://www.ingenuity.com/
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Activated -catenin is found in the nucleus where it can be transcriptionally 

active, while inactive -catenin is cytoplasmically localized or membrane-bound 

(Barker, 2008). In a TERT/CDK4
R24C 

  immortalized human Schwann cell line 

(iHSC2Margaret Wallace, manuscript in preparation), -catenin was expressed, 

but localized primarily in the cytoplasm (Figure 1C). In contrast, both sporadic 

and NF1-associated MPNST cell lines (STS-26T and ST8814, respectively) 

expressed a similar level of -catenin, but with predominantly nuclear 

localization. Western blot analysis showed that in all 4 MPNST cell lines 

analyzed, the level of MYC protein was increased, and in 2 out of 4 MPNST cell 

lines, CCND1 protein was increased compared to the immortalized human 

Schwann cell line (Figure 1D). These data suggest that known -catenin outputs 

are increased in MPNST cell lines compared to immortalized human Schwann 

cells.  

Canonical Wnt signaling is activated in a subset of human neurofibromas and 

MPNSTs 

 To characterize whether alterations in regulators of Wnt signaling underlie 

pathway activation in MPNST cell lines, we assayed Wnt regulators by gene 

expression microarray in purified Schwann cells taken from human peripheral 

nerve, neurofibromas, and MPNSTs, as well as solid tumors at various stages of 

disease (Miller et al., 2009) (Figure 2). Several members of the -catenin 
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destruction complex, including APC and GSK3B, showed down-regulation with 

tumor progression, in a subset of cases. The Wnt ligands WNT2, WNT5A, and 

WNT5B showed an increase in many or most samples. These data suggest that 

multiple mechanisms activate canonical Wnt signaling in human Schwann cell 

tumors.   

 To further investigate activation of Wnt signaling in human tumors, and to 

account for regulation of Wnt signaling by post-translational mechanisms such as 

protein degradation or localization, we constructed a human tissue microarray 

(TMA) composed of 30 benign dermal neurofibromas (dNF), 32 plexiform 

neurofibromas (pNF), and 31 MPNSTs. The fraction of tumors positive for -

catenin increased with tumor progression (55.9% dNF, 86.2% pNF, 96.9% 

MPNSTs, p=0.0001 Fisher’s Exact Test) (Figure 3A). Additionally, the 

percentage of tumors with nuclear -catenin was higher in the MPNSTs than in 

the neurofibromas (Figure 3B & C). As a transcriptional output of Wnt signaling, 

we also quantified the percentage of CCND1 positive tumors and found that it 

also increased in the higher grade tumors (67.6% dNF, 64.7% pNF, 94.1% 

MPNST, p=0.0051 Fisher’s Exact Test) (Figure 3D). Further, the intensity of 

CCND1 staining increased with tumor progression (p=0.0356 Fisher’s Exact 

Test) (Figure 3E & F). As an additional transcriptional output of Wnt signaling, 

we assessed C-MYC staining intensity and found that it too showed a trend 

towards increased expression with tumor progression (p=0.1603 Fisher’s Exact 
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Test) (Supplementary Figure 1A & B). This suggests that the acquisition of 

nuclear -catenin in these tumors is activating known -catenin-targets, and 

correlates with tumor progression. To confirm this, we assessed -catenin and 

CCND1 staining on a plexiform neurofibroma which transformed into an 

MPNST. While there was only a single patient represented on our TMA with a 

paired plexiform neurofibroma and MPNST, we found that indeed, -catenin 

level and nuclear localization increased in the MPNST. Further, while the 

plexiform neurofibroma was negative for CCND1, the MPNST was positive for 

CCND1 (Figure 3G). 

Activation of Wnt/-catenin signaling is sufficient to induce transformed 

phenotypes in immortalized Schwann cells 

 We next functionally validated a subset of the -catenin regulatory genes 

identified in our Sleeping Beauty screen that were also implicated in human 

tumors (Supplementary Table 1 & Figure 2). We hypothesized that if Wnt/-

catenin signaling played a role in the development of peripheral nervous system 

tumors, then activation of this pathway in immortalized human Schwann cells 

may be sufficient to drive a more transformed phenotype in these cells. To 

activate Wnt signaling, we expressed an activated form of CTNNB1 (CTNNB1
S33Y 

) in immortalized human Schwann cells (iHSC1 and iHSC2. Cells 

overexpressing CTNNB1
S33Y

 showed increased levels of total -catenin protein, 
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but interestingly, only the iHSC1 cells showed increased activated -catenin 

(Figure 4A). Expression of CTNNB1
S33Y

 resulted in increased expression of MYC, 

CCND1, AXIN2, LEF1, and BIRC5 in both iHSC1 and iHSC2 cell lines, 

demonstrating activation of genes that have been shown to be -catenin targets 

(Supplementary Figure 2A & B). CTNNB1
S33Y

 expression also resulted in 

increased cell viability (Figure 4B), but did not change soft agar colony 

formation (Figure 4C). However, we did observe that cells overexpressing 

CTNNB1
S33Y

 stopped growing as a monolayer, as seen in non-transformed cells, 

and began growing as three-dimensional colonies (Figure 4D).  

In addition to activating Wnt signaling by overexpressing CTNNB1
S33Y

, we 

used shRNA to knock down AXIN1 and GSK3B, both members of the -catenin 

destruction complex identified in our SB screen (Supplementary Table 1) and 

known tumor suppressor genes in other types of cancers (MacDonald et al., 

2009). These genes were knocked down in both immortalized human Schwann 

cell lines (iHSC1 and iHSC2) using short hairpin RNAs (shRNAs), and 

validated by QPCR analysis (Figure 4E & Supplementary Figure 2I) and 

western blot analysis (Supplementary Figure 2C & F). We show that 

knockdown of either AXIN1 or GSK3B activated genes that have been shown to 

be to be targets of -catenin including CCND1, MYC, AXIN2, LEF1, and BIRC5 

(Supplementary Figure 2D, E, G & H). Knockdown of AXIN1 or GSK3B was 

sufficient to induce oncogenic properties in immortalized human Schwann cells as 
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demonstrated in vitro by a significant increase in cell viability (Figure 4F & 

Supplementary Figure 2J) and anchorage-independent growth (Figure 4G & 

Supplementary Figure 2K) . When the immortalized human Schwann cells that 

expressed either AXIN1 or GSK3B shRNAs were injected into immunodeficient 

mice, they were unable to induce tumor formation (data not shown), suggesting 

that while activation of Wnt signaling is sufficient to induce some oncogenic 

properties in Schwann cells in vitro, it is not sufficient to induce tumorigenic 

properties in vivo. 

Inhibition of Wnt signaling can reduce the tumorigenic phenotype of MPNST cells 

 We next sought to determine whether inhibition of Wnt/-catenin 

signaling in MPNST cell lines was sufficient to reduce cellular viability and 

anchorage-independent growth. To reduce Wnt signaling, we knocked down 

CTNNB1 and TNKS in two MPNST cell lines, S462-TY (NF1-associated MPNST 

cell line (Mahller et al., 2008)) and STS-26T (sporadic MPNST cell line 

(Dahlberg et al., 1993)) using shRNA vectors. We chose to knockdown CTNNB1 

since it plays a direct role in the transcription of Wnt-dependent genes by binding 

TCF/LEF in the nucleus and acting as a transcriptional activator (22,23). TNKS 

was also knocked down because it was identified in our forward genetic screen 

and inhibition of TNKS is known to stabilize AXIN1, leading to the degradation 

of -catenin protein (Huang et al., 2009). TNKS is also the target of many small 
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molecule inhibitors of the Wnt pathway (Huang et al., 2009). Knockdown of 

CTNNB1 and TNKS by shRNA was confirmed by QPCR (Figure 5A & D). 

Reduction in either -catenin or TNKS was sufficient to decrease expression of -

catenin transcriptional targets, as demonstrated by a reduction in the expression of 

MYC, CCND1, AXIN2, LEF1, and BIRC5 (Supplementary Figure 3A, B, C & 

D).   Knockdown of either CTNNB1 or TNKS reduced cell viability (Figure 5B & 

E) and anchorage-independent growth (Figure 5C & F) in both S462-TY and 

STS-26T cells.  

 Overexpression of GSK3B, a member of the -catenin destruction 

complex, also was sufficient to reduce the oncogenic properties of both the NF1-

associated and sporadic MPNST cell lines. GSK3B overexpression was confirmed 

by western blot and QPCR and resulted in reduced -catenin total protein levels 

(Figure 5G, Supplementary Figure 3E & F). The reduction in known Wnt 

signaling outputs was also shown by a decrease in MYC, CCND1, AXIN2, LEF1, 

and BIRC5 transcript levels (Supplementary Figure 3E & F). GSK3B 

overexpression resulted in a decrease in cell viability (Figure 5H) and a 

significant decrease in soft agar colony formation in both cell lines (Figure 5I). 

These results suggest that these MPNST cell lines depend on Wnt signaling for 

rapid proliferation and robust colony forming abilities, and reduction in Wnt 

signaling can reduce these oncogenic properties. 
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 To investigate the role of Wnt/-catenin signaling in vivo, the S462-TY 

and STS-26T cell lines expressing either the CTNNB1 shRNA or GSK3B cDNA 

were injected into immunodeficient mice, which were monitored for the rate of 

tumor formation and growth. Reduction in CTNNB1 by shRNA delayed the rate 

of tumor growth in the NF1-asociated cell line (Supplementary Figure 4A & B). 

Tumor sections derived from cells expressing the CTNNB1 shRNA showed fewer 

Ki67 positive cells compared to tumors derived from NS shRNA expressing cells 

(Supplementary Figure 4C). Overexpression of GSK3B resulted in reduction in 

tumor growth in the spontaneous MPNST cell line (Supplementary Figure 4D & 

E). Tumor sections from cells overexpressing GSK3B also showed fewer Ki67 

positive cells compared to tumors derived from non-silencing (NS) shRNA 

expressing cells (Supplementary Figure 4F). Despite a significant delay in 

tumor onset, tumor volume at 40 days post-injection was similar in control and 

experimental groups. Evaluation of gene expression in these tumors indicated that 

knockdown of CTNNB1 and overexpression of GSK3B was not maintained over 

the course of the experiment (data not shown). 

R-spondin 2 is overexpressed in a subset of Schwann cell tumors and is a driver 

of Wnt signaling and MPNST cell growth 

 R-spondins are secreted ligands that potentiate Wnt signaling when Wnt 

ligand is available (Jin and Yoon, 2012). Microarray analysis showed that R-
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spondin 2 (RSPO2) was highly expressed in 2 of 6 MPNST cell lines and 2 of 13 

primary MPNSTs evaluated, compared with purified normal human Schwann 

cells or normal nerve (Figure 6A). Further, it has been shown that one 

mechanism for RSPO2 overexpression is a deletion-mediated gene fusion 

between exon 1 of EIF3E and exon 2 of RSPO2, resulting in the overexpression 

of native RSPO2 protein (Seshagiri et al., 2012). To determine whether similar 

gene fusions occur in Schwann cell tumors, primers were designed to amplify any 

fusion transcripts between EIF3E and RSPO2 in cDNA libraries made from 5 

human MPNST cell lines and 2 immortalized human Schwann cell lines. We 

identified a fusion transcript expressed by the S462 MPNST cell line that was not 

present in any of the other MPNST or immortalized human Schwann cell lines 

(Figure 6B). Expression of this fusion correlated with a 1295-fold increase in 

RSPO2 expression in the S462 cell line (Figure 6C). The fusion transcript that 

was identified included exon 1 of EIF3E fused to a 122 base pair region of 

chromosome 8 located between EIF3E and RSPO2, fused to exon 2 of RSPO2 

(Figure 6D). To determine if S462 cells require RSPO2, we used an shRNA 

construct to knock down its expression. Depletion of RSPO2 significantly reduced 

expression of Wnt target genes and cell viability (Figure 6E & F). These data 

suggest that overexpression of RSPO2 may drive a subset of human MPNSTs, 

and further support the model that Wnt signaling is activated in Schwann cells by 

multiple mechanisms. 
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Wnt inhibitors effectively reduce cellular viability in vitro 

 Our functional data suggested that targeting Wnt/-catenin signaling with 

small molecule inhibitors, might be effective at reducing MPNST cell viability 

and tumor forming properties. To test this hypothesis, we exposed a panel of 5 

MPNST cell lines (S462, S462-TY, ST8814, T265, and STS-26T) and 2 

immortalized human Schwann cell lines (iHSC1 and iHSC2) to two 

compounds that inhibit Wnt signaling, XAV-939 and IWR-1. These compounds 

both function to stabilize AXIN1 by inhibiting TNKS, resulting in an increase in 

-catenin phosphorylation and subsequent degradation (Huang et al., 2009). We 

find normal Schwann cells are highly resistant to proliferation inhibition and cell 

death by these two compounds as demonstrated by high IC50 values, while the 

MPNST cell lines were quite sensitive with relatively low IC50s of 0.047uM to 

2.22uM for XAV-939 and 0.055uM to 186.87uM for IWR-1 (Figure 7A) 

(CalcuSyn Version 2.1, BioSoft). 

Wnt inhibitors synergize with an mTOR inhibitor to induce apoptosis of MPNST 

cells 

 We next conducted a screen to identify targeted therapies that synergized 

with Wnt signaling inhibitors to induce apoptosis in MPNST cell lines. Several 

drugs were screened, including inhibitors of PI3K (PI-103), mTOR (RAD-001 
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and Rapamycin), and MEK (PD-901 and AZD-6244). Of these drugs, the most 

significant synergism was seen with RAD-001. It has been shown that RAD-001 

is modestly effective in several preclinical models of peripheral nerve tumors, but 

the effects of this drug are largely cytostatic (Johansson et al., 2008; Wu et al., 

2012). In most cases, treatment of the S462, T265, and STS-26T MPNST cell 

lines with RAD-001, IWR-1, or XAV-939 as single agents at their IC50 

concentrations resulted in less than 50% TUNEL-positive cells, demonstrating 

that while 50% of proliferation was inhibited, only a minority of cells underwent 

apoptosis (Figure 7B & C). In contrast, when the MPNST cell lines were treated 

with their IC25 dose of RAD-001 in combination with either IWR-1 or XAV-939 

also at their IC25 dose, the percentage of TUNEL positive cells often went above 

50%, and in the S462 cell line, even approached 100%, demonstrating that co-

targeting the Wnt and mTOR pathways is synergistic in inducing apoptosis.  
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III. Materials and Methods 

Mouse Tumor Immunohistochemistry (IHC) 

Formalin fixed, paraffin embedded tissues were sectioned at 5 microns, mounted, 

and heat-fixed onto glass slides to be used for IHC analyses.  Briefly, the glass 

section slides were de-waxed and rehydrated through a gradual decrease in 

ethanol concentration.  The antigen epitopes on the tissue sections were then 

unmasked using a commercially available unmasking solution (Vector 

Laboratories) according to the manufacturer’s instructions.  The tissue section 

slides were then treated with 3% hydrogen peroxide to remove endogenous 

peroxidases.  Blocking was performed at room temperature in normal goat serum 

(5% serum in PBS) in a humidified chamber for one hour.  Sections were then 

incubated overnight at 4°C in a humidified chamber with primary antibody (-

catenin, 1:100, Cell Signaling).  After primary incubation, sections were washed 

thoroughly in PBS before incubating with goat anti-rabbit horseradish peroxidase 

conjugated-secondary antibody (Santa Cruz Biotechnology).  After 3 washes with 

PBS, the sections were treated with freshly prepared DAB substrate (Vector 

Laboratories) and allowed to develop before stopping the reaction in water once 

adequate signal was obtained.  Finally, sections were then lightly counter-stained 

with hematoxylin, dehydrated through gradual increase in ethanol concentration, 
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cleared in Citrosol (Fisher Scientific) and mounted in Permount (Fisher 

Scientific). 

Tissue culture reagents and cell lines 

 Cultured immortalized Schwann cells (iHSC1 and iHSC2) were both 

derived from a patient’s normal sciatic nerve, are NF1 wild-type, and were 

immortalized by hTERT and CDK4
R24C

 to allow in vitro studies (Dr. Margaret 

Wallace, manuscript in preparation).  Immortalized human Schwann cell and 

MPNST cell lines (S462 (Frahm et al., 2004), S462-TY (Mahller et al., 2008), 

ST8814 (Fletcher et al., 1991), T265 (Badache and De Vries, 1998), and STS-26T 

(Dahlberg et al., 1993)) were maintained in Dulbecco’s Modification of Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum and 

penicillin/streptomycin (Cellgro) and cultured on tissue culture-treated plates 

under standard conditions of 37 degrees Celsius and 5% CO2 . No authentication 

of cell lines was done by the authors. 

Immunofluorescence and TUNEL staining  

For immunofluorescence assays, cells were grown to 80% confluency on 8 

chambered slides (Lab-TekII). Cells were fixed in 10% formalin and washed with 

phosphate-buffered saline (PBS) with 0.1% Tween-20 (PBST). Cells were 

incubated in -catenin primary antibody (1:100, Cell Signaling) at 4 degrees 

Celsius overnight, followed by 1 hour room temperature incubation in anti-rabbit 
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AlexaFluor 488 secondary antibody (Invitrogen). TUNEL staining was performed 

using the In Situ Cell Death Detection Kit, POD (Roche). Slides were mounted 

using Prolong Gold Antifade Reagent with DAPI (Invitrogen) and images using a 

Zeiss Axiovert 25 inverted microscope. For analysis of cell death, total cells and 

TUNEL positive cells were counted and averaged over three independent frames 

with 50-100 cells per frame. 

Western blot analysis 

1 million cells were lysed using an NP-40 buffer (50mM Tris-HCl pH 7.6, 

150mM NaCl, 1% NP-40, 5mM NaF, 1mM EDTA) containing a protease 

inhibitor (Roche) and phosphatase inhibitors (Sigma). Whole cell lysates were 

cleared by centrifugation. Protein samples were prepared in an SDS solution with 

reducing agent (Invitrogen) and run on 10% Bis-Tris pre-made gels (NuPage, 

Invitrogen). Gels were transferred onto PVDF membranes using the iBlot system 

(Invitrogen) and activated in 100% methanol. Membranes were blocked in filtered 

5% Bovine Serum Albumin (BSA) for 2 hours at room temp followed by a 4 

degrees Celsius overnight incubation in primary antibody. The primary antibodies 

used in this study were activated -catenin (1:1000), total -catenin (1:100), 

GSK3B (1:1000), AXIN1 (1:1000), and GAPDH (1:2000) (Cell Signaling). 

Following primary antibody incubation, membranes were thoroughly washed in 

TBS with 0.1% Tween-20 (TBST) and incubated in goat anti-rabbit IgG-HRP 
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conjugated secondary antibody (Santa Cruz, 1:4000 in 0.5% BSA, 1 hour at room 

temperature). Blots were thoroughly washed in TBST and developed using the 

SuperSignal WestPico Chemiluminescence Detection Kit (Thermo Scientific). 

Densitometry quantification was done using ImageJ software and normalized to 

GAPDH (Rasband, 1997-2012). 

Microarray gene expression analysis 

 

We used the published data (GEO accession #:GSE14038, Affymetrix GeneChip 

HU133 Plus 2.0) [38] for gene microarray analysis. This dataset used custom 

CDF (custom GeneChip library file) based on RefSeq target definitions (Hs133P 

REFSEQ Version 8) for accurate interpretation of GeneChip data (Dai et al., 

2005). The dataset in Figure 2 includes 86 microarrays on purified human 

Schwann cells and primary tissues taken from a normal sciatic nerve, dermal 

neurofibromas, plexiform neurofibromas, and MPNST cell lines. The heatmap 

was generated using CRAN's pheatmap package (http://cran.r-

project.org/web/packages/pheatmap/index.html) and Refseq IDs were replaced 

with corresponding HGNC official gene symbols. Statistical comparisons were 

done using R/Bioconductor's Limma package (http://www.bioconductor.org) and 

GeneSpring GXv7.3.1 (Agilent Technologies). Differentially expressed (DE)-

genes were defined as genes with expression levels at least three-fold higher or 

http://cran.r-project.org/web/packages/pheatmap/index.html
http://cran.r-project.org/web/packages/pheatmap/index.html
http://www.bioconductor.org/
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lower in target groups (MPNST) compared to NHSC after applying Benjamini 

and Hochberg false discovery rate correction (FDR/BH p ≤ 0.05).  

Tumor microarray (TMA) construction and immunohistochemistry  

 Representative areas of disease were identified on hematoxylin and 

eosin-stained sections for 30 neurofibromas, 32 plexiform neurofibromas, and 31 

MPNSTs. TMA blocks consisting of duplicate 1.0 mm core samples were 

constructed with a manual tissue arrayer (MTA-1, Beecher Inc, WI) and limited to 

64 cores per recipient block. Immunohistochemistry for CCND1 (SP4) 

monoclonal antibody (Neomarkers, Thermo Scientific, 1:50) and -catenin (6B3) 

monoclonal antibody (Cell Signaling; 1:200) was performed utilizing an 

automated immunohistochemical staining platform (Nemesis 7200, Biocare) 

following standard IHC protocols (DeRycke et al., 2009). Digital images of IHC 

stained TMA slides were obtained as previously described (Rizzardi et al., 2012). 

P-values were determined using a 3x2 (staining positivity) or 3x3 (staining 

intensity or localization) Fisher’s Exact Test to determine differences in staining 

between the three tumor types.  

Gene knockdown and overexpression 

GSK3B and Luciferase cDNA (Invitrogen) were each cloned into a vector 

containing a CAGGS promoter to drive cDNA expression followed by an IRES-

GFP. These plasmid vectors were transfected into cells using the NEON 
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transfection system, according to manufacturer’s protocol (Invitrogen). Three 

independent shRNAs targeting AXIN1, GSK3B, CTNNB1, TNKS, RSPO2, and a 

non-silencing (NS) control shRNA were purchased from OpenBiosystems. 

Lentiviral particles containing the shRNAs were produced in 293T cells using the 

Trans-Lentiviral Packaging Kit (Thermo Scientific). A dsRed control and 

CTNNB1
S33Y   

were cloned into a vector containing a CAGGS promoter to drive 

cDNA expression followed by an IRES-GFP and also transduced into cells using 

lentiviral particles. Viral supernatant was collected after 24 hours of viral 

production, cleared, and applied directly to the cells for 6 hours. Following viral 

transduction, cells underwent selection in 4ug/mL puromycin (Invitrogen). 

shRNA expression was validated by GFP expression, western blot and QPCR. 

Data is shown for the one shRNA construct that gave the greatest knockdown as 

determined by western blot analysis and/or QPCR.    

Quantitative Real-Time PCR (QPCR) 

RNA was extracted from 1 million cells using the High Pure RNA Isolation Kit 

(Roche). RNA was analyzed by nanodrop (Thermo Scientific) and by agarose gel 

electrophoresis for quantification and quality control. 1ug of RNA was used to 

synthesize cDNA using the Transcriptor First Strand Synthesis (Roche) with both 

random hexamer and oligo dT primers. QPCR reactions were conducted using 

LightCycler 480 SYBR I Green (Roche) and run on an Eppendorf Mastercycler 

ep gradient S. Primer sequences can be found in Supplementary Table 2 
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(Biechele et al., 2009; Cui et al., 2007; Emami et al., 2004). Data were analyzed 

using RealPlex software, calibrated to ACTB levels and normalized to either over-

expression control cells (expressing CAGGS>Luciferase-IRES-GFP or dsRed) or 

NS shRNA expressing cells and averaged over three experimental replicates.  

Cellular Viability assays 

Cellular viability assays were set up in a 96-well format with 100 cells plated per 

well in DMEM full media containing 4ug/mL puromycin (Invitrogen). Readings 

were taken every 24 hours over 6 days by the MTS assay (Promega). Absorbance 

was read at 490nm to determine viability and 650nm to account for cellular debris 

on a BioTek Synergy Mx automated plate reader.  

Anchorage-independent growth assay 

6-well plates were prepared with bottom agar composed of 3.2% SeaPlaque Agar 

(Lonza) in DMEM full media) and allowed to solidify before 10,000 cells in top 

agar (0.8% SeaPlaque Agar in DMEM full media) were plated and allowed to 

solidify. DMEM full media with 4ug/mL puromycin (Invitrogen) was plated over 

the cells and cells were incubated under standard conditions (5% CO2, 37 degrees 

Celsius) for 14 days. Top media was removed and cells were fixed in 10% 

formalin (Fisher Scientific) containing 0.005% crystal violet (Sigma) for 1 hour at 

room temperature. Formalin was removed and colonies were imaged on a Leica 

S8 AP0 microscope. 12 images per cell line were taken and automated colony 
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counts were done using ImageJ software (Rasband, 1997-2012). Results shown 

are a representative example of at least three independent experiments.      

Xenografts 

1.5 million cells in serum-free DMEM with 33% Matrigel Basement Membrane 

(BD Biosciences) were injected into the back flanks of athymic Foxn1
nu/nu

 mice 

(Charles Rivers Laboratory). Each mouse was injected on the right flank with 

cells expressing a specific shRNA or a cDNA and on the left flank with control 

cell lines expressing a non-silencing (NS) shRNA or a Luciferase cDNA with at 

least 4 mice per experiment. Tumor volume was measured bi-weekly using 

calipers and mice were sacrificed when the tumor reached approximately 10% of 

the total body weight or 40 days post injection. Tumors were harvested for 

immunohistochemistry and western blot analysis. All animal work was conducted 

according to the University of Minnesota’s approved animal welfare protocol. 

In Vitro Drug Studies to Determine IC50  

RAD-001, IWR-1, and XAV-939 were solubilized in DMSO and then 

subsequently diluted in sterile PBS. 1,200 cells per well of a 96-well plate were 

treated with varying concentration of drug in quadruplicate and assayed for cell 

viability using the MTS assay (Promega) to determine the IC50 values. All data 

analysis was done using Calcusyn software (CalcuSyn Version 2.1, BioSoft).  
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IV. Discussion 

Analysis of MPNST tumor genomes has demonstrated a wide variety of 

genetic changes ranging from point mutations to entire chromosome gains and 

losses (Kobayashi et al., 2006). Determining which of these changes contribute to 

tumorigenesis and which changes are simply “passenger” mutations is crucial in 

identifying targets for therapeutic intervention (Brekke et al., 2010; Carroll and 

Ratner, 2008; Kobayashi et al., 2006). Prior studies have focused on NF1 and 

p53/Rb regulated pathways in MPNSTs, yet there remains a need to broaden our 

understanding of the genetic alterations that contribute to Schwann cell 

tumorigenesis. The SB transposon system is an unbiased, powerful tool to identify 

oncogenes and tumor suppressor genes (Largaespada, 2009).  In an SB screen 

conducted to find genetic drivers of MPNSTs and neurofibromas, we uncovered 

many alterations that affect canonical Wnt/-catenin signaling, suggesting this 

pathway is a likely driver of Schwann cell tumor development, progression and 

maintenance (Supplementary Table 1) (Rahrmann et al., 2013). We show that 

murine tumors from both the SB screen and from four other established MPNST 

models show nuclear-localized -catenin, suggesting that they have activated 

canonical Wnt signaling (Figure 1). Additionally, we identified activation of Wnt 

signaling in a majority of human MPNST cell lines and primary human tumors 

investigated (Figure 1-3). 
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In this study, we show that multiple genetic alterations correlate with 

activation of the canonical Wnt/-catenin pathway, and that these alterations can 

induce oncogenic properties in human Schwann cells, and are required for tumor 

maintenance in MPNST cells. A subset of human Schwann cell tumors show 

down-regulation of -catenin destruction complex components, such as APC and 

GSK3B (Figure 2). Microarray analysis also demonstrated overexpression of 

several Wnt ligands and RSPO2, a secreted ligand that can potentiate Wnt 

signaling, in a subset of human tumors (Figure 6). Interestingly, we find that 

while CCND1 protein levels correlate with tumor progression, CCND1 mRNA 

expression is not as convincing (Figure 2 & 3). It should be noted that the 

microarray data suggests that in whole tumors CCND1 may be decreased, but in 

purified cells it seems to be unchanged or slightly up-regulated. This may be due 

to the effects of contaminating cells within the whole tumor such as fibroblasts, 

macrophages, and endothelial cells. In addition, we believe that the discrepancy 

seen between the TMA and the microarray gene expression of CCND1 may be 

due to the fact that the CCND1 transcript is highly regulated at the translational 

level. Due to the long 5’ untranslated region and secondary structure of CCND1 

mRNA, it is often poorly translated, although many factors, including 

PI3K/mTOR signaling can increase the translation of this transcript (Gera et al., 

2004). Based on the mRNA expression data, MYC may be a more consistent 
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marker for activated Wnt signaling, while CCND1 may be a better marker of Wnt 

signaling activation by immunohistochemistry. 

We tested the functional importance of Wnt pathway activation in Schwann 

cell tumorigenesis through gain- and loss-of-function studies in vitro. Using gene 

overexpression and knockdown in immortalized human Schwann cells and 

MPNST cell lines, we showed that aberrant expression of Wnt regulators resulted 

in phenotypic and functional changes in these cells. Down-regulation of GSK3B 

and AXIN1 and overexpression of CTNNB1 were sufficient to induce transformed 

properties in immortalized human Schwann cells and down-regulation of 

CTNNB1 and TNKS, as well as overexpression of GSK3B reduced the oncogenic 

properties of MPNST cell lines and delayed tumor growth in vivo (Figure 4, 

Figure 5, Supplementary Figure 2 & Supplementary Figure 4).  

Recently, a novel mechanism for activating Wnt signaling was demonstrated 

in colorectal cancer in which gene fusions occurred between EIF3E and RSPO2 

due to a deletion on chromosome 8, resulting in the overexpression of native 

RSPO2 protein (Seshagiri et al., 2012). We identified a similar fusion transcript in 

a human MPNST cell line with elevated RSPO2 expression, and showed that 

knockdown of RSPO2 was sufficient to reduce Wnt signaling outputs and cellular 

viability in this cell line (Figure 6). Further work is needed to determine the 

frequency of R-spondin fusion transcript expression in primary human Schwann 

cell tumors. It will also be necessary to identify whether expression of R-spondin 
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fusion transcripts in MPNSTs is mediated by chromosome 8 deletions similar to 

those seen in colorectal cancer, or if there is another mechanism by which this 

occurs, such as transcription-mediated gene fusion. Based on our results, a drug 

that could block the function of RSPO2 may be therapeutically beneficial for 

patients with MPNSTs overexpressing RSPO2. 

In addition to the mechanisms described above, there are likely other 

mechanisms by which this pathway is activated in human tumors. For example, 

activation of PKB/AKT, a common phenomenon in MPNSTs, leads to the 

phosphorylation and inactivation of GSK3B, resulting in stabilization of -catenin 

protein (Gehrke et al., 2009; Persad et al., 2001). Loss of PTEN expression has 

been demonstrated in human MPNSTs, and this could activate Wnt signaling 

through activation of AKT (Keng et al., 2012a; Mawrin, 2010). It has also been 

shown that in cells expressing EGFR, EGF stimulation can result in the activation 

of -catenin/TCF/LEF-dependent transcription, and EGFR expression has been 

implicated in MPNST development as well (Holtkamp et al., 2008; Hu and Li, 

2010; Ling et al., 2005). Recently, Mo et al. demonstrated a novel mechanism of 

NF1-associated MPNST progression in which autocrine activation of CXCR4 by 

CXCL12 mediates tumor progression through PI3K and -catenin (Mo et al., 

2013). Although no insertions were identified in Cxcr4 or Cxcl12 in our SB 

screen, gene expression data from human tumors showed statistically significant 

differential regulation of CXCR4 in MPNST tumor-to-nerve comparison (fc=5.3x, 



 

87 
 

p-value = 0.016), but not in MPNST cell-to-NHSC comparison (fc=0.85x, p-

value=0.16). In contrast, CXCL12 showed statistically differential expression 

pattern in MPNST cell-to-NHSC comparison (fc=2.7x, p-value=0.02), but not in 

MPNST tumor-to-nerve comparison (fc=4.7x, p-value = 0.15). This study by Mo 

et al. compliments our work in showing yet another mechanism by which human 

Schwann cell-derived tumors activate Wnt signaling, leading to tumor 

progression. Additional work will be required to determine the contribution of 

each of these pathways to Wnt activation in human MPNSTs. 

It is unclear from this study whether Wnt pathway activation is important for 

tumor initiation or for tumor progression, but it seems likely that it may play a 

role in both processes. It is clear that a subset of benign human neurofibromas 

exhibit activated Wnt signaling, which may play a role in the initiation of these 

benign tumors (Figure 3 & Supplementary Figure 1). A larger percentage of 

high grade tumors (MPNSTs) have activation of this signaling pathway, making it 

plausible that this pathway also plays a role in progression from a benign tumor to 

malignancy. It is also likely that this pathway may cooperate with other pathways 

that play a role in the development or progression of MPNSTs. For example, Wnt 

signaling activation is an initiating event for colorectal cancer, leading to 

hyperplasia, but other genetic changes must occur for a tumor to (Fearon, 2011). 

Future work will need to focus on identifying cooperating mutations or signaling 

pathways that function in concert with Wnt signaling in MPNST formation.  
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Indeed, loss of NF1 expression is a good candidate cooperating alteration, and 

future experiments in which NF1 is lost and the Wnt pathway is activated in 

normal Schwann cells will be critical for our understanding of cooperating genes 

and pathways. 

While the Wnt pathway is known to play a critical role in oncogenesis, the 

development of clinically beneficial targeted therapies has lagged. The discovery 

of small molecule inhibitors of the Wnt/-catenin pathway is being aggressively 

pursued, as these therapies have the potential to benefit patients suffering from a 

wide variety of cancers (Curtin and Lorenzi, 2010; Ischenko et al., 2008; Yao et 

al., 2011). Wnt/-catenin signaling is critical for many normal developmental and 

cellular processes, thus, inhibition of this pathway may have many unwanted and 

negative side effects (Curtin and Lorenzi, 2010; Gonsalves et al., 2011). To this 

end, inhibitors targeting the specific Wnt pathway molecules (such as RSPO2) 

and functions in tumorigenesis may be the key to identifying a successful targeted 

therapy (Curtin and Lorenzi, 2010; Gonsalves et al., 2011). We show that 

inhibiting Wnt signaling in vitro is an effective cytostatic therapy, but when 

combined with RAD-001, they create a potent cytotoxic therapy (Figure 7). 

Further work will need to be done to investigate the use of Wnt pathway 

inhibitors using in vivo models of MPNST, as these may be a valuable new class 

of targeted therapies for patients with MPNSTs. 
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Figure 1: Murine peripheral nerve tumors and human MPNST cell lines 

show an increase in nuclear -catenin and Wnt pathway outputs.  A. Mouse 

tumors from the SB screen (Rahrmann et al., 2013) were stained by IHC for -

catenin. High grade tumors showed an increased level and nuclear localization of 

-catenin compared to normal nerve or benign neurofibromas. B. Tumor sections 

from 4 established mouse models demonstrate nuclear -catenin staining by IHC. 

C. Immortalized human Schwann cells (iHSC2) stain positive for -catenin by 

immunofluorescence, but it is mainly localized in the cytoplasm. In contrast, 

MPNST cell lines (STS-26T and ST8814) show more nuclear-localized -catenin. 

D. Compared to immortalized human Schwann cells (iHSC1), some MPNST 

cell lines show higher levels of C-MYC and CCND1 protein by western blot. 
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Figure 2: Microarray expression of Wnt signaling regulators and pathway 

members.  Heat-map depicting microarray expression analysis for Wnt signaling 

regulators and pathway members. NHSC = purified normal human Schwann cells, 

dNFSC= purified dermal neurofibroma Schwann cells, pNFSC = purified 

plexiform-neurofibroma Schwann cells, MPNST cell = human MPNST cell lines, 

NV = normal human nerve, dNF = dermal neurofibroma, pNF = plexiform-

neurofibroma, MPNST = bulk MPNST tumor. 
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Figure 3: Human tissue microarray shows a subset of human neurofibromas 

and MPNSTs have activated Wnt/-catenin signaling. A. A large subset of 

Schwann cell tumors stain positive for -catenin by IHC. The fraction of -

catenin positive tumors increases from benign neurofibromas (neurofibroma) to 

plexiform neurofibromas (plex), to MPNSTs. B. The fraction of tumors staining 

positive for nuclear -catenin increases from benign neurofibroma to MPNSTs as 

well. C. Example staining of -catenin localization. D. Large subsets of Schwann 

cell tumors are positive for CCND1, an output of canonical Wnt/-catenin 

signaling. A larger fraction of MPNSTs are CCND1 positive compared to the 

benign neurofibromas and plexiform neurofibromas. E. The level of CCND1 

increases from benign neurofibromas to plexiform neurofibromas and is the 

greatest in MPNSTs. F. Example of CCND1 staining intensity. G. A patient-

matched plexiform neurofibroma which transformed into an MPNST shows 

higher total and nuclear -catenin staining with transformation. The plexiform 

neurofibroma stained negative for CCND1, while the MPNST was CCND1 

positive. 
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Figure 4: Immortalized human Schwann cells show an increase in 

transformed properties when Wnt/-catenin signaling is activated.  A. 

Overexpression of a CTNNB1
S33Y

 construct in the immortalized human Schwann 

cell line, iHSC1, results in an increase in total and activated -catenin, while 

expression in iHSC2 cells results in only an increase in total -catenin. B. 

Expression of activated -catenin increases cell viability in immortalized human 

Schwann cells. C. Expression of CTNNB1
S33Y

 has no effect on soft agar colony 

formation in iHSC2 cells. D. Expression of CTNNB1
S33Y

 results in altered 

morphology when iHSC2 cells are grown in 2-dimensional culture. E. The 

immortalized human Schwann cell line, iHSC2, has reduced AXIN1 and GSK3B 

transcript levels, respectively, when treated with shRNA constructs against these 

genes (AXIN 67 and GSK3 90). F. Knockdown of AXIN1 and GSK3B in 

iHSC2 cells increases cell viability. G. Reducing the expression of AXIN1 and 

GSK3B in iHSC2 cells is sufficient to increase soft agar colony formation.* 

p<0.05, **p<0.0001 unpaired T-test. Error bars represent SEM. 
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Figure 5:  NF1-associated and sporadic MPNST cell lines show a decrease in 

cell viability, soft agar colony formation, and xenograft tumor growth when 

Wnt/-catenin signaling is down-regulated. A. shRNA reduces -catenin (-cat 

23) and TNKS (TNKS 920) expression levels in an NF1-associated MPNST cell 

line (S462-TY) compared to non-silencing shRNA (NS GIPZ) treated cells. B. 

Knockdown of -catenin or TNKS results in a reduction in cell viability in the 

S462-TY cell line. C. Soft agar colony formation is reduced in an NF1-associated 

cell line (S462-TY) when -catenin or TNKS levels are reduced. D. shRNA 

treatment results in a reduction of -catenin (-cat 22) and TNKS (TNKS 920) 

levels in a cell line derived from a sporadic MPNST (STS-26T) compared to non-

silencing shRNA (NS GIPZ) treated controls. E. Knockdown of -catenin or 

TNKS is sufficient to reduce cell viability in STS-26T cells. F. A reduction in -

catenin or TNKS expression reduces soft agar colony formation in this 

spontaneous MPNST cell line.  G. Western blot analysis shows that 

overexpression of GSK3B results in the degradation of -catenin protein in both 

an NF1-associated and sporadic MPNST cell lines (S462-TY and STS-26T). H. 

Overexpression of GSK3B decreases cell viability in S462-TY and STS-26T 

MPNST cell lines. I. Overexpression of GSK3B reduces soft agar colony 

formation in S462-TY and STS-26T MPNST cell lines. * p<0.05, **p<0.0001 

unpaired T-test. Error bars represent SEM. 



 

99 
 

  

  



 

100 
 

Figure 6: The secreted Wnt/-catenin activator RSPO2 is highly expressed in 

a subset of human Schwann cell tumors and can be detected as a fusion 

transcript with the upstream EIF3E gene. A. Gene expression microarray 

shows that a subset of plexiform neurofibromas and MPNSTs from both purified 

Schwann cells (top) and primary tumors (bottom) have high RSPO2 expression. 

B. cDNA libraries derived from human MPNST cell lines were screened for 

EIF3E-RSPO2 fusion transcripts (fusion transcripts verified by sequencing are 

denoted by an arrow). C. 5 MPNST cell lines were screened for RSPO2 

expression levels and normalized to an immortalized human Schwann cell line 

(iHSC1). The S462 cell line showed very high RSPO2 expression and was found 

to contain a fusion between EIF3E and RSPO2. D. The S462 cell line has a fusion 

between EIF3E exon 1, followed by a 122 base pair chromosome 8 intergenic 

sequence and RSPO2 exon 2. This fusion results in the production of a native 

RSPO2 protein. E. The S462 cell line was transduced with a lentivirus expressing 

an RSPO2 shRNA. This resulted in a decrease in RSPO2 expression, as well as a 

decrease in expression of known Wnt signaling outputs MYC, AXIN2, LEF1, 

CCND1, and BIRC5, as compared to S462 cells treated with a non-silencing 

shRNA (NS GIPZ). F. Knockdown of RSPO2 in S462 cells significantly reduces 

cell viability. Error bars represent standard error of the mean. * p<0.05, 

**p<0.0001 unpaired T-test. Error bars represent SEM. 
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Figure 7: -catenin inhibitors are effective in vitro and synergize with RAD-

001. A. IC50 concentrations (uM) of two immortalized human cell lines (iHSC1 

and iHSC2 and 5 human MPNST cell lines (S462, S462-TY, ST8814, T265, 

STS-26T) for the mTOR inhibitor RAD-001 (Everolimus) and two Wnt signaling 

inhibitors, IWR-1 and XAV-939. B. Induction of apoptosis in NF1-associated 

MPNST cell lines (S462, T265) and the sporadic MPNST cell line (STS-26T) as 

determined by the percentage of TUNEL positive cells that were treated with 

IC50 concentrations of RAD-001, IWR-1 and XAV-939 shows that these single 

drug treatments are largely cytostatic. When treated with IC25 concentrations of 

RAD-001 in combination with IWR-1 or XAV-939, a synergistic increase in 

apoptosis is often observed. No treatment (No Tx) and 50uM DNase1 were used 

as positive and negative controls, respectively. C. Representative images of S462 

cells treated with RAD-001, IWR-1 or combination of RAD-001 and IWR-1. 

Cells were stained with TUNEL (green) and DAPI (blue), images taken at 20X 

magnification. Error bars represent SEM. 
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Supplementary Figure 1: Human tissue microarray shows that C-MYC 

staining intensity increases with tumor progression. A. The intensity of C-

MYC staining increases from benign neurofibromas to plexiform neurofibromas 

and is the greatest in MPNSTs. B. Example of C-MYC staining intensity.  
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Supplementary Figure 2: Overexpression of activated -catenin and 

knockdown of AXIN1 or GSK3B results in increased Wnt signaling and an 

induction of oncogenic properties in immortalized human Schwann cells. A-

B. Expression of CTNNB1
S33Y

 increases the expression of -catenin, and known 

-catenin co-activated genes MYC, AXIN2, CCND1, LEF1, and BIRC5. C. 

Immortalized human Schwann cells expressing shRNAs against AXIN1 (iHSC1 

AXIN 84 and iHSC2 AXIN 67) show a reduction in AXIN1 protein levels 

compared to cell lines expressing a non-silencing shRNA (NS GIPZ). D-E. 

Knockdown of AXIN1 increases the expression of Wnt signaling outputs MYC, 

AXIN2, LEF1, CCND1, and BIRC5 in both iHSC1 and iHSC2 cell lines. F. 

Knockdown of GSK3B in immortalized human Schwann cells (iHSC1 GSK3B 

91 and iHSC2 GSK3B 90) results in a decrease in GSK3B protein levels 

compared to cells expressing a non-silencing shRNA (NS GIPZ). G-H. GSK3B 

knockdown increases Wnt signaling as shown by an increase in MYC, AXIN2, 

LEF1, CCND1, and BIRC5 expression. I. Immortalized human Schwann cells 

(iHSC1) transduced with shRNA against AXIN1 (AXIN 84) or GSK3B (GSK3 

91) show a decrease in expression level of AXIN1 and GSK3B transcripts, 

respectively, by QPCR compared to cells treated with a non-silencing shRNA (NS 

GIPZ). J. shRNA knockdown of either AXIN1 or GSK3B in iHSC1 cells 

increases cell viability. K. iHSC1 cell with knockdown of AXIN1 or GSK3B 

show an increase in soft agar colony formation. * p<0.05, **p<0.0001 unpaired 

T-test. Error bars represent SEM. 
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Supplementary Figure 3: Knockdown of -catenin or TNKS and 

overexpression of GSK3B results in decreased Wnt signaling in MPNST cell 

lines. A-B. Knockdown of -catenin in an NF1-associated MPNST cell line 

(S462-TY -cat #23) and a sporadic MPNST cell line (STS-26T -cat #22) results 

in a reduction in Wnt signaling as shown by reduced expression of MYC, AXIN2, 

CCND1, LEF1, and BIRC5. C-D. Knockdown of TNKS in an NF1-associated 

MPNST cell line (S462-TY TNKS #920) and a sporadic MPNST cell line (STS-

26T TNKS #920) results in a reduction in Wnt signaling as shown by reduced 

expression of MYC, AXIN2, CCND1, LEF1, and BIRC5. E-F. GSK3B 

overexpression in S462-TY and STS-26T cell lines results in a decrease in the 

expression of Wnt pathway outputs MYC, AXIN2, CCND1, LEF1, and BIRC5  * 

p<0.05, **p<0.0001 unpaired T-test. Error bars represent SEM. 
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Supplementary Figure 4: Reduction of Wnt signaling by -catenin 

knockdown or GSK3B overexpression reduces tumor growth in xenograft 

models. A. Reduction in -catenin expression in the NF1-associated MPNST cell 

line (S462-TY) by shRNA (-cat 23) results in a reduction in the rate of xenograft 

tumor growth compared to non-silencing shRNA (NS GIPZ) expressing cells. B-

C. Tumors expressing a -catenin shRNA are reduced in size and show a 

reduction in Ki67 positivity compared to NS GIPZ expressing cells. D. 

Overexpression of GSK3B in the sporadic MPNST cell line (STS-26T), results in 

a delay in xenograft tumor formation and reduction in the rate of xenograft tumor 

growth compared to cells expressing GFP/Luciferase (OE CTRL). E-F. Tumors 

overexpressing GSK3B are reduced in size and show a reduction in Ki67 

positivity compared to cells expressing GFP/Luciferase (OE CTRL). Error bars 

represent SEM. 
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Supplementary Table 1: SB mutagenesis implicates Wnt/-catenin signaling 

in neurofibroma and MPNST development in mice. Genes listed were 

identified in a murine SB screen for drivers of Schwann cell tumorigenesis, and all 

have known roles in canonical Wnt/-catenin signaling. Listed is the percentage 

of neurofibromas or MPNSTs with an SB insertion within or near the gene listed, 

as well as the total number of tumors within a given gene. 
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Gene 

Regulation 

of Wnt 

Signaling 

Percentage 

of neuro-

fibromas 

with SB 

insertion 

Total 

number of 

neuro-

fibromas 

with SB 

insertion 

Percentage 

of 

MPNSTs 

with SB 

insertion 

Total 

number of 

MPNSTs 

with SB 

insertion 
  N= 276 N= 276 N= 106 N= 106 

Ctnnb1 Positive  2.54* 7 0* 0 

Tnks  Positive  15.22 42 5.66* 6 

Crebbp Positive  15.58 43 21.70 23 

Pak7 Positive  6.52* 18 6.60* 7 

Gsk3b Negative  17.75 49 9.43 10 

Axin1  Negative  7.25 20 2.83* 3 

Pten  Negative  15.94 44 50.00 53 

Cav1 Negative  2.17* 6 1.89* 2 

N, total number of tumors analyzed for SB insertions; *, denotes non-significant 

CIS. 

  



 

114 
 

 Supplementary Table 2: QPCR primer sequences 

Target Primer 1 (5' to 3') Primer 2 (3’ to 5') Reference 

AXIN1 

 

CCGGAAGACTCCCTCAGAA 

 

AATAGGGGTTGACTGGCTCC 
(Cui et al., 

2007) 

AXIN2 CTCCCCACCTTGAATGAAGA TGGCTGGTGCAAAGACATAG 

(Biechele 

et al., 

2009) 

ACTB CACAGGGGAGGTGATAGCAT CTCAAGTTGGGGGACAAAAA --- 

CTNNB1 

 

ATTGTCCACGCTGGATTTTC 

 

AGGTCTGAGGAGCAGCTTCA 
(Cui et al., 

2007) 

MYC 

 

CACCGAGTCGTAGTCGAGGT 

 

GCTGCTTAGACGCTGGATTT 
(Cui et al., 

2007) 

CCND1 

 

TGAGGCGGTAGTAGGACAGG 

 

GACCTTCGTTGCCCTCTGT 
(Cui et al., 

2007) 

GSK3B 

 

CCACTGTTGTCACCTTGCTG 

 

GAGTGATCATGTCAGGGCG 
(Cui et al., 

2007) 

LEF1 

 

GACGAGATGATCCCCTTCAA 

 

AGGGCTCCTGAGAGGTTTGT 
(Biechele 

et al., 

2009) 

BIRC5 

AGCCCTTTCTCAAGGACCAC GCACTTTCTTCGCAGTTTCC (Emami et 

al., 2004) 

TNKS 

GCAGCTTCTAGGAGTTCGTCTT GACCCAAACATTCGGAACAC (Cui et al., 

2007)) 
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Malignant Peripheral Nerve Sheath Tumors (MPNSTs) are soft tissue 

sarcomas originating in Schwann cells or Schwann cell precursors, that can occur 

spontaneously or in the context of the genetic disorder Neurofibromatosis Type 1. 

The 5-year survival rate for patients that develop an MPNST is less than 25% and 

remains the leading cause of death for patients with NF1. With an incomplete 

understanding of the genetic drivers of MPNSTs, the current standard treatment 

remains surgical resection, high-dose chemotherapy, and radiation.  Recently, 

several studies have suggested that the mTOR and MAPK pathways may be 

involved in the formation and progression of MPNSTs, and both of these 

pathways can be targeted with drugs that inhibit these pathways and are currently 

in use for other tumor types. In vitro, MPNST cell lines are more sensitive to 

inhibition of cell growth by RAD-001 and PD-901, inhibitors of the mTOR and 

MAPK pathways, respectively, while immortalized human Schwann cells are less 

sensitive. In combination, these drugs are also synergistic at inhibiting 

proliferation and inducing apoptosis. To better study the therapeutic potential of 

these drugs, we tested the efficacy in two mouse models of MPNSTs. One model 

closely resembles the genetic changes (Pten loss, EGFR overexpression) and 

histological features of human spontaneous MPNSTs, while the other models the 

NF1-associated form of MPNSTs (Pten loss, NF1 loss). RAD-001 or PD-901 

treatment alone moderately reduced tumor burden and size, and extended lifespan 

in these models. However, pharmacodynamic analysis showed that long term 
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treatment of a single agent resulted in the development of resistance, leading us to 

hypothesize that targeting both pathways in combination may be more effective. 

We found synergistic effects on reducing tumor burden and size, and a significant 

increase in lifespan when RAD-001 and PD-901 are given in combination. The 

synergy seen is due to the combination therapy allowing for persistent and 

prolonged reduction in signaling through both pathways, without a subsequent 

increase in signaling through one pathway, as seen in single agent treatments. 

These data suggest that co-targeting the mTOR and MAPK pathways could 

potentially be an effective treatment for patients with sporadic or NF1-associated 

MPNSTs. 
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I. Introduction 

 Malignant peripheral nerve sheath tumors (MPNSTs) are soft tissue 

sarcomas that occur in 50% of patients with Neurofibromatosis Type 1 (NF1) and 

can also occur spontaneously in the general population (Carroll and Ratner, 

2008). These tumors are derived from Schwann cells and/or their precursors and 

are found to be highly associated with peripheral nerves throughout the body 

(Carroll and Ratner, 2008). The current standard of care for patients with 

MPNSTs is surgery, radiation, and/or chemotherapy (Widemann, 2009). 

Unfortunately, surgery is often not an option, as these tumors are highly 

associated with nerves and often infiltrative in nature (Packer and Rosser, 2002). 

MPNSTs are also highly aggressive and often chemo-resistant, making these 

tumors notoriously difficult to treat (Franz and Weiss, 2012). Even when surgery 

in combination with radiation or chemotherapy is used, the local recurrence rate is 

40-65%, with distant recurrence occurring 40-68% of the time, and chemotherapy 

treatment on distant metastases does not improve survival rates (Hruban et al., 

1990; Kourea et al., 1998; Wong et al., 1998). With the current treatment 

strategies used, the 5-year survival rate for patients with MPNSTs is less than 

25% and remains the leading cause of death for patients with NF1 (Katz et al., 

2009; Widemann, 2009). Current research in the field has been to identify the 

genetic changes and molecular pathways that drive MPNST formation in hopes of 

identifying targeted therapies that can be used to treat these tumors more 
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effectively, with fewer side effects (Katz et al., 2009; Packer et al., 2002; Packer 

and Rosser, 2002). 

 In NF1 patients, it is clear that loss of the Neurofibromin 1 gene (NF1) is 

sufficient for benign neurofibroma formation, but other genetic changes are 

required for transformation into MPNSTs (Carroll, 2012). For example, in 

chimeric mice with loss of Nf1, benign, grade 1 neurofibromas will form, but if 

Tp53 is also lost, these tumors present as high grade MPNSTs (Cichowski et al., 

1999; Vogel et al., 1999). When Nf1 is biallelically inactivated in Schwann cells, 

grade 1 neurofibromas occur, but when Pten is also lost, these mice form 

numerous, grade 2-3 MPNSTs (Keng et al., 2012a; Wu et al., 2008).  Consistent 

with this observation, MPNSTs from human patients often have reduced PTEN 

expression compared to normal nerve or benign neurofibromas (Keng et al., 

2012a). Less is known about the genetics changes that occur in spontaneous 

MPNST formation (Widemann, 2009). Some of the genetic changes that have 

been characterized are over expression of EGFR, loss of PTEN, and loss of 

CDKN2A (Carroll, 2012; Holtkamp et al., 2008; Keng et al., 2012b; Nielsen et al., 

1999).  

Despite the wide variety of genetic changes seen in both NF1-associated 

and spontaneous MPNSTs, one clear feature of many of these tumors is activation 

of the MAPK and PI3K/AKT/mTOR pathways (Brems et al., 2009; Franz and 

Weiss, 2012; Johannessen et al., 2005). NF1 encodes the protein Neurofibromin, 
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which is a Ras GTPase activating protein (Ras-GAP) (Cichowski and Jacks, 

2001). When NF1 is lost, Ras is held in its GTP-bound, active state, and results in 

hyperactive signaling through both the MAPK and PI3K pathway (Cichowski and 

Jacks, 2001). While loss of NF1 results in increased signaling through the PI3K 

pathway, data suggest that additional changes occur to further activate signaling 

through this pathway. For example, approximately 75% of MPNSTs have 

expression of the Epidermal Growth Factor Receptor (EGFR), which when 

stimulated by Epidermal Growth Factor (EGF), results in hyperactivation of PI3K 

signaling (Holtkamp et al., 2008; Ling et al., 2005; Tabone-Eglinger et al., 2008; 

Tawbi et al., 2008). It has also been shown in mouse models of Schwann cell 

tumors that loss of Nf1 is sufficient for benign neurofibroma formation, but loss of 

Pten is both necessary and sufficient for malignant transformation (Keng et al., 

2012a; Wu et al., 2008). Additionally, a Sleeping Beauty forward genetic screen 

carried out in our lab demonstrated that while both benign neurofibromas had 

insertions in either Nf1 or Pten, these mutations only co-occurred in MPNSTs 

(Rahrmann et al., 2013).  

With PI3K/AKT/mTOR and MAPK signaling being implicated in 

MPNST development and neurofibroma progression, therapies that target these 

pathways have been of interest, and have been studied both pre-clinically and in 

clinical trials (Chappell et al., 2011; Franz and Weiss, 2012; Grant, 2008). Many 

inhibitors have been developed to target the PI3K/AKT/mTOR pathway, and the 
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most clinically successful drugs have been inhibitors of mTOR itself, including 

sirolimus (Rapamycin) and its derivative, everolimus (RAD-001) (Chiang and 

Abraham, 2007; Gurk-Turner et al., 2012). Currently, RAD-001 is FDA approved 

for kidney cancer, subependymal glial cell astrocytomas, pancreatic cancer and 

certain subtypes of breast cancer (Populo et al., 2012). There are phase III clinical 

trials in progress for gastric cancer, hepatocellular carcinoma, and lymphoma 

(Populo et al., 2012).  

Many preclinical studies have been conducted for Schwann cell tumors 

using mTOR inhibitors that have suggested varied efficacy. In MPNST xenograft 

studies, RAD-001 significantly, but transiently delayed tumor growth (Johansson 

et al., 2008). In a genetically engineered mouse model in which Nf1 is biallelically 

inactivated in Schwann cell and their precursors (Nf1 flox/flox; DhhCre), which 

models grade 1 neurofibromas, RAD-001 was ineffective at decreasing tumor 

volume (Wu et al., 2012). In a mouse MPNST model in which Nf1 and p53 are 

deleted in cis, Rapamycin treatment resulted in delayed tumor formation 

(Johannessen et al., 2008). Based on these studies, phase II clinical trials are 

currently in progress using the mTOR inhibitor Rapamycin in the treatment of 

plexiform neurofibromas (Widemann, 2009).  

PD0325901 (PD-901) is a potent and highly specific inhibitor of MEK 

(Wang et al., 2007). It is currently in clinical trials for non-small cell lung cancer 

and other advanced cancers (Thompson and Lyons, 2005). Compared to other 
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MEK inhibitors, PD-901 is more potent, exhibits effects with a longer duration, 

and has increased bioavailability and metabolic stability (Bain et al., 2007). In 

preclinical studies, PD-901 has shown efficacy in human MPNST xenograft 

models, where tumor growth was reduced and survival was prolonged, although 

tumor growth was not completely suppressed (Jessen et al., 2013). In the 

genetically engineered mouse model of neurofibromas (Nf1 flox/flox; DhhCre), 

PD-901 reduced tumor volume, but did not result in the induction of apoptosis of 

tumor cells (Jessen et al., 2013).  

To date, no clinical trials evaluating molecularly targeted therapies has 

prevented neurofibromas formation, stopped the growth of neurofibromas, or 

caused prolonged arrest of MPNST growth (Huson et al., 2011). In preclinical 

studies using RAD-001 or PD-901, it has been shown that while these drugs can 

be either modestly or transiently effective, in most cases, each inhibitor acts 

cytostatically and does not induce apoptosis (Carli et al., 2005). It is thought that 

this could be due to the effect of negative feedback, or due to the need to inhibit 

multiple pathways to induce a cytotoxic response (Chappell et al., 2011; Grant, 

2008). In light of these findings, we sought to address whether co-targeting the 

mTOR and MAPK pathways would be more effective in treating MPNSTs than 

targeting either pathway alone. We addressed this by testing the effect of each of 

these drugs alone and in combination in two genetically engineered mouse models 

of MPNSTs. One model represents NF1-associated MPNSTs, in which both Nf1 
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and Pten are biallelically deleted in Schwann cells and their precursors (Dhh-Cre; 

Nf1 flox/flox; Pten flox/flox) (Keng et al., 2012a). The other models spontaneous 

MPNSTs in which Pten is biallelically inactivated in Schwann cells and EGFR is 

overexpressed (Dhh-Cre; Pten flox/flox; CNPase-hEGFR) (Keng et al., 2012b).  

We believe that this study has many advantages over previous pre-clinical 

studies. First, it is likely that the use of genetically engineered mouse models 

reflects patient outcomes better than in vitro and xenograft studies, as these 

tumors model the genetic changes, location, pathology, and histology of human 

tumors (Sharpless and Depinho, 2006). In addition, as these tumors form in situ, 

the contribution of other cell types can be evaluated (Sharpless and Depinho, 

2006). This is especially important in studying Schwann cell tumors, as these 

tumors are quite angiogenic, contain fibroblasts and mast cells, and are highly 

associated with peripheral nerves (Brossier and Carroll, 2012; Carroll and Ratner, 

2008). Another advantage of our models is that these mice rapidly and uniformly 

form high grade MPNSTs (Keng et al., 2012a; Keng et al., 2012b). Other models 

have evaluated the pre-clinical efficacy of targeted therapies in neurofibromas, 

but it is important to evaluate these therapies in mouse models of MPNSTs, as 

clinical trials are likely to evaluate these therapies in malignant tumors. This study 

also evaluated the efficacy of these therapies in two mouse models, one that 

represents NF1-associated MPNSTs and one that represents spontaneous 

MPNSTs. The 5-year survival rate for metastatic MPNSTs treated with 
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chemotherapy is 17.6% for patients with NF1 versus 55% in sporadic cases (Carli 

et al., 2005). It is important to evaluate efficacy in both types of MPNSTs, as 

clearly, they may respond differently to therapy. Finally, theses mouse models 

have advantages for pre-clinical drug testing, as the mice rapidly form tumors, 

with 100% penetrance, and multiple tumors per animal (Keng et al., 2012a; Keng 

et al., 2012b). 

Here we show that targeting the MAPK pathway with the MEK inhibitor 

PD-901 and targeting the PI3K/AKT/mTOR pathway with the mTOR inhibitor 

RAD-001 is effective at inhibiting cellular proliferation in both NF1-assscociated 

and spontaneous MPNST cell lines in vitro, although these inhibitors appear to be 

cytostatic. When given in combination, RAD-001 and PD-901 synergistically 

inhibit proliferation and effectively induce apoptosis in MPNST cell lines. Based 

on this in vitro data, we tested the efficacy of these inhibitors as single agents and 

in combination in two genetically engineered mouse models of NF1-associated 

MPNSTs and spontaneous MPNSTs. While RAD-001 and PD-901 alone are 

moderately effective at reducing tumor burden and/or grade, the combination of 

these two drugs is much more effective, resulting in a reduction in tumor burden, 

size and grade as well as an increase in survival in both mouse models. When 

given as single agents, these drugs are initially effective at reducing signaling 

through their respective pathways, but long term treatment results in the 

development of drug resistance. In contrast, when RAD-001 and PD-901 are 
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given simultaneously, signaling through both the PI3K and MAPK pathway 

remains effectively and persistently inhibited. 

 

  



 

130 
 

II. Results 

RAD-001 and PD-901 are effective at inhibiting cellular proliferation in both 

NF1-associated and spontaneous MPNST cell lines 

 To assess the therapeutic potential of inhibiting the PI3K/AKT/mTOR and 

MAPK pathways in human MPNSTs, a panel of two immortalized human 

Schwann cell lines (iHSC1 and iHSC2, (Watson et al., 2013)) and 5 human 

MPNST cell lines (S462 (Frahm et al., 2004), S462-TY (Mahller et al., 2008), 

ST8814 (Fletcher et al., 1991), T265 (Badache and De Vries, 1998), and STS-26T 

(Dahlberg et al., 1993)) were exposed to the mTOR inhibitor RAD-001 and the 

MEK inhibitor PD-901. When exposed to RAD-001, the two immortalized 

Schwann cell lines were more resistant to inhibition of proliferation than the 5 

MPNST cell lines, with inhibitory concentrations of 50% (IC50s) of 2.64uM to 

2.70uM versus 0.97 to 2.12uM in the MPNST cell lines (Figure 1A). Similarly, 

PD-901 IC50s were 134.01uM to 147.11uM in the immortalized human Schwann 

cell lines versus 1.25uM to 127.84uM in the MPNST cell lines. These data 

suggest that malignant Schwann cells are more sensitive to inhibition of mTOR 

and MAPK pathways than untransformed Schwann cells.  

 In addition to inhibiting proliferation at relatively low IC50s in MPNST 

cell lines as single agents, RAD-001 and PD-901 also act synergistically to inhibit 

cellular proliferation. MPNST cell lines treated with varying dilutions of RAD-

001 and PD-901 at their respective IC50s resulted in combination indices of 0.02 
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to 0.107. (Figure 1B). Combination indices of below 1.0 as calculated using the 

software Calcusyn ©, suggest that in MPNST cell lines, RAD-001 and PD-901 

function to inhibit cellular proliferation synergistically.  

 

Inhibiting the mTOR and MAPK pathways in combination induces apoptosis in 

MPNST cell lines 

 To further understand how RAD-001 and PD-901 function to inhibit 

proliferation synergistically, we exposed the S462 MPNST cell line to the IC50 

doses of RAD-001 and PD-901 and assessed apoptosis. In both cases, treatment 

with a single agent at a concentration that inhibits 50% proliferation results in less 

than 50% apoptosis, showing that these drugs function largely cytostatically 

(Figure 1C). In contrast, when the S462 cells were treated with the IC25 doses of 

RAD-001 and PD-901 in combination, the percentage of cells that are undergoing 

apoptosis is nearly 70%. These data suggest that co-targeting the mTOR and 

MAPK pathway results in a synergistic induction of apoptosis. 

 

RAD-001 and PD-901 as single agents are moderately effective at reducing 

disease in two genetically engineered mouse models of MPNSTs 

 To test the efficacy of targeting the PI3K/AKT/mTOR and MAPK 

pathways for MPNSTs in vivo, two genetically engineered mouse models were 

treated with RAD-001 and PD-901. In a mouse model of MPNSTs that represents 
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NF1-associated Schwann cell tumors, the Desert Hedgehog promoter was used to 

drive Cre Recombinase (Dhh-Cre) resulting in Cre Recombinase expression in 

Schwann cells and their precursors (Figure 2A). (Jaegle et al., 2003). Combined 

with floxed alleles of Nf1(Nf1 fl/fl)  and Pten (Pten fl/fl), expression of Dhh-Cre 

results in the biallelic inactivation of both Nf1 and Pten  in Schwann cells and 

their precursors (Xiao et al., 2005; Zhu et al., 2005). This genetically engineered 

mouse model has advantages for in vivo drug testing including severe and fully 

penetrant peripheral nerve disease, a short lifespan of approximately 15 days, and 

an average tumor burned on 21.8 high grade peripheral nerve sheath tumors per 

animal (Figure 2B). The breeding scheme and drug schedule are shown in Figure 

2C. Briefly, pups were divided into 4 cohorts and given DMSO (vehicle control), 

10mg/kg/day of RAD-001, 5 mg/kg/day of PD-901, or a combination of 

5mg/kg/day of RAD-001 and 2.5 mg/kg/day of PD-901. In the mouse model that 

represents spontaneous MPNSTs, Dhh-Cre is again used to biallelically inactivate 

Pten, and human EGFR is expressed under the control of the 2’, 3’ cyclic 

nucleotide 3/phosphodiesterase promoter, which results in the overexpression of 

EGFR in Schwann cells (Figure 3A) (Jaegle et al., 2003; Ling et al., 2005; Xiao 

et al., 2005). This mouse model has an average lifespan of 28 days, with 100% 

penetrance of high grade tumors and approximately 13.7 tumors per animal 

(Figure 3B). The breeding scheme and drug schedule is shown in Figure 3C. 
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Pups were separated into the same 4 cohorts described above for the NF1-

associated mouse model. 

 When the NF1-associated MPNST mouse model was treated with RAD-

001 or PD-901, survival was significantly prolonged from an average of 15.8 days 

with DMSO treatment, to 22.4 days with RAD-001 and 19.5 days with PD-901 

(p=0.032 and p=0.036, respectively) (Figure 4A). Similarly, when the 

spontaneous MPNST mouse model was treated with RAD-001 or PD-901, 

survival was also extended from  an average of 29.4 days with DMSO to 39.8 

days with RAD-001 and 48 days with PD-901 (p=0.109 and p=0.019, 

respectively) (Figure 4B).   Although RAD-001 extended lifespan in the NF1-

associated mouse model, the number of tumors per animal was not significantly 

reduced at the time of necropsy (Figure 4C). PD-901 treatment in the NF1-

associated mouse model did significantly reduce tumor burden from 20.6 tumors 

per animal with DMSO treatment to 12.8 tumors per animal with PD-901 

treatment (p=0.0002) (Figure 4C). In contrast to the NF1-associated model, when 

the spontaneous mouse model was treated with RAD-001, the number of tumors 

per animal was reduced from 15.4 tumors per animal in the DMSO treated cohort 

versus 10.6 tumors per animals treated with RAD-001 (p= 0.0189) (Figure 4D). 

PD-901 did not significantly reduce tumor burned in the spontaneous mouse 

model (Figure 4D).  
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 Tumors treated with each drug were histologically analyzed for tumor 

grade as previously described (Stemmer-Rachamimov et al., 2004; Weiss et al., 

2002). Briefly, hematoxylin and eosin (H & E) staining was performed to assess 

cellularity and mitotic index, immunohistochemistry for S100 confirmed the 

Schwann cell origin of thee tumors, and Ki67 immunohistochemistry 

demonstrated the amount of cellular proliferation. Although the number of tumors 

per animal in the NF1-associated mouse model was not reduced, tumor grade was 

much lower with RAD-001 treatment (Figure 5A). Tumors from mice treated 

with DMSO were mostly grade 2, with some being grade 1 peripheral nerve 

sheath tumors. When these mice were treated with RAD-001, there was a 

dramatic reduction in the fraction of grade 2 tumors, with most tumors being 

grade 1.  While PD-901 treatment dramatically reduced tumor burden in this 

model, all tumors analyzed were grade 2. Figure 5B shows examples of the 

dorsal root ganglia (DRG) tumors in each of the treatment groups. DMSO treated 

mice have nearly every DRG nerve enlarged at only 15 days. In contrast, RAD-

001 and PD-901 treatment resulted in fewer and smaller tumors at later time 

points (day 23 and 25, respectively). In the spontaneous MPNST mouse model, 

DMSO treated animals had tumors that varied between grade 1 and 3, with the 

majority of tumors being grade 3, 2/3, and 2 (Figure 6A). When these mice were 

treated with RAD-001, tumor grade was reduced, with the majority of tumors 

being grade 2, and some enlarged DRGs even being graded as peripheral nerve 
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hyperplasia. PD-901 was also effective at reducing tumor grade, with no tumors 

seen as grade 3. Figure 6B shows examples of DRG tumors with each treatment. 

DMSO treated animals have nearly every DRG nerve extremely enlarged, while 

mice treated with RAD-001 and PD-901 had fewer and/or smaller DRG tumors. 

 

Simultaneously inhibiting both mTOR and MEK in vivo is very effective in both 

NF1-associated and spontaneous MPNST mouse models. 

 Co-targeting mTOR and MEK in both mouse models resulted a significant 

increase in survival compared to vehicle control (DMSO) treated animals (23.5 

days, p=0.025 in the NF1-asociated model and 42.3 days, p= 0.002 in the 

spontaneous model), although the extension in lifespan was similar to treatment 

with RAD-001 or PD-901 alone (Figure 4A & B). Importantly, the combination 

treatment was given at half the doses of single treatments (5mg/kg/day RAD-001 

and 2.5 mg/kg/day), as treatment with higher doses resulted in significant toxicity 

(data not shown).  In addition, both mouse models had a significant reduction in 

tumor burden when both drugs were given (7.5 tumors per animal in the NF1-

asociated model, p <0.0001 and 11.8 tumors per animal in the spontaneous model, 

p=0.0474) (Figure 4C & D).  

 Treatment with RAD-001 and PD-901 in combination in the NF1-

asssociated mouse model extended lifespan and dramatically reduced tumor 

burden, all tumors that were analyzed at necropsy were grade 2 (Figure 5A), 
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although the DRG tumors from mice treated with the combination therapy 

appeared smaller at necropsy (Figure 5B). In contrast, combination treatment of 

RAD-001 and PD-901 in the spontaneous mouse model resulted in all grade 2 or 

grade 1/2 tumors (Figure 6A). Additionally, fewer enlarged DRG nerves were 

observed, and those seen in this model were quite small (Figure 6B).  

 

Inhibiting mTOR or MAPK signaling results in the development of drug 

resistance and increased signaling through each respective pathway 

 To assess the ability of these drugs to inhibit their respective pathways in 

vivo, we assessed the level of p-AKT, p-4EBP, and p-ERK in tumors from 

animals treated with RAD-001 or PD-901. As expected, in mice treated with 

RAD-001, the levels of p-AKT and p-4EBP were reduced at early time points 

(day 24) at which there were few tumors, all of which were quite small (Figure 

7A, B, & C). At later time points (day 55), tumors from RAD-001 treated mice 

were more numerous and larger, and western blot analysis shows that both p-AKT 

and p-4EBP were elevated, suggesting that long term treatment of RAD-001 

results in the development of drug resistance (Figure 7 A, B, & C). Similarly, 

tumors from mice treated with PD-901 at early time points (day 25) have a 

reduced level of p-ERK (Figure 7D & E). At later time points (day 45), the level 

of p-ERK has strongly increased, again suggesting that long term PD-901 

treatment results in the development of resistance. 
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Co-targeting mTOR and MAPK pathways results in prolonged and persistent 

inhibition of signaling through both pathways   

 After finding that long term treatment with RAD-001 or PD-901 results in 

reactivation of the PI3K/AKT/mTOR and MAPK pathways, we sought to 

determine if the increased efficacy of the combination therapy was due to 

persistent pathway inhibition. When mice were treated with RAD-001 and PD-

901 in combination, p-AKT, p-4EBP, and p-ERK all remained inhibited at both 

early and late time points (Figure 8 A, B, C & D). This suggests that co-targeting 

PI3K/AKT/mTOR and MAPK pathways in vivo results in prolonged and 

persistent pathway inhibition, resulting in an effective combinational targeted 

therapy.  
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Iii. Materials and Methods 

Tissue culture reagents and cell lines 

 Cultured immortalized Schwann cells (iHSC1 and iHSC2) were both 

derived from a patient’s normal sciatic nerve, are NF1 wild-type, and were 

immortalized by hTERT and CDK4
R24C

 to allow in vitro studies (Watson et al., 

2013).  Immortalized human Schwann cell and MPNST cell lines (S462 (Frahm et 

al., 2004), S462-TY (Mahller et al., 2008), ST8814 (Fletcher et al., 1991), T265 

(Badache and De Vries, 1998), and STS-26T (Dahlberg et al., 1993)) were 

maintained in Dulbecco’s Modification of Eagle Medium (DMEM) supplemented 

with 10% fetal bovine serum and penicillin/streptomycin (Cellgro) and cultured 

on tissue culture-treated plates under standard conditions of 37 degrees Celsius 

and 5% CO2.  

 

In Vitro Drug Studies to Determine IC50 and CI 

RAD-001, and PD-901 were solubilized in DMSO and then subsequently diluted 

in sterile PBS. 1,200 cells per well of a 96-well plate were treated with varying 

concentration of drug in quadruplicate and assayed for cell viability using the 

MTS assay (Promega) to determine the IC50 values. All data analysis was done 

using Calcusyn software (CalcuSyn Version 2.1, BioSoft). A combination of 
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RAD-001 and PD-901 at varying dilutions of their IC50 concentration were used 

to determine the combination index (CI) using Calcusyn software (CalcuSyn © 

Version 2.1, BioSoft). 

 

Generation of Transgenic Animals and PCR Genotyping 

Generation of transgenic animals and PCR genotyping were done as previously 

described (Keng et al., 2012a; Keng et al., 2012b). 

 

In Vivo Drug Studies 

RAD-001, and PD-901 were solubilized in DMSO and then subsequently diluted 

in PBS and sterilized. Mice were weighed daily and given 10 mg/kg/day of RAD-

001 or 5 mg/kg/day of PD-901. For combination studies mice were given 5 

mg/kg/day of RAD-001 and 2.5 mg/kg/day of PD-901. Mice were weighed and 

monitored daily and sacrificed when they became moribund. Tumors, nerves and 

organs were harvested for immunohistochemistry and western blot analysis. All 

animal work was conducted according to the University of Minnesota’s approved 

animal welfare protocol. 

 

Peripheral nerve tumor analysis 
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Tumors were carefully removed from the sacrificed animal under a dissecting 

microscope (Leica), washed and placed in cold phosphate buffered saline (PBS). 

Sciatic nerves, brachial plexi, sacral plexi, trigeminal nerves, spinal cord, brain, 

and liver were also removed and observed for any abnormalities. The number of 

enlarged dorsal root ganglia was counted for the whole spinal cord. All 

reasonably sized tumor nodules (>1 mm in diameter) were carefully removed 

from the spinal cord. 

 

Hematoxylin and eosin staining 

Tissues were fixed in 10% formalin, routinely processed and embedded in 

paraffin. Sections for histology were cut at 5 microns from the paraffin blocks 

using a standard microtome (Leica), mounted and heat fixed onto glass slides. 

Slides were stained with hematoxylin and eosin (H&E) using standard protocols. 

 

Mouse Tumor Immunohistochemistry (IHC) 

Immunohistochemistry was done as previously described (Keng et al., 2012a; 

Keng et al., 2012b). Briefly, formalin fixed, paraffin embedded tissues were 

sectioned at 5 microns, mounted, and heat-fixed onto glass slides to be used for 

IHC analyses.  The glass section slides were de-waxed and rehydrated through a 

gradual decrease in ethanol concentration.  The antigen epitopes on the tissue 

sections were then unmasked using a commercially available unmasking solution 
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(Vector Laboratories) according to the manufacturer’s instructions.  The tissue 

section slides were then treated with 3% hydrogen peroxide to remove 

endogenous peroxidases.  Blocking was performed at room temperature in normal 

goat serum (5% serum in PBS) in a humidified chamber for one hour.  Sections 

were then incubated overnight at 4°C in a humidified chamber with primary 

antibody (S100 (Santa Cruz 1:100), Ki67 (Novocastra 1:200)). After primary 

incubation, sections were washed thoroughly in PBS before incubating with goat 

anti-rabbit horseradish peroxidase conjugated-secondary antibody (Santa Cruz 

Biotechnology).  After 3 washes with PBS, the sections were treated with freshly 

prepared DAB substrate (Vector Laboratories) and allowed to develop before 

stopping the reaction in water once adequate signal was obtained.  Finally, 

sections were then lightly counter-stained with hematoxylin, dehydrated through 

gradual increase in ethanol concentration, cleared in Citrosol (Fisher Scientific) 

and mounted in Permount (Fisher Scientific). 

 

 

Histologic evaluation 

 

Sections stained with H&E, Ki67 and S100 were evaluated for all tumors. Each 

sample was graded using established criteria for tumors arising in genetically 

engineered mice (Stemmer-Rachamimov et al., 2004; Weiss et al., 2002).  Briefly, 

low-grade PNSTs exhibited low cellularity with little if any nuclear atypia and 
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mitotic activity. High-grade PNSTs were increasingly cellular with increasing 

nuclear atypia and increasing mitotic activity. 

 

Immunofluorescence and TUNEL staining  

For immunofluorescence assays, cells were grown to 80% confluency on 8 

chambered slides (Lab-TekII). Cells were fixed in 10% formalin and washed with 

phosphate-buffered saline (PBS) with 0.1% Tween-20 (PBST). TUNEL staining 

was performed using the In Situ Cell Death Detection Kit, POD (Roche). Slides 

were mounted using Prolong Gold Antifade Reagent with DAPI (Invitrogen) and 

images using a Zeiss Axiovert 25 inverted microscope. For analysis of cell death, 

total cells and TUNEL positive cells were counted and averaged over three 

independent frames with 50-100 cells per frame. 

 

Western blot analysis 

1 million cells were lysed using an NP-40 buffer (50mM Tris-HCl pH 7.6, 

150mM NaCl, 1% NP-40, 5mM NaF, 1mM EDTA) containing a protease 

inhibitor (Roche) and phosphatase inhibitors (Sigma). Whole cell lysates were 

cleared by centrifugation. Protein samples were prepared in an SDS solution with 

reducing agent (Invitrogen) and run on 10% Bis-Tris pre-made gels (NuPage, 
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Invitrogen). Gels were transferred onto PVDF membranes using the iBlot system 

(Invitrogen) and activated in 100% methanol. Membranes were blocked in filtered 

5% Bovine Serum Albumin (BSA) for 2 hours at room temp followed by a 4 

degrees Celsius overnight incubation in primary antibody. The primary antibodies 

used in this study were: p-AKT S473 (Cell Signaling 1:100), p-4EBP (Cell 

Signaling 1:500), p-ERK (Cell Signaling 1:1000), GAPDH (Cell Signaling 

1:2000).   Following primary antibody incubation, membranes were thoroughly 

washed in Tris Buffered Saline (TBS) with 0.1% Tween-20 (TBST) and 

incubated in goat anti-rabbit IgG-HRP conjugated secondary antibody (Santa 

Cruz, 1:4000 in 0.5% BSA, 1 hour at room temperature). Blots were thoroughly 

washed in TBST and developed using the SuperSignal WestPico 

Chemiluminescence Detection Kit (Thermo Scientific). Densitometry 

quantification was done using ImageJ software and normalized to GAPDH 

(Rasband, 1997-2012). 
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IV. Discussion 

 Analysis of human Schwann cell tumors and mouse models of 

neurofibromas and MPNST have demonstrated the functional importance of both 

PI3K/AKT/mTOR and MAPK pathway activation (Cichowski and Jacks, 2001; 

Johannessen et al., 2005). Importantly, both of these pathways can be targeted by 

small molecule inhibitors (Chappell et al., 2011; Grant, 2008). While the 

functional consequence of targeting either of these pathways alone in preclinical 

models has shown moderate efficacy, we show that co-targeting mTOR and 

MAPK is more effective both in vitro and in vivo, than targeting either pathway 

alone. In MPNST cell lines, we show that a combination of the mTOR inhibitor, 

RAD-001, and the MAPK inhibitor, PD-901, act synergistically to inhibit 

proliferation and induce apoptosis (Figure 1). While many targeted therapies, 

including these, have been shown to act cytostatically, it is of clinical importance 

that in combination, these inhibitors act cytotoxically (Chappell et al., 2011; 

Grant, 2008). 

 Another important aspect of this preclinical study is that targeting the 

PI3K/AKT/mTOR and MAPK pathways alone and in combination was studied in 

two preclinical mouse models that represent two subsets of Schwann cell tumors, 

those that form in the context of NF1 and those that form spontaneously (Figure 2 

& 3) (Keng et al., 2012a; Keng et al., 2012b). We show that survival is 

significantly increased in both mouse models when the mice are treated with 
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RAD-001, PD-901, or the combination of both (Figure 4). In the NF1-associated 

mouse model, the combination of RAD-001 and PD-901 significantly decreased 

tumor burden and size, although tumor grade remained high (Figure 4 & 5). 

Tumor burden, size, and grade were all significantly decreased when RAD-001 

and PD-901 were administered in combination in the spontaneous MPNST mouse 

model (Figure 4 & 6). By showing efficacy of these targeted therapies in two 

different genetically engineered mouse models, we believe that there is an 

increased likelihood of success in human clinical trials.  

 The development of resistance to targeted therapies in cancer has been 

well documented (Chappell et al., 2011; Ellis and Hicklin, 2009; Sierra et al., 

2010). We show that when mice are treated with either RAD-001 or PD-901 as 

single agents over a long period of time, resistance does indeed develop, and the 

PI3K/AKT/mTOR and MAPK pathways become reactivated (Figure 7). In 

contrast, when mTOR and MAPK are co-targeted in these two mouse models, 

both signaling pathways remain inhibited over the course of treatment (Figure 8). 

This likely accounts for the reason that single drug treatments do not show the 

efficacy that the combination therapy shows in these two mouse models and may 

explain why either of these drugs given alone in other models have only showed 

modest efficacy (Jessen et al., 2013; Johansson et al., 2008; Wu et al., 2012). It is 

also likely that mice treated with RAD-001 and PD-901 in combination may also 

be developing resistance, although more delayed than with single treatments, 
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through different mechanisms, as eventually these mice succumb to their tumors. 

Future work will be required to determine if other pathways become activated, 

allowing for tumor cells to escape inhibition from RAD-001 and PD-901. 

 The two genetically engineered mouse models used in this study are the 

most rapid models of high grade peripheral nerve tumors available. These models 

may not be the best representation of the human disease, due to the rapid 

formation of a large tumor burden, but showing efficacy in this model is 

significant, as these mice model the genetic changes often seen in human tumors 

(Keng et al., 2012a; Keng et al., 2012b). It will be important to study the effect of 

co-targeting mTOR and MAPK in other less severe models of neurofibromas or 

MPNST development, including other genetically engineered mouse models as 

well as xenograft models. In fact, in slower developing tumor models, these drugs 

may be more effective, as they have more time to effectively inhibit these 

pathways and control cellular proliferation and transformation. 

 Future work will need to be done to determine the safety and efficacy of 

co-targeting the PI3K/AKT/mTOR and MAPK pathways in human patients. In 

preclinical mouse models, it may be necessary to test the efficacy of these 

targeted therapies in combination with chemotherapy, as clinical trials will likely 

be designed to incorporate the current standard of therapy for these patients. It is 

also of interest to study whether the combination of RAD-001 and PD-901 could 

be used to treat plexiform neurofibromas in an attempt to prevent transformation 
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to MPNSTs. This could be done in the Dhh-Cre; Nf1 flox/flox model (Wu et al., 

2008). One difficulty that could arise that we and others have demonstrated is that 

long term treatment with RAD-001 causes immunosuppresion, which could add a 

layer of complexity to the use of this drug in a clinical setting over a long period 

of time for plexiform neurofibromas (Eisen et al., 2003). Additionally, it has 

become clear that the immune system can play an important role in cancer, so 

immune system suppression may not be desirable (Hanahan and Weinberg, 2011). 

While there are challenges with implementing new targeted therapies in the clinic, 

the data presented here demonstrates that co-targeting PI3K/AKT/mTOR and 

MAPK may be beneficial for patients suffering from Schwann cell tumors. 
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Figure 1: RAD-001 and PD-901 are effective at inhibiting human MPNST 

cell proliferation and are synergistic at inhibiting proliferation and inducing 

apoptosis in vitro. A. Inhibitory concentrations of 50% (IC50) for RAD-001 and 

PD-901 in two immortalized human Schwann cell lines (iHSC1, iHSC2) and 5 

MPNST cell lines (S462, S462-TY, ST8814, T265, and STS-26T) were 

determined using the MTS assay for proliferation and calculated using Calcusyn 

software ©. Immortalized Schwann cells are more resistant to inhibition of 

proliferation by RAD-001 and PD-901, while the MPNST cell lines are much 

more sensitive as shown by their lower IC50 values. B. The combination index 

(CI) for RAD-001 and PD-901 was determined using MTS proliferation data for 

the combination of drugs at varying IC50 dilutions. A combination  index of less 

than 1 suggests that the two drugs act synergistically to inhibit proliferation in all 

5 MPNST cell lines. C. In the S462 MPNST cell line treated with IC50 doses of 

RAD-001 or PD-901 as single agents, the percentage of cell undergoing apoptosis 

is less than 50%, suggesting that these drugs are acting cytostatically. In contrast, 

when RAD-001 and PD-901 are given in combination at their IC25 doses, the 

percentage of apoptosis is nearly 70%, suggesting that in combination, these 

drugs act synergistically to induce apoptosis. Example images are shown of S462 

cells stained with DAPI (blue) to allow total cell counts and TUNEL (green) to 

determine cells undergoing apoptosis. Error bars represent SEM. 
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Figure 2: Breeding scheme and drug schedule for the NF1-associated 

MPNST mouse model. A. In the NF1-associated MPNST mouse model, mice 

contain a transgene with the Desert Hedgehog promoter driving Cre Recombinase 

(Dhh-Cre) (Jaegle et al., 2003). This transgene results in Cre Recombinase 

expression in Schwann cells and their precursors, the cell of origin for MPNSTs. 

In this model, Cre Recombinase allows for biallelic deletion of exons 31 and 32 

of the Nf1 gene (Nf1 fl/fl) and exons 4 and 5 of the Pten gene (Pten fl/fl) (Xiao et 

al., 2005; Zhu et al., 2005). B. Table describing the phenotype of Dhh-Cre; Nf1 

fl/fl; Pten fl/fl mice (Keng et al., 2012a). C. Breeding scheme and drug schedule 

for the NF1-associated MPNST model. 
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Figure 3: Breeding scheme and drug schedule for the spontaneous MPNST 

mouse model. A. In the spontaneous MPNST mouse model, mice contain a 

transgene with the Desert Hedgehog promoter driving Cre Recombinase (Dhh-

Cre) (Jaegle et al., 2003). This transgene results in Cre Recombinase expression 

in Schwann cells and their precursors, the cell of origin for MPNSTs. In this 

model, Cre Recombinase allows for biallelic deletion of exons 4 and 5 of the Pten 

gene (Pten fl/fl) (Xiao et al., 2005). These mice also contain a transgene that uses 

the 2’, 3’ cyclic nucleotide 3/ phosphodiesterase promoter (CNP) to drive 

overexpression of human EGFR in the Schwann cell lineage (Ling et al., 2005). 

B. Table describing the phenotype of Dhh-Cre; Pten fl/fl; EGFR mice (Keng et 

al., 2012b). C. Breeding scheme and drug schedule for the spontaneous MPNST 

model. 
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Figure 4: RAD-001 and PD-901 alone and in combination can increase 

survival and reduce tumor burden in both the NF1-associated and 

spontaneous MPNST mouse models. A. In the NF1-asociated MPNST mouse 

model, treatment with RAD-001 or PD-901 as single agents are able to extend 

lifespan as well as the combination therapy. B. In the spontaneous MPNST mouse 

model, RAD-001, PD-901, and the combination treatment were all able to extend 

the lifespan of mice. C. Tumor burden is reduced in the NF1-associated mouse 

model when treated with PD-901 or a combination of both RAD-001 and PD-901. 

D. Tumor burden is reduced in the spontaneous MPNST  mouse model when 

treated with RAD-001 or a combination of both RAD-001 and PD-901. 
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Figure 5: Tumor grade, burden, and size change when the NF1-associated 

MPNST mouse model is treated with RAD-001, PD-901, or a combination of 

RAD-001 and PD-901. A. The majority of tumors from mice treated with the 

vehicle control (DMSO) are grade 2, with the rest being grade 1. When mice were 

treated with RAD-001, tumor grade was reduced, with the majority of tumors 

being grade 1. When mice were treated with PD-901 or the combination of RAD-

001 and PD-901, despite having a reduced number of tumors, all tumors were 

grade 2. B. Example images of dorsal root ganglia (DRG) tumors in the NF1-

associated mouse model with various treatments. DMSO treated mice have nearly 

every DRG highly enlarged, while RAD-001 or PD-901 treatments reduce the 

size and number of enlarged DRGs. The combination treatment of RAD-001 and 

PD-901 most effectively reduces the number and size of DRGs in the NF1-

associated mouse model. 
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Figure 6: Tumor grade is reduced when the spontaneous MPNST mouse 

model is treated with RAD-001 and PD-901 in combination. A. Vehicle 

control (DMSO) treated mice have grade 1-3 tumors, with the majority being 

grade 2, 2/3, or 3. Treatment with RAD-001 reduces the fraction of grade 3 and 

2/3 tumors and increases the fraction of lower grade 1 tumors. Some enlarged 

dorsal root ganglia were even categorized as nerve hyperplasia. Treatment with 

PD-901 resulted in no tumors that were grade 3 and an increase in grade 2/3 and 

1/2.  Treatment with the combination of RAD-001 and PD-901 most dramatically 

reduced tumor grade resulting in only grade 2 and 1/2 tumors. B. Example images 

of dorsal root ganglia (DRG) tumors in the spontaneous MPNST mouse model 

with various treatments. DMSO treated mice have nearly every DRG highly 

enlarged, while RAD-001 or PD-901 treatments reduce the size and number of 

enlarged DRGs. The combination treatment of RAD-001 and PD-901 most 

effectively reduces the size of DRGs in the spontaneous MPNST mouse model. 
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Figure 7: Treatment with RAD-001 or PD-901 as single agents is effective at 

early time points, but resistance develops at later time points. A. Western blot 

analysis of p-AKT and p-4EBP in DRG tumors from animals treated with DMSO 

or RAD-001 at early and later time points. B. Quantification of the western blot in 

A shows that at early time points, RAD-001 effectively reduces p-AKT levels, but 

at later time points, the level of p-AKT is very high. C. Quantification of the 

western blot in A shows that at early time points, RAD-001 also effectively 

reduces p-4EBP levels, but at later time points, the level of p-4EBP is very high, 

suggesting the development of resistance to RAD-001 treatment. D. Western blot 

analysis of p-ERK levels in DRG tumors from animals treated with DMSO or 

PD-901 at early and later time points. E. Quantification of the western blot in D 

shows that at early time points, p-ERK is inhibited, but at later time points the 

level of p-ERK increases suggesting that these mice are becoming resistant to PD-

901 treatment. 
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Figure 8: Treating mice with a combination of RAD-001 and PD-901 results 

in persistent and prolonged inhibition of signaling through the MAPK and 

PI3K pathways. A. Western blot analysis of DRG tumors treated with DMSO, 

RAD-001, PD-901, or a combination of RAD-001 and PD-901 at late time points. 

B. Quantification of western blot shown in A demonstrates that at late time points, 

the level of p-AKT is elevated in RAD-001 treated animals, but remains low 

when animals are treated with a combination of RAD-001 and PD-901. C. 

Similarly, the level of p-4EBP remains lowest when mice are given the 

combination treatment. D. p-ERK levels also remain lowest when mice are given 

RAD-001 and PD-901 in combination.  
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Chapter 4: Conclusions and Future Directions 

  



 

165 
 

I. Sleeping Beauty mutagenesis has uncovered novel genes, pathways, and 

drug targets for Schwann cell tumors 

The Sleeping Beauty (SB) screen that we performed  identified hundreds 

of genes that are predicted to drive the formation, progression, and maintenance 

of neurofibromas and malignant peripheral nerve sheath tumors (MPNSTs) 

(Rahrmann et al., 2013). From these genes, we were able to validate the 

contribution that many played in both human and mouse Schwann cell 

tumorigenesis, identify the corresponding pathways that were modulated by these 

genetic changes, and use this information to design rational targeted therapies.   

Many genes that were identified by SB mutagenesis play a role in the 

Wnt/-Catenin signaling pathway (Watson et al., 2013). These genes included 

tumor suppressor genes that were disrupted by the T2/Onc mutagenic transposon 

such as Axin and Gsk3and oncogenes that were activated by T2/Onc such as 

Tnks (Watson et al., 2013). Once we had identified these genes, we verified that 

Wnt signaling was in fact activated in many human MPNSTs (Watson et al., 

2013). Further, we showed that that activating Wnt signaling in immortalized 

human Schwann cells was sufficient to induce transformative properties to these 

cells, and that inhibiting Wnt signaling in human MPNST cell lines was sufficient 

to reduce the oncogenic phenotype of these cells (Watson et al., 2013). In 

addition, genetically inhibiting Wnt signaling reduced tumor growth in MPNST 



 

166 
 

xenograft models (Watson et al., 2013). Based on these genetic data, we 

hypothesized that pharmacological inhibition of Wnt signaling may be effective in 

preclinical models of MPNSTs (Watson et al., 2013). We found that MPNST cell 

lines are much more sensitive to small molecules that inhibit Wnt signaling than 

are immortalized human Schwann cells (Watson et al., 2013). Further, after 

screening for other small molecule inhibitors that synergize with Wnt inhibitors, 

we identified RAD-001, and mTOR inhibitor that is currently in clinical trials for 

Schwann cell tumors (Watson et al., 2013). The combination of Wnt and mTOR 

pathway inhibition dramatically induced MPNST cell death, and may be potential 

avenues for targeted therapy in the clinic (Watson et al., 2013). 

Another interesting finding that came out of the SB screen was the 

implication of both PI3K/AKT/mTOR and MAPK signaling pathways in the 

progression from neurofibromas to MPNST (Rahrmann et al., 2013). While both 

of these pathways have been implicated in Schwann cell tumors, the SB screen 

showed that while benign neurofibromas has SB insertions in either Nf1, a 

negative regulator of MAPK signaling, or Pten, a negative regulator of 

PI3k/AKT/mTOR signaling, nearly every tumor that had co-insertions in Nf1 and 

Pten, were MPNSTs (Keng et al., 2012a). This observation led us to design and 

create two new genetically engineered mouse models of MPNSTs (Keng et al., 

2012a; Keng et al., 2012b). The first model used the Dessert Hedgehog (Dhh) 

promoter to drive Cre Recombinase (Cre) expression in Schwann cells and their 
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precursors, which then resulted in the biallelic deletion of both Nf1 and Pten 

(Jaegle et al., 2003; Keng et al., 2012a; Xiao et al., 2005; Zhu et al., 2005). This 

mouse model resulted in severe peripheral nerve disease, with greater than 20 

tumors per animal, hyperplastic peripheral nerves, problems with mobility and 

coordination, and a highly reduced lifespan of approximately 15 days (Keng et al., 

2012a). In an attempt to model spontaneous MPNSTs that do not occur in the 

context of NF1, we designed a mouse model in which Dhh-Cre was used to 

biallelically knock out Pten, in the context of EGFR overexpression (Jaegle et al., 

2003; Keng et al., 2012b; Ling et al., 2005; Xiao et al., 2005). This mouse model 

also resulted in severe peripheral nerve disease, with 10-15 tumors per animal, 

hyperplastic peripheral nerves, problems with mobility and coordination, and a 

highly reduced lifespan of approximately 28 days (Keng et al., 2012b). 

After validating the importance of activation of PI3K/AKT/mTOR and 

MAPK signaling by creating two new genetically engineered mouse models, we 

hypothesized that since activation of both of these pathways leads to the 

formation of MPNSTs, then co-targeting both of these pathways may be effective 

in treating MPNSTs. To this end, we found that in vitro, the mTOR inhibitor, 

RAD-001, and the MAPK inhibitor, PD-901 were both effective at inhibiting 

cellular proliferation in 5 MPNST cell lines at relatively low concentrations, with 

little effect on immortalized human Schwann cells. Further, RAD-001 and PD-
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901 function synergistically in MPNST cell lines to inhibit proliferation and 

induce apoptosis. 

To further investigate co-targeting the PI3K/AKT/mTOR and MAPK 

pathways as therapeutic targets in Schwann cell tumors, we conducted a 

preclinical study using RAD-001and PD-901 in the two new mouse models of 

MPNSTs that were developed in our lab (Keng et al., 2012a; Keng et al., 2012b). 

We found that both RAD-001 and PD-901 were effective as single agents in the 

NF1-associated and spontaneous mouse models at increasing survival and 

reducing tumor burden and/or grade. Unfortunately, but consistent with other 

studies, we found that mice soon developed resistance to treatment with single 

agents, and the respective signaling pathway that was targeted would become re-

activated with long-term treatment. In an attempt to avoid resistance and find a 

more effective treatment for MPNSTs, we tested the efficacy of blocking both 

pathways by using RAD-001 and PD-901 in combination. In both models, the 

combination was much more effective at reducing peripheral nerve disease. While 

survival was similar to single agent treatments, there were much fewer tumors, 

which were much smaller than seen when RAD-001 or PD-901 were used alone. 

In the spontaneous MPNST mouse model, tumor grade was dramatically reduced 

with the combination treatment. 

The findings of the SB screen described above resulted in the 

identification of hundreds of genes that may play a role in Schwann cell 
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tumorigenesis (Rahrmann et al., 2013). From this large gene list, we have 

identified and validated the contribution of 3 signaling pathways, namely the 

Wnt/-catenin, PI3K/AKT/mTOR, and MPAK pathways as being important in 

tumor initiation, progression and maintenance (Keng et al., 2012a; Keng et al., 

2012b; Watson et al., 2013). Importantly, these pathways are all able to be 

targeted with small molecule inhibitors, and have shown efficacy in preclinical 

studies for MPNSTs (Curtin and Lorenzi, 2010; Grant, 2008; Watson et al., 

2013). In addition to the data presented here, there are many other genes that have 

come out of the SB screen that are being studied for their potential contribution 

and therapeutic impact in Schwann cell tumors (Rahrmann et al., 2013). These 

include Caveolin-1, a known tumor suppressor gene in other tumor types, which 

may regulate growth factor receptor trafficking, and FoxR2, a transcription factor 

that may have influence the gene expression of a wide variety of genes, some of 

which may be targetable by drugs (Rahrmann et al., 2013). 

II. Targeted therapies are likely to make progress clinically in treating 

Schwann cell tumors 

 The current standard treatment for Schwann cell tumors is surgery, non-

specific chemotherapy, and high dose radiation (Widemann, 2009). These 

treatments have been largely ineffective, and the 5-year survival rate for MPNSTs 

is less than 25% (Widemann, 2009). In addition, MPNSTs remain the leading 
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cause of death for patients with NF1 (Widemann, 2009). These data exemplify the 

need for new, better treatments for patients, and targeted therapies may hold the 

key for treating these deadly tumors.  

Unfortunately, to date, no targeted therapies that have entered clinical 

trials for neurofibromas or MPNSTs have been as successful as hoped for (Packer 

and Rosser, 2002; Widemann, 2009). These include the phase II clinical trial of 

either the maturation agent cis-retinoic acid or the anti-angiogenic interferon-in 

which 86% of patients on retinoic acid and 96% of patients on interferon- were 

stable, but no patients demonstrated a radiographic response. (Packer et al., 

2002). Another anti-angiogenic agent, thalidomide entered a phase I clinical trial, 

although  out of 20 patients, only 4 patients showed a decrease in tumor size, and 

five patients had symptomatic improvements (Gupta et al., 2003). Another phase I 

clinical trial tested the use of a farnesyl protein transferase inhibitor, in an attempt 

to block the function of RAS proteins and no patients showed a radiographic 

response (Yan et al., 1995).    

 The results of these clinical trials has demonstrated the urgent need to both 

identify better drugable targets, as well as design better drugs to target the 

molecular changes seen in these tumors (Packer and Rosser, 2002). With the 

advent and implementation of new technologies to understand the changes that 

occur in normal Schwann cells as they become malignant, it is highly likely that 
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new, more effective targeted therapies will become available in the near future. 

Method such as gene expression microarrays, whole exome sequencing, 

methylome analysis and RNA sequencing are being implemented in the clinic for 

many tumor types, including Schwann cell tumors (Feber et al., 2011; Hummel et 

al., 2010; Kobayashi et al., 2006; Lee et al., 2004; Levy et al., 2004; Miller et al., 

2009; Miller et al., 2006). With this technology advancing, and methods to 

quickly and efficiently analyze the large amount of data that is generated, 

personalized medicine is becoming a reality (Gonzalez de Castro et al., 2013). It 

is the hope of doctors and researchers, that for each tumor biopsied in the clinic, 

an analysis of the molecular changes will be conducted, the changes that can be 

targeted by drugs and biologic therapies will be identified, and the efficacy of 

these targeted therapies will dramatically improve tumor response and quality of 

life for patients (Gonzalez de Castro et al., 2013).  

III. New avenues to explore in the treatment of Schwann cell tumors 

While targeted therapies hold the promise of better and more effective 

ways to treat Schwann cell tumors, there are many new avenues that need to be 

explored in treating these aggressive and deadly tumors. For example, improving 

methods to identify and diagnose these tumors is critical (Akin et al., 2012). The 

earlier tumors can be identified, the sooner therapeutic intervention can be 

implemented, and the better chance these patients have for survival (Akin et al., 

2012). If benign neurofibromas can be detected early, they can be monitored for 
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changes, so that progression can be detected and managed early. Further, if 

diagnostic methods can be improved, plexiform neurofibromas can more easily be 

detected, as these neurofibromas are much more likely to progress.  

In addition to identifying these tumors early, it is critical to have better 

diagnostic markers to both identify tumors as Schwann cell-derived tumor and 

characterize these tumors molecularly to determine treatments that are likely to be 

more effective. For example, many MPNSTs are chemotherapy and radiation 

resistant, and if there were diagnostic markers to suggest that a specific tumor 

may not respond well to these treatments, other therapies could be pursued 

(Packer et al., 2002; Widemann, 2009). This would also limit the number of 

chemotherapy and radiation-induced mutations that can drive plexiform 

neurofibromas into malignant transformation, or make MPNSTs more aggressive 

(Packer and Rosser, 2002).  

New technologies to molecularly characterize tumors are becoming widely 

available and are being implemented in the clinic for many tumor types, including 

Schwann cell tumors. These methods include gene expression microarray 

analysis, whole exome sequencing, methylome analysis and RNA-sequencing 

(Feber et al., 2011; Hummel et al., 2010; Kobayashi et al., 2006; Lee et al., 2004; 

Levy et al., 2004; Miller et al., 2009; Miller et al., 2006). With these methods, one 

can identify the molecular changes that occur in a tumor and may function to 

drive tumorigenesis, such as gene overexpression, gene mutations, alternatively 
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spliced gene products, and gene copy number changes. Once these changes are 

identified, molecularly targeted therapies can be implemented. For example, if a 

tumor begins abnormally expressing a growth factor receptor, such as the case of 

EGFR expression in nearly 75% of MPNSTs, patients could be given Erlotinib, a 

monoclonal antibody that targets EGFR (Holtkamp et al., 2008). This type of 

personalized medicine will likely be a very effective way to implement targeted 

therapies in the clinic (Gonzalez de Castro et al., 2013). 

In addition to identifying molecular targets in tumors, there are many ways 

to improve targeted therapies that are currently available or being developed. For 

example, toxicity remains a problem in patients that are given small molecule 

inhibitors, and more research defining what causes this toxicity and how to avoid 

it is needed. The most problematic aspect of targeted therapy is the development 

of resistance, which almost always occurs when a single targeted agent is given 

(Ellis and Hicklin, 2009; Sierra et al., 2010). Research on the mechanism of 

resistance is ongoing and needs to continue so that targeted therapies or 

combination of targeted therapies can be developed that avoid this phenomenon 

(Ellis and Hicklin, 2009). Finally, the use of targeted therapies in combination 

with chemotherapy has been largely understudied. With the design of clinical 

trials in the U.S., it is likely that any targeted therapy that will be used in the clinic 

to treat Schwann cell tumors will be given in combination with the current 

standard of therapy, which is chemotherapy. The effect of these combinations 
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needs to be further investigated to determine targeted therapies that work as well 

or better in the context of non-specific chemotherapy for the benefit of patients. 

Another avenue of clinical investigation for Schwann cell tumors is 

targeting tumor-associated cells and the tumor stroma. The contribution of normal 

cells to tumor growth and progression is becoming quite clear, and targeting these 

cellular interactions has been an effective method for the treatment of several 

tumor types (Hanahan and Weinberg, 2011). For example, neurofibromas have 

been shown to be composed of both tumor cells and fibroblasts, and gene 

expression microarray shows overexpression of fibroblast growth factor and 

platelet-derived growth factor in several plexiform neurofibromas (Brossier and 

Carroll, 2012; Packer et al., 2002). In addition, these tumors have an abundant 

extracellular matrix composed of collagen fibers (Packer et al., 2002). Based on 

these observations, 5-methyl-1-phenyl-2-(IH)-pyridone (Pirfenidone), an 

antifibrotic drug that inhibits cytokines and inhibits the growth of fibroblasts has 

been used in both Phase I and Phase II clinical trials for plexiform neurofibromas 

(Gurujeyalakshmi et al., 1999; Iyer et al., 1999; Raghu et al., 1999). Of 24 

patients, 4 patients had a 15% or more decrease in tumor volume by three-

dimensional MRI, and 17 patients remained stable (Babovic-Vuksanovic et al., 

2006; Babovic-Vuksanovic et al., 2007). We have recently observed that murine 

Schwann cell tumors are extremely hypovascular with collapsed blood vessels 

with no clear luminal space (unpublished data). This finding may explain why 
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these tumors are highly resistant to both chemo- and targeted therapies. Further, 

we found that these murine tumors stain highly positive for hyluronic acid (HA). 

It has been show that the hypovascularity and non-functional vessel phenotype 

seen in mouse models of pancreatic cancer are also due to the high expression of 

HA, and can be targeted by a drug that breaks down HA, resulting in an increase 

in functional blood vessels and improved efficacy of chemotherapeutic agents to 

treat these tumors (Provenzano et al., 2012). Targeting the tumor stroma is an 

interesting avenue of therapy that will continue to be pursued in the future.  

The interaction between the immune system and cancer has been 

recognized for a long time, and immunotherapy is becoming widely used in 

cancer treatment (Miller et al., 2013). The contribution of the immune system to 

cancer was first recognized when it was shown that mice deficient for the 

Recombinase-activating gene (Rag2) are unable to rearrange antigen receptors 

and are therefore functionally T and B cell deficient and have a higher 

susceptibility to cancer (Shankaran et al., 2001). Another study showed that 

colorectal cancer can be stratified based on the number of immune cells within a 

tumor, and this stratification correlates with survival (Galon et al., 2006). With the 

importance of the immune system established, many therapies that target the 

immune system have emerged. There are two general types of immunotherapy: to 

enhance a pre-existing immune response, and to create a de novo immune 

response. Enhancing pre-existing immune response can be done by using drugs 
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that inhibit immune system checkpoints such as CTLA4 or PD-1 inhibitors (Hodi 

et al., 2010; Topalian et al., 2012). The CTLA4 inhibitor, ipilimumab was FDA 

approved in 2011 for malignant melanoma, a tumor type that has been shown to 

be highly immunogenic, although this  type of therapy often shows toxicity in 

patients due to an enhancement of all T cells, not just tumor specific lymphocytes 

(Hodi et al., 2010). A more novel type of immunotherapy involves creating a de 

novo immune response that is tumor specific, such as cancer vaccines and 

adoptive immunotherapy (Kantoff et al., 2010). Cancer vaccines drive tumor 

specific T cell responses in vivo, but despite much effort, the only successful 

vaccine has been Provenge which was recently FDA approved for prostate cancer 

(Kantoff et al., 2010). Adoptive immunotherapy is the infusion of T cells into the 

patient which have been manipulated ex vivo (Payne et al., 2012). A hallmark 

example of adoptive immunotherapy is the use of chimeric antigen receptors 

(CARs) to treat B cell malignancies.  CARs are genetically engineered T cells that 

have an artificial, high affinity receptor for B cells (Porter et al., 2011). The result 

of CAR therapy is the complete loss of B cells in the patient, and has been a very 

effective therapy for B cell malignancies (Porter et al., 2011). Adoptive 

immunotherapy can also be performed by autologous transplant of tumor 

infiltrating lymphocytes (TILs) (Restifo et al., 2012). This type of immunotherapy 

involves culturing T cells from a patient’s tumor ex vivo, expanding T cells in 

culture, irradiating the patient, and re-infusing the T cells back into the patient 

http://en.wikipedia.org/wiki/Ipilimumab
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(Restifo et al., 2012). TIL therapy has been quite successful in malignant 

melanoma, with 30% of patients surviving greater than 5 years (Rosenberg, 

2011). While immunotherapy has yet to be tried in Schwann cell tumors, these 

tumors may be good candidates for this type of therapy. It has been widely 

demonstrated that neurofibromas and MPNSTs are characterized by mast cell 

infiltration, suggesting that the immune system does in fact play a role in this type 

of cancer, and immune checkpoint inhibitors may be efficacious in enhancing a 

preexisting immune response (Levy et al., 2004; Zhu et al., 2002). Further, whole 

exome sequencing has demonstrated that these tumors have a number of 

mutations that could potentially be used to develop a cancer vaccine against 

(Brekke et al., 2010; Frahm et al., 2004; Kobayashi et al., 2006). With advances 

in immunotherapy being rapidly made, this type of cancer therapy may show 

promise for treating Schwann cell tumors in the future.    

IV. Summary 

Despite decades of research on Schwann cell tumors, MPNSTs continue to 

have very poor 5-year survival rates and are the leading cause of death in patients 

with NF1. A major difficulty in treating these tumors is due to lack of complete 

understanding of the genetic drivers of Schwann cell tumors, and currently, there 

are no effective targeted therapies available for these tumors. Using the SB system 

in mice, we identified hundreds of genes that could potentially be drivers of 

Schwann cell tumor initiation, progression, and maintenance. Among these genes, 
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the canonical Wnt/b-catenin, mTOR/PI3K/AKT and MAPK pathways were 

highly represented, and often found co-mutated. Here, I have demonstrated the 

identification and validation of canonical Wnt/-catenin signaling in human 

neurofibromas and MPNSTs. This pathway has shown pre-clinical efficacy when 

inhibited alone and in combination with mTOR inhibition, where co-targeting 

these pathways induces cell death. I have also demonstrated the importance of co-

targeting the mTOR/PI3K/AKT and MAPK pathways in both a panel of human 

MPNST cell lines, and in two genetically engineered mousse models of Schwann 

cell tumors. The combination therapy of RAD-001 and PD-901 not only extends 

lifespan and reduces tumor burden, but also avoids the rapid development of 

resistance that is seen when single therapies are used. The data presented here 

gives pre-clinical evidence for the use of novel targeted therapy combinations that 

will hopefully have success in clinical trials that is desperately needed for patients 

suffering from Schwann cell tumors.  
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