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ABSTRACT

ETV1, an ETS family transcription factor, has been implicated in various cancer
types, including Ewing Sarcoma, melanoma and prostate cancer. | have focused
my studies on the oncogenic function of ETV1 in gastrointestinal stromal tumor
(GIST) and malignant peripheral nerve sheath tumor (MPNST), both are sarco-

mas with unique molecular features.

The majority of GIST is molecularly characterized by KIT/PDGFRA/BRAF ac-
tivating mutations and originating from the precursor interstitial cells of Cajal
(ICCs). MPNST originates from cellular compartments of the peripheral nerves,
and we and others have molecularly characterized them as losing three cen-
tral tumor suppressor pathways: including NF1, CDKN2A and PRC2 (EED or
SUZ12). Despite the differences in cell of origin and molecular features, both
tumor types activate the MAP kinase signaling pathway; both tumor types are
dependent on ETV1 for growth, survival and tumorigenesis. Using in vitro human
cancer derived cell line models, xenograft and genetically engineered mouse
models, we have established the functional requirement of ETV17 in both GIST
and MPNST pathogenesis, as well as establishing novel models of BRAF-mutant
GIST tumors in the ETV1 specific ICC-lineage. These studies have established
the rational of targeting ETV1 in GIST and MPNST pathogenesis.

To therapeutically target ETV1, we have taken advantage of its protein stability
regulation by MAP kinase signaling pathway. We identified a novel strategy of
combined KIT and MAPK pathway inhibition that can lead to synergistic growth

suppression of GIST cells and eradication of GIST tumorigenesis in vivo. These



studies have provided the scientific rational for the ongoing clinical trial of using
the combined imatinib (KIT inhibitor) and MEK162 (a MEK inhibitor) in advanced
GIST patients.

Collectively, our data have defined an important role of ETV1 in GIST and MPNST
tumorigenesis. We have further showed an effective combination therapy to tar-
get ETV1 protein stability in GISTs, which may provide important insights for

other ETV1-driven cancer types.
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CHAPTER ONE

Introduction

Malignant Peripheral Nerve Sheath tumor (MPNST)

Definition and Characteristics

Malignant Peripheral Nerve Sheath tumors (MPNSTSs), often associated with pe-
ripheral nerves, are very aggressive soft-tissue tumors that account for 3-10%
of all soft tissue sarcomas(Vauthey, Woodruff et al. 1995, Lawrence, Brennan
et al. 1998, Grobmyer, Reith et al. 2008). The incidence of MPNST is rather low
with approximately 1 per 10° people per year.(Kolberg, Holand et al. 2013) In
most sporadic MPNSTSs, there may be a female predominance while the overall
female/male ratio is about 1:1.(Cashen, Parisien et al. 2004, Anghileri, Miceli
et al. 2006) The most common age at diagnosis in MPNST patients is 20-50
years, even though MPNSTs have also been reported in newborns and infants.
(Ellison, Corredor-Buchmann et al. 2005, Grobmyer, Reith et al. 2008) About
10% of MPNST patients are under 20 years old(Grobmyer, Reith et al. 2008).
Patients with MPNSTs commonly present with an enlarged mass, pain and neu-
ropathic symptoms such as paraesthesia or motor weakness. Tumors arise most
frequently in major nerves of the extremities, trunk, and head and neck. (Thway

and Fisher 2014)

There are three subtypes of MPNSTSs: neurofibromatosis type | (NF1)-associated
(~50%), sporadic (~40%), and radiation-induced (~10%). NF1 is the most com-
mon and important known risk factor for MPNST.(Ducatman, Scheithauer et al.

1986) Most NF1 patients are presented with dermal neurofibromas, which rarely



undergo malignant transformation. In contract, plexiform neurofibroma patients
with NF1 have a 10% lifetime risk of undergoing malignant transformation to
MPNSTs.(McGaughran, Harris et al. 1999, Walker, Thompson et al. 2005, Theos
and Korf 2006, Carroll and Ratner 2008) Clinical studies of MPNST and NF1 in-
dicated that the mean age for NF1-associated MPNST patients is younger (28.7
years old) than sporadic MPNST patients (34.0 years old). The five-year survival
of NF1 patients with MPNST is 16%, compared with 53% for non-NF1 patients.
(Ducatman, Scheithauer et al. 1986) NF1-associated MPNSTs tend to be large
and high grade. These survival differences diminished when NF1-associated
MPNSTs and sporadic MPNSTs were compared and adjusted for known prog-
nostic factors such as size and locations in a large surgical series(Zou, Smith et
al. 2009). Currently, radical surgery resection remains the primary and only cura-
tive options for all MPNSTs. However, surgical resection is frequently challeng-
ing because of the location of the tumor and the difficulty of achieving adequate
negative surgical margins without significant compromise of function. MPNSTs
have a high propensity to metastasize to soft tissue, bone, liver, lungs, etc. They
are also known to have primary resistance to standard systemic chemotherapy
and radiotherapy. Therefore, the prognosis of MPNSTs is poor with a 5-year sur-
vival rate of 30-60% and local recurrence rate of 22%.(Evans, Baser et al. 2002,
Grobmyer, Reith et al. 2008, Stucky, Johnson et al. 2012, Brennan, Antonescu et
al. 2013) The poor outcome of MPNST becomes a powerful impetus for efforts to
understand the cell of origin and mechanism of pathogenesis of MPNSTs and to

identify novel therapeutic targets in this deadly disease.

The diagnosis of MPNST has also remained challenging due to diversity of tumor
morphology and lack of reliable immunohistochemical and molecular biomark-

ers. Histologically, MPNST shows high-grade spindle cell lesion pattern in inter-



secting fascicles, geographic regions of necrosis and wavy hyperchromatic nu-
clei (Figure 1.1).(Guo, Liu et al. 2012) However, in some cases, MPNST tumors
can undergo multiple differentiations making it very difficult to discern MPNST
with other tumor types. Unusual histologic features include radical arrangement
of tumor cells, epithelioid differentiation with glandular structures and neuroen-
docrine differentiation.(Radner, Blumcke et al. 2002, Guo, Liu et al. 2012, Bren-
nan, Antonescu et al. 2013) In addition, lack of specific immunohistochemical
and molecular biomarker make it more difficult for accurate diagnosis of MPNST,
especially non-NF1 associated MPNST. S-100 protein, the most commonly used
marker for nerve sheath tumor of various types, does not have a consistent im-
munoreactivity pattern in MPNSTs.(Grobmyer, Reith et al. 2008) Recent gene
expression profiling and molecular genetic analysis of MPNSTs showed further
insights in the molecular diagnosis of MPNST. Works by us in the chapter 4 of
this thesis and two other groups showed the first that PRC2 complex components
were lost in 70-80% of all MPNSTs.(De Raedt, Beert et al. 2014, Lee, Teckie et
al. 2014, Zhang, Wang et al. 2014) These observations lead the potential use
of H3K27me? absence, the ultimate result for loss of PRC2 function, as a naval

reliable biomarker for accurate diagnosis.



Figure 1.1 Histology of conventional MPNSTs and differentiated MPNSTs

In most regions, tumor cells are arranged in bundles with red-stained and scant
cytoplasm, and spindle-shaped nuclei (top left); tumor cells grew in storiform as
that in fibrous histiocytoma (top right); glandular differentiation (lower left) and neu-
roendcrime differentiation (lower right) (HEX100). Adapted from: Guo A, Liu A, Wei
L, Song X. Malignant Peripheral Nerve Sheath Tumors: Differentiation Patterns and
Immunohistochemical Features - A Mini-Review and Our New Findings. J Can-
cer 2012; 3:303-309. doi:10.7150/jca.4179. Available from http://www.jcancer.org/
v03p0303.htm.



Neurofibromatosis Type |

Neurofibromatosis type | (Von Recklinghausen’s disease, NF1) is one of the
most common inherited tumor-predisposition syndromes and occurs in about 1
in every 2500 to 3000 newborns.(Gutmann 2001, Theos and Korf 2006, Le and
Parada 2007) NF1 is an autosomal-dominant disorder with 100% penetrance.
Despite the high penetrance, the manifestations of NF1 are quite diverse even
within closely related family members. Abnormalities associated with NF1 in-
clude cafe-au-lait macules, lish nodules, bony hyperplasia, learning disabilities,
cardiovascular abnormalities and a variety of tumor types such as optic glioma,
astrocytomas, juvenile nonlymphocytic leukemia, pheochromocytomas and neu-
rofibromas.(Walker, Thompson et al. 2005) As indicated by the name, nearly all
NF1 patients will develop neurofibromas during their lifetime and the occurrence

of multiple neurofibromas is considered to be a hallmark of NF1.

Neurofibromas, the most common type of neoplasm in NF1 patients, are benign
tumors that arise within the peripheral nervous system (PNS). These lesions are
composed of neoplastic Schwann cell and non-neoplastic stromal cells, includ-
ing fibroblasts, mast cells and perineurial cells. Neurofibromas can be broadly
subdivided into dermal/cutaneous neurofibromas and plexiform neurofibromas.
(Carroll and Ratner 2008) Dermal neurofibromas originating from nerves in the
skin often cause stinging, itching, pain and disfigurement. They typically arise
during the second decade of life, are associated with the onset of puberty, and
continue to increase in number and size throughout adulthood. However, these
lesions virtually never undergo malignant transformation. Plexiform neurofibro-
mas can grow from nerves in skin or from internal nerve bundles. They usually

involve multiple nerve fascicles and can be very large. Plexiform neurofibromas



are detected at birth or seem to enlarge more rapidly during the first decade of
life and are thought to be congenital defects. Plexiform neurofibromas are capa-
ble of undergoing malignant transformation, typically in the sciatic nerve, lumbo-
sacral plexus, or brachial plexus. Despite the differences in the clinical behavior
of dermal and plexiform neurofibroma, the cellular composition of all neurofibro-
ma subtypes is identical. About 10% of NF1 patients will develop and eventually
die of MPNST.(McGaughran, Harris et al. 1999, Walker, Thompson et al. 2005,
Theos and Korf 2006, Carroll and Ratner 2008)

Molecular Abnormalities in NF1 and MPNST

Over the past two decades, little is know of the genetic alterations that medi-
ate progression from neurofibroma to MPNST in NF1 patients or the molecular
pathogenesis of sporadic and radiotherapy associated MPNST. Loss of NF1 is
the most common events for the pathogenesis of NF1 and MPNST. Other im-
portant genes or pathways that have been shown to be important to MPNST and
NF1 include CDKN2A, TP53, c-KIT, EGFR, PDGFR, SOX9, MET and others.
(Cairns, Polascik et al. 1995, Badache and De Vries 1998, Badache, Muja et al.
1998, Upadhyaya, Han et al. 2004, Watson, Perry et al. 2004, Dang, Nelson et
al. 2005, Mantripragada, Spurlock et al. 2008, Mantripragada, Diaz de Stahl et
al. 2009, Brennan, Antonescu et al. 2013) More recently, reports from chapter
5 of this thesis together with other two groups have identified the three critical
pathways that is frequently loss in MPNST: NF1 (72% of non-NF1 MPNST), CD-
KN2A (81% of all MPNST) and EED or SUZ12 in PRC2 complex (92% of spo-
radic, 70% of NF1-associated and 90% of radiotherapy-associated MPNSTSs).
(De Raedt, Beert et al. 2014, Lee, Teckie et al. 2014, Zhang, Wang et al. 2014)
These three recent studies with large MPNST patient cohorts have provided im-

portant insights for accurate diagnosis of MPNST and understanding of MPNST



pathogenesis.

Neurofibromin 1 (NF1)

As seen in other tumor-predisposition syndromes, almost all NF1 patients carry
constitutional mutations of the NF7 tumor suppressor gene. The protein encoded
by NF1 gene, neurofibromin(also called neurofibromin 1 or NF1), is a large 220-
250kDa protein containing three alternatively spliced exons(9a, 23a and 48a).
These alternatively spliced exons have been implicated to reflect tissue-specific
or differentiation-regulated RNA splicing events. The expression of isoform with
exon 9a seems to be restricted to specific neuronal populations in the central
nervous system, while ablation of exon 23a in mice leads to learning disabili-
ties but no tumor development.(Gutmann, Zhang et al. 1999, Costa, Yang et al.
2001) Additional studies of these neurofibromin isoforms might shed light on the

roles of Nf1 in specific tissues.

Despite the large size of NF1, little is known about its functions. Inspection of
the amino acid sequence of neurofibromin revealed a RasGAP-related domain
or GRD homologous to both a mammalian Ras GTPase activating protein (GAP)
known as p120RasGAP and the Saccharomyces Cerevesiae Ras GAPs IRA1
and IRA2. This domain stimulates the intrinsic GTPase activity of the mammalian
Ras homologue, accelerates the conversion of active GTP-bound Ras to inactive
GDP-bound form, and thus inactivates Ras and reduces Ras-mediated growth
signaling (Figure 1.2). NF1 has been shown to function as a GAP for Ras in vitro

and in vivo.(Martin, Viskochil et al. 1990, Xu, Lin et al. 1990)



—— [PI3K > [Rac]

< Microtubules 4 Akt | Cell migration
w vy
v [Mf"*e o
Learning m
= B |
& A

Memory & Learning  Cell Proliferation

Figure 1.2 Representation of NF1 interactions with the Ras and PI3K path-
ways

NF1 constrains Ras activity in the normal cell. Therefore, loss of NF1 expres-
sion leads to elevated Ras activity, dysregulated cell growth and tumorigenesis.
NF1 may also associate with microtubules and modulate the cAMP-PKA signaling
pathway. Reprinted by permission form Macmillan Publishers Ltd: ONCOGENE,
26, 4609-16, Copyright 2007.



Furthermore, various NF1-deficient tumors including neurofibromas and NF1-as-
sociated MPNSTs exhibit elevated level of GTP bound Ras and reintroduction of
this GRD into tumor cells decreases Ras activation and slows tumor cell prolifer-
ation.(Ballester, Marchuk et al. 1990, Martin, Viskochil et al. 1990, Xu, Oconnell
et al. 1990, Guha, Lau et al. 1996) It has also been reported that the learning de-
fects in Nf1*- mice can be rescued by genetic and pharmacologic manipulations
that decrease Ras function. In fact, active Ras mutations are frequently seen in
multiple human cancers by stimulating MAPK and/or PI3K pathways, which lead
to escape of apoptosis.(Li, Cui et al. 2005, Ismat, Xu et al. 2006) Given these ev-
idences, the NF1 gene has been hypothesized to function as a tumor suppressor

by inhibiting RAS activity as well as RAS-mediated signaling pathways.

Although most studies of NF1 function have focused on its GRD domain, there
are increasing evidences indicating that neurofibromin may be involved in other
cellular processes giving that mice expressing NF1 GRD only partially rescued
the phenotypes seen in Nf1” mice.(Ilsmat, Xu et al. 2006) In addition, multiple
mutations outside of GRD have also been identified in NF1 patients.(Kluwe, Frie-
drich et al. 2003, Lee, Teckie et al. 2014) It has been suggested that several oth-
er domains exist within neurofibromin, including a tubulin-binding domain (TBD),
a cysteine/serine-rich domain (CSRD), a Sec14-homology domain (Sec14), a
pleckstrin homology domain (PH) and a nuclear localization sequence (NLS).
(Bollag, Mccormick et al. 1993, |zawa, Tamaki et al. 1996, Aravind, Neuwald et
al. 1999, D’Angelo, Welti et al. 2006) However, the biological functions of these
domains are largely unknown. Reports also showed that even the four alterna-
tively spliced isoforms of NF1 can also exhibit different functions through tis-

sue-specific and/or developmental stage-specific expression.(Gutmann, Cole et



al. 1995, Gutmann, Geist et al. 1995, Gutmann, Geist et al. 1995, Geist and Gut-
mann 1996, Hinman, Sharma et al. 2014) NF1 loss is reported to increase cAMP
in Schwann cells while decrease cAMP in astrocytes via unknown mechanisms.
(Tong, Hannan et al. 2002, Dasgupta, Dugan et al. 2003) This finding further
indicates that the biological functions of NF1 are cellular context dependent and
underscores the importance of investigating the lineage-specific cellular context

for MPNST and NF1.

cyclin-dependent kinase Inhibitor 2A (CDKNZ2A)

Locating on chromosome 9p21, CDKNZ2A codes for two critical cell cycle proteins:
INK4A (also known as p16) and ARF (also known as p14, or p19 in mice). INK4A
and ARF are generated through the use of shared coding regions and alternative
reading frames in CDKNZ2A gene locus. Two separate promoters drive the tran-
scription of INK4A and ARF using different exon 1 of CDKN2A gene while shar-
ing common downstream exon 2 and 3. In addition, the open reading frame in
exon 2 is also different for INK4A and ARF.(Quelle, Zindy et al. 1995) The INK4A
protein can bind to and inhibit cyclin-dependent kinase 4/6 (CDK4/6), preventing
phosphorylation of another tumor suppressor retinoblastoma protein (RB). Hypo-
phosphorylated RB can then recruit the transcription factor E2F, resulting in G1
arrest during cell cycle. Loss of INK4A in cancer cells lead to hyperphosphoryla-
tion of RB, release of E2F and activation of genes that are necessary for G1 to
S transition.(DePinho 1998, Sherr and Roberts 1999) ARF functions as a potent
growth suppressor through regulating E3 ubiquitin ligase of p53, MDM2. Binding
of MDM2 and ARF can inhibit MDM2 mediated polyubiquitylation of p53, and
thus stabilize p53. Activation of p53 regulates genes that are importance for cel-
lular stress response. Loss of ARF can result in un-regulated cellular response

and resistance to apoptosis in cancer cells. Frequent homozygous deletion of
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CDKNZ2A has been reported in many different types of cancers, including mela-
noma, pancreatic cancer, gastric cancer, leukemia, bladder cancer, MPNST, etc.
(Kamb, Gruis et al. 1994, Nobori, Miura et al. 1994, Serrano, Goebel et al. 2000,
Zhu, Montgomery et al. 2007, De Raedt, Beert et al. 2014, Lee, Teckie et al.
2014, Zhang, Wang et al. 2014, Zhen, Rabe et al. 2015)

Polycomb Repressive Complex 2 (PRC2)

Polycomb group proteins are key regulators for gene-expression during early de-
velopment and differentiation through regulating chromatin structures. The two
main polycomb group complexes in mammalians are polycomb repressive com-
plex 1 (PRC) and PRC2. There are four core subunits: EZH1/2, SUZ12, EED and
RbAp46/48 (also known as RBBP7/4). The core components of PRC2 are con-
served from Drosophila to mammals. Several additional proteins have recently
been shown to be part of PRC2 complex, including AEBP2, PCLs and JARID2.
(Nekrasov, Klymenko et al. 2007, Li, Margueron et al. 2010, Walker, Chang et
al. 2010) PRC2 complex is responsible for the di- and tri- methylation of Lys 27
of histone H3 (H3K27me2/3) to regulate gene silencing during development and
differentiation. It is believed that the histone methylation by PRC2 mediated by
the methyltransferase activity of EZH1 or EZH2. PRC2 components have been
indicated in various cancers such as lymphoma, melanoma, breast cancer and
prostate cancer, mostly through overexpression.(Varambally, Dhanasekaran et
al. 2002, Holm, Grabau et al. 2012, Tiffen, Gallagher et al. 2015) Recently, PRC2
is reported to loss in majority of MPNSTs.(De Raedt, Beert et al. 2014, Lee, Teck-
ie et al. 2014, Zhang, Wang et al. 2014)

Animal Models of NF1/MPNST

There have been many studies trying to develop mouse models for NF1 and
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MPNST since 1994. These genetically engineered mouse models serve as great
tools to investigate molecular mechanisms driving the pathogenesis of NF1 and
MPNST. They also provide important insights on understanding the cell of origin,

microenvironment and cell signaling for these tumors.

Early models of NF1

Copeland group and Weinberg group developed the first knockout mouse mod-
els for Nf1 independently in 1994.(Brannan, Perkins et al. 1994, Jacks, Shih et
al. 1994) Both groups showed that homozygous mice with null mutations of Nf1
exon 31 (Nf123V23" mice) were embryonic lethal due to severe cardiac failures.
In the heterozygous Nf1*23" mice, there are no obvious abnormalities even after
10 months follow up. Weinberg group described that the Nf1 mutations may
accelerate the development of tumor types to which these animals are already

susceptible, supporting the role of Nf1 as a tumor suppressor.

One potential explanation for the lack of neurofibroma development in the het-
erozygous Nf1*23"mice could be that loss of the wild type allele of Nf1 in the right
cell type is the rate-limiting step for neurofibroma formation. Therefore, Cichows-
ki and coworkers developed a chimeric mouse model where they injected Nf1-
~ embryonic stem cell in to Nff*- C57BL/6 blastocysts.(Cichowski, Shih et al.
1999) Most of the mice generated exhibited moderate degree of chimerism, and
developed plexiform neurofibromas with 100% penetrance. In addition, these
tumors presented with schwann cells, suggesting that Nf1 LOH in Schwann cells

is required for neurofibroma pathogenesis.

To test whether Nff LOH in Schwann cells is sufficient for neurofibroma patho-

genesis, Zhu and coworkers developed a conditional mouse model, in which Nf1
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can be conditionally ablated in Schwann cell specific marker Krox20 expressed
cells.(Zhu, Ghosh et al. 2002) Plexiform neurofirbroma with human histological
features only developed in Krox20-Cre ;Nf1"*~ by 1 year of age, while there is
no significant Schwann cell hyperplasia in the Krox20-Cre ;Nf17¥x_ This study
suggested that Nf1 LOH in Schwann cells is sufficient for neurofibroma patho-
genesis. However, it also need to cooperate with a Nf7 haploinsufficent micro-
environment, which is further supported by later studies.(Tan, Yazicioglu et al.

2003, Yang, Chen et al. 2006, Yang, Ingram et al. 2008)

Mouse models for the cell-of-origin debate

Although we have known that MPNST and NF1 are originated from the Schwann
cell lineage, it is still unknown which type of Schwann cells or what stage of
Schwann cell is the cell of origin for these tumors. There are different stages of
Schwann cell differentiation (Figure 1.3). The Schwann cell lineage is believed to
arise from the migrating neural crest cells in mice at around embryonic day 8.5-9,
which then differentiated into Schwann cell precursors (SCPs) at around embry-
onic day 12-13. SCPs are differentiated into Immature Schwann cells starting at
embryonic day 13 until perinatal. After birth, Immature Schwann cells are further
differentiated into the two mature Schwann cell types: myelinating Schwann cells
and nonmyelinating Schwann cells.(Jessen and Mirsky 2005, Carroll and Ratner

2008)
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Figure 1.3 Diagram outlining the stages of Schwann cell development and
the periods of Cre-mediated recombination in various neurofibroma models
Cre-mediated recombination to ablate NF1 expression only leads to plexiform
neurofibromas when the cre is activated in Schwann cell precursors or immature
Schwann cells. Reprinted from Cancer Research, Copyright 2011, 71(13), 4686-
95, Le LQ, Liu C, Shipman T, Chen Z, Suter U, Parada LF., Susceptible stages

in Schwann cells for NF1-associated plexiform neurofibroma development., with
permission from AACR.
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To investigate the exact cell of origin for MPNST and NF1, Nf17mice have been
crossed with different Schwann cell lineage promoter driven cre mice. Ablation of
Nf1 at early neural crest cell stage with Wnt1-Cre, Mpz-Cre, and Pax3-Cre led to
early death before they developed any neurofibroma. When Nf1 was ablated at
Schwann cell precursor stages with 3.9Periostin-Cre, P a-Cre and Dhh-Cre, both
P,a-Cre and Dhh-Cre driven models developed neurofibroma although 3.9Peri-
ostin-Cre driven model died within the first month due to cardiac fibroblasts mal-
function.(Joseph, Mosher et al. 2008, Wu, Williams et al. 2008, Zheng, Chang et
al. 2008) Interestingly, when Nf1 was ablated with Dhh-Cre, neurofibroma could
develop even with an Nf1 wild type microenvironment. Le and coworkers have
developed a novel mouse model for NF1 that allows timely control of Nf1 ablation
with tamoxifen (Plp-CreERT2; Nf1%*).(Le, Liu et al. 2011) With this conditional
knockout model for Nf1, Le and coworkers showed that both Schwann cell pre-
cursors and immature Schwann cells were potential cell of origin for neurofibro-

ma (Figure 1.3).

Recent works have also developed in vitro culture of stem cell populations to un-
derstand the cell of origin for NF1/MPNST. Skin-derived precursors (SKPs) are
neural crest derived precursor cells in the dermis of adult mice, which is capable
of both Schwannian and melanocytic differentiation.(Le, Shipman et al. 2009) Le
and coworkers showed that SKPs could develop dermal neurofibroma in the skin
and plexiform neurofibroma when grafted into sciatic nerve, suggesting dermal
and plexiform neurofibroma may share similar cell of origin. They have also re-
cently identified a population of GAP43(+) PLP(+) precursors in embryonic nerve
roots as the potential cells of origin for plexiform neurofiboroma.(Chen, Liu et al.

2014)
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Mouse models for MPNST

Although extensive efforts have been focused on developing models for pelxi-
form neurofibroma, it is more important to model MPNST for NF1 patients since
they have high risk to transform to MPNST. However, plexiform neurofibromas in
mouse models rarely undergo malignant transformation to MPNSTSs. This could
either because of the relative short lifespan of mice comparing to human, or be-
cause additional oncogenic events are required for the malignant transformation.
Mice with germ line mutations of Nff and p53 (Nf1*; p53*- cis) were generated
either linked on the same chromosomes to allow for LOH in lesions.(Cichowski,
Shih et al. 1999) As expected, 30% of these mice developed MPNST while there
was no MPNST with single mutations. When germ line mutations of Nff and p53
(Nf1*; p53*- cis) were put on opposite chromosomes, LOH of the other copy of
Nf1 and p53 simultaneously was much harder resulting in tumors only similar
to single mutations. Due to the frequent deletion of CDKN2A in MPNSTs, Nf1*~
mice with simultaneous homozygous deletion of the CDKN2A were generated.
(Joseph, Mosher et al. 2008) 26% of these mice eventually developed MPNSTSs,
while Nf1*~mice with heterozygous deletion of CDKN2A developed MPNSTs at

a much lower frequency.

These models have important implications for understanding pathogenesis of
MPNST and NF1, as well as for the development of novel therapies targeting
these tumors. However, new mouse model of MPNST needs to be generated to

recapitulate loss of additional oncogenic events such as PRC2 loss.

Gastrointestinal stromal tumor (GIST)

Definition and Characteristics

Gastrointestinal stromal tumor (GIST) has emerged as the most common mes-
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enchymal tumor of the gastrointestinal (Gl) tract, and also represents one of the
most common subtypes of human sarcoma(Perez, Livingstone et al. 2006, Chi
2010). The incidence of GIST has been reported consistently between 7 to 20
per million populations per year (Goettsch, Bos et al. 2005, Nilsson, Bumming
et al. 2005, Tran, Davila et al. 2005, Mucciarini, Rossi et al. 2007), with approxi-
mately 5000-6000 new cases per year in the United States(Fletcher, Berman et
al. 2002). Even though GISTs have been reported in individuals of all ages, they
typically occur between the ages between 40 and 80 at the time of diagnosis.
(DeMatteo, Lewis et al. 2000, Singer 2001, Hayashi, Okazaki et al. 2005, Gold
and DeMatteo 2006) The median age of GISTs is about 60 years(Singer 2001).
There is no clear sex predilection although some reports showed slightly male

predominance. (Singer 2001, Miettinen, Majidi et al. 2002)

The presentation of GISTs varies widely on symptom, location and pathology
features. Most GIST patients will by symptomatic at presentation, while asymp-
tomatic patients with small lesions are typically diagnosed incidentally during
surgery, physical examination, radiologic imaging or laparotomy. (Pidhorecky,
Cheney et al. 2000, Gold and DeMatteo 2006, Gupta, Tewari et al. 2008) The
most common symptoms in GIST patients are abdominal mass and Gl bleeding
due to mucosal ulceration. Other clinical symptoms associated include fatigue,
abdominal pain, dysphagia, satiety, and obstructions. (He, Wang et al. 1988,
Dougherty, Compton et al. 1991, Pidhorecky, Cheney et al. 2000, Gupta, Tewari
et al. 2008) GISTs are dominantly present in the stomach (60%-70%) and small
intestine (20%-25%), but they can also arise in the colon (5%), esophagus (5%),
and rarely in omentum, retroperitoneum and mesentery. (Haque and Dean 1992,
Tworek, Appelman et al. 1997, Tworek, Goldblum et al. 1999, Tworek, Goldblum
et al. 1999, Miettinen, Sarlomo-Rikala et al. 2000, Miettinen, Sarlomo-Rikala et
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al. 2000, Ortiz-Hidalgo, Bojorge et al. 2000, Reith, Goldblum et al. 2000, Corless,
Fletcher et al. 2004, Corless 2014)

The size of GIST tumors can range from 1cm to more than 40cm, with an average
of about 5cm. (Levy, Remotti et al. 2003, Corless, Fletcher et al. 2004, Corless
2014) Morphologically, spindle-cell type and epithelioid or round cell type are the
two predominant cell types in the GIST(Pidhorecky, Cheney et al. 2000, Levy,
Remotti et al. 2003, Corless 2014). The spindle cells are usually composed of
cigar-shaped cells with elongated nuclei and blunted ends frequently with a clear
perinuclear halo and moderately abundant pink cytoplasm. The Epithelioid cells
are composed of round or polygonal cells with central or slightly accentric placed
nuclei and moderately abundant cytoplasm. These cells may have a variety of
architectural patterns and may presents differently between different subtypes of
GISTs. (Figure 1.4) Most of the GISTs are spindle cell tumors (70%), 20% GISTs
are epithelioid cell tumors and 10% GISTs are mixture of spindle and epithelioid
cells. (Eisenberg and Pipas 2012) The diversity of morphology among GISTs
has made it challenging to diagnosis GIST based on histology and requires the

reliable immunohistochemical markers for accurate diagnosis.
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Lis PDGFRA Exon 18 DE42V

Figure 1.4 Examples of gastrointestinal stromal tumor (GIST)

Spindle cell GISTs (left panels) often harbor a mutation in KIT exon 9 and 11.
Epithelioid GISTs (right panels) vary in their genotype, having either (or neither)
a KIT or PDGFRA mutation. Reprinted by permission form Macmillan Publishers
Ltd: MODERN PATHOLOGY, 27, S1-16, Copyright 2014.
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The first immunohistochemical marker that helped GIST diagnosis is CD34,
which is expressed in 60% to 70% of all GISTs. (Miettinen, Virolainen et al. 1995,
Fletcher, Berman et al. 2002, Corless 2014) In 1998, two reports showed that
CD117 (c-KIT protein) is expressed in most GISTs.(Hirota, Isozaki et al. 1998,
Kindblom, Remotti et al. 1998) KIT was soon shown to express in ~ 95% of
GISTs in follow studies, making it becomes one of the most reliable immunohis-
tochemical markers for GIST diagnosis. (Miettinen, Sobin et al. 2000, Miettinen
and Lasota 2001, Hornick and Fletcher 2002) The addition of DOG1, which is
expressed in ~97% of GISTs, as another GIST immunohistochemical marker
has greatly improve the accuracy of GIST diagnosis. (West, Corless et al. 2004)
Combination of KIT and DOG1 together can define the diagnosis of GIST in more
than 99% of cases in a recent report. (Lopes, West et al. 2010) Furthermore,
30% to 40% are positive for smooth muscle actin (SMA), approximately 5% are
positive for the S100 staining, mostly absent for desmin and loss for SDHA or
SDHB mutation in succinate dehydrogenase deficient GISTs. (Gold and DeMat-
teo 2006, Janeway, Kim et al. 2011, Corless 2014)

Oncogenic mutations in GISTs

Mutations in receptor tyrosine kinase KIT are the most common mutation in GISTs
(~75%), followed by its close homolog a-receptor for platelet derived growth fac-
tor (PDGFRA) (~10%). Other driver mutations in KIT/PDGFRA wild type GISTs
include BRAF, SDHA/B/C/D, HRAS, NRAS, PI3KA and NF1 (Figure 1.5). (Jane-
way, Kim et al. 2011, Eisenberg and Pipas 2012, Corless 2014)
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Relative Anatomic Germling

Genetic Type Frequency Distribution Examples
KIT mutation {relative frequency 75%-=80%)
Exon & Rare Small bowel One kindred
Exon 9 insertion AY502-503 10% small bowel and Mone
colon
Exon 11 (deletions, single 67% All sites Several kindreds

nucleatide substitutions
and insertions)

Exon 13 K642E 1% All sites Two kindreds

Exon 17 DB20Y, N822K, and 1% all sites Five kindreds
Y8230

PDGFRA mutation (relative frequency 5%-8%)

Exon 12 (such as V5610) 1% All sites Two kindreds

Exon 14 NG59K <1% Stomach MNone

Exon 18 D842V G% Stomach, mesentery Mone

and omentum

Exon 18 (such as deletion of 1% All sites One kindred
amino acids IMHD
B42-846)

KIT and PDGFRA wild type (relative frequency 12%-15%)

BRAF VG0OE ~7%-15%

SDHA, SDHB, SDHC, and ~ 2% Stomach and Carney=Stratakis
SDHD mutations small bowel

HRAS and NRAS mutation <1%

Sporadic pediatric GISTs ~ 1% Stomach Mot heritable

GISTs as part of the Carney ~1% stomach Mot heritable
triad

NF1 related Rare small bowel Numerous

Figure 1.5 Molecular classifications of GISTs

GIST, gastrointestinal stromal tumor; NF1, neurofibromatosis type |; PDGFRA,
platelet-derived growth factor receptor-a; SDH, succinate dehydrogenase. Re-
printed from Hematology/Oncology Clinics of North America, 26(6), Eisenberg
BL, Pipas JM., Gastrointestinal stromal tumor--background, pathology, treatment.

1239-59. Copyright 2012, with permission from Elsevier.
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KIT

First discovered in 1998 by Hirota et al, 75%-80% GISTs have mutations in the
receptor tyrosine kinase KIT. (Hirota, Isozaki et al. 1998) This breakthrough
discovery has not only revolutionized the management of GIST, but also made
GISTs become an important model in the emerging field of molecularly target-
ed therapies for solid tumors. KIT was first identified as the cellular homolog of
V-Kit Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene. The human KIT gene
maps to 4912-13 and is composed of 21 exons. KIT belongs to the type Il re-
ceptor tyrosine kinase family that includes platelet derived growth factor receptor
o/B(PDGFRA/B), colony stimulating factor 1 receptor (CSF1R) and fms related
tyrosine kinase 3 (FLT3). (Hanks, Quinn et al. 1988) KIT, together with the other
type Il receptor tyrosine kinase family members, contains an N terminal extra-
celluar ligand binding domain, a single transmember domain including a jux-
tamembrane domain, and a cytoplasmic kinase domain. (Roskoski 2005) There
are two isoforms of KIT protein, deriving from alternatively spliced KIT mRNA.

However, the significance of these two structural variants is not fully understood.

KIT acts as the cell-surface receptor for the cytokine KIT Ligand (KITLG) or also
known as Stem Cell Factor (SCF). The kinase activity of KIT is repressed by its
juxtamembrane domain, which forms a hairpin loop that locks KIT in the inac-
tive form. Upon KITLG/SCF binding, the KIT receptors start to form homodimer
and transphosphorylate at specific tyrosine residues, that serves as the docking
sites for the src-homology-2 (SH2) domain of downstream signaling and adap-
tor protein. The activation of KIT and downstream signaling plays an essential
role for the regulation of various cellular processes, including cell survival and
proliferation, hematopoiesis, stem cell maintenance, gametogenesis, Interstitial

Cell of Cajal (ICC) development, mast cell development, migration and function,
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and in melanogenesis.(Maeda, Yamagata et al. 1992, Huizinga, Thuneberg et al.
1995, Timokhina, Kissel et al. 1998, Kissel, Timokhina et al. 2000) KI/T has been
shown to activate Ras/ MAP kinase, Rac/Rho-JNK, PI3K/AKT, and SFK/STAT
signaling networks. The activation and signaling of KIT in physiological status
are tightly regulated by cellular context and presence of downstream signaling
components, resulting in differential cascades activation in different cell types.
Loss-of-function mutations of KIT or KITLG lead to deficiencies in multiple major
cell systems. One of these cell systems is the pace makers cell of Gl tract, In-
testital Cell of Cajals, which is the cell of origin for GIST. (Maeda, Yamagata et
al. 1992, Chi 2010) In contrast, activation mutations of KIT have been implicated
in several tumor types: seminoma(Tian, Frierson et al. 1999), mastocytosis(Na-
gata, Worobec et al. 1995, Longley, Tyrrell et al. 1996), acute myelogenous leu-
kemias(Gari, Goodeve et al. 1999), GIST(Hirota, Isozaki et al. 1998) and more

recently in melanomas(Willmore-Payne, Holden et al. 2005).
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The most common mutations of KIT in GIST lie in the juxtamembrane domain
that is encoded by exon 11. (Figure 1.6) Previous studies showed that the jux-
tamembrane domain might act as a negative regulator of KIT kinase. Mutations
in exon 11 disrupt the inhibitory function of juxtamembrane domain in two-thirds
of GISTs. The types of mutations in exon 11 can be in-frame deletions, inser-
tions, substitutions or combinations thereof, with 5’ end as a common hot spot.
In general, activating mutations of KIT in exon 11 does not appear to be asso-
ciated with specific clinical presentation, but the deletions are associated with
a more aggressive behavior in comparison with other exon 11 mutations. More
specifically, deletions of codon 557 and/558 are associated with poor prognosis.
(Ernst, Hubbs et al. 1998, Lasota, Jasinski et al. 1999, Taniguchi, Nishida et al.
1999, Singer, Rubin et al. 2002, Wardelmann, Losen et al. 2003, Liu, Bai et al.
2005, Martin, Poveda et al. 2005, Andersson, Bumming et al. 2006, Cho, Kitadai
et al. 2006)

The second most common mutation sites of KIT are located in an extracellu-
lar domain encoded by exon 9 (7% -10%). (Lux, Rubin et al. 2000) Most
KIT exon 9 mutations are identical tandem duplication of six nucleotieds, encod-
ing for AY 502-503, potentially mimicking the extracellular conformational change
upon KIT ligand binding. This change influences KIT inhibitor sensitivity during
targeted therapy treatment. The locations of tumors in GISTs harboring exon 9
mutations are primary in small and large intestine, and rarely in stomach. (Lux,
Rubin et al. 2000, Lasota, Kopczynski et al. 2003, Hostein, Longy et al. 2006)
Other KIT mutations in GISTs are identified in kinase domains, such as exon 13

or 17, but at a much lower incidence. (Lasota, Corless et al. 2008)
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Figure 1.6 KIT and PDGFRA mutations in GISTs
Reprinted from The Lancet, 382(9896), Joensuu H, Hohenberger P, Corless CL.,
Gastrointestinal stromal tumour. 973-83. Copyright 2013, with permission from

Elsevier.
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Platelet-Derived Groth Factor Receptor a (PDGFRA)

Approximately 10% of GISTs harbor mutations in PDGFRA instead of KIT in the
juxtamembrane domain (exon 12), the ATP-binding domain (exon 14), or the
activation loop (exon 18). (Figure 1.5 and Figure 1.6) (Heinrich, Corless et al.
2003, Hirota, Ohashi et al. 2003, Lasota, Dansonka-Mieszkowska et al. 2004)
Consistent with the extensive functional overlapping between KIT and PDG-
FRA, KIT and PDGFRA mutations are mutually exclusive in GISTs. Mutations in
PDGFRA resulted in ligand independent activation of the receptor, as well of the
downstream pathways that are identical to those in KIT-mutant GISTs. However,
PDGFRA-mutant GISTs still show distinctive clinical features from K/T-mutant
GISTs, including gastric location, epithelioid morphology, variable KIT expres-
sion, different gene expression and lower potential for malignancy. (Debiec-Rych-
ter, Wasag et al. 2004, Medeiros, Corless et al. 2004, Sakurai, Hasegawa et al.
2004, Subramanian, West et al. 2004, Wardelmann, Hrychyk et al. 2004, Wasag,
Debiec-Rychter et al. 2004, Kang, Nam et al. 2005, Tzen and Mau 2005)

BRAF

BRAF gene encodes the BRAF protein, which belongs the raf family of three
serine/thereonine kinases. BRAF plays a central role in the regulation of MAP Ki-
nase/ERKs signaling cascades. Upon growth factor stimulation, B-RAF is active
through binding with Ras-GTP, subsequently activating MEKs and ERKs, which
then can directly or indirectly activate many transcription factors to regulate gene
expression. The highly regulated signaling transduction of BRAF and MAP Ki-
nase signaling plays an important role in the regulation of gene expression, cell

proliferation and survival. (Seger and Krebs 1995)

BRAF mutations have been identified in various cancer types, including melano-
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ma (Davies, Bignell et al. 2002), colorectal cancer (Rajagopalan, Bardelli et al.
2002), thyroid cancer (Namba, Nakashima et al. 2003) and lung cancer (Brose,
Volpe et al. 2002). Mutations of BRAF usually resulted in ligand independent ac-
tivation of downstream signaling. Interesting, approximately 90% of known BRAF
mutations are V600E mutations. (Cantwell-Dorris, O’Leary et al. 2011)Recent re-
ports showed that BRAF V600E mutation is detected in about 7% to 15% of KIT/
PDGFRA wild type GISTs, leading to KIT ligand independent activation of MAP
kinase signaling pathway. (Agaram, Wong et al. 2008, Agaimy, Terracciano et al.
2009, Hostein, Faur et al. 2010, Cantwell-Dorris, O’Leary et al. 2011, Miranda,
Nucifora et al. 2012) Based on these studies, BRAF-mutated GISTs usually arise
in the small intestine and stomach with spindle-cell morphology. Histologically,

these GISTs do not have significant distinction with other GISTs.

Other Driver Mutations

Other oncogenic mutations reported in GISTs are HRAS, NRAS and PIK3CA
with a very low frequency.(Miranda, Nucifora et al. 2012) GITSs can also be seen
in the small intestine in 7% of neurofibromatosis type | (NF1) patients(Anders-
son, Sihto et al. 2005). More recently, defects in succinate dehydrogenase are
reported in approximately 50% of KIT/PDGFRA wild type GISTs through muta-
tions or deletions of the SDH subunits SDHA/B/C/D. Sporadic pediatric GISTs
patients are predominantly SDHB immunonegative although rarely harbor an
SDH gene mutation.(Killian, Kim et al. 2013, Mason and Hornick 2013) These
tumors showed a different gene expression profile and clinical features from KIT/
PDGFRA-mutant GISTs.(Prakash, Sarran et al. 2005, Agaram, Laquaglia et al.
2008) Functions of GIST-related oncogenic genes are summarized in Figure

1.7.(Joensuu, Hohenberger et al. 2013)
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Figure 1.7 Oncogenic signaling pathways in GISTs

Summary of the signaling pathways which GIST oncogenic mutations involve.
Reprinted from The Lancet, 382(9896), Joensuu H, Hohenberger P, Corless CL.,
Gastrointestinal stromal tumour. 973-83. Copyright 2013, with permission from

Elsevier.
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Animal models of GISTs

The fact that KIT activation mutations are the most frequent mutations in GISTs
have made it is important to model GIST with KIT mutants. Based on this, Som-
mer and coworkers developed a GIST mouse model through knock in an acti-
vating mutation in the exon 11 of KIT, where most mutations of KIT lie.(Sommer,
Agosti et al. 2003) The V558 deletion mutation (Kit"*°®2) in the juxtamembrane
domain of human KIT was selected based on a human familial GIST case.(Nishi-
da, Hirota et al. 1998) Heterozygous mutant Kit"°°%4/+ mice developed variable
distension of the distal ileum (mega-ileum) starting at 4 weeks of age and even-
tually died from pathology in the Gl tract. All mutant mice developed neoplastic
mass in the cecum indicating the penetrance of Gl disease in Kit"*°%4/+ mice is
100%. Further histological and immunohistochemical analysis showed the GIST
in Kit">*%/+ mice highly resembled human familial GISTs. Myenteric Plexus hy-
perplasia was also identified throughout the Gl tract, which is consistent with ICC
hyperplasia observed in human familial GISTs. Survival of mutant Kit"°%%4/+ mice
was =50% at 9 months. This mouse model suggested that activation mutations
of KIT and KIT signaling pathway is important and sufficient for ICC hyperplasia
and GIST tumorigenesis. It also served as an important tool to further investigate
KIT pathway activation, GIST pathogenesis, ICC biology and preclinical valida-
tion of drug treatments for the disease for many follow-up studies. (Rossi, Ehlers

et al. 2006, Chi 2010, Ran, Sirota et al. 2015)

In 2005, Rubin and coworkers developed another GIST mouse model by intro-
ducing Kit gene K641E mutation with knock-in gene targeting strategy.(Rubin,
Antonescu et al. 2005) This point mutation, locating in the kinase domain en-
coded by exon 13, was originally identified in both sporadic and familial human

GISTs. (Yarden, Kuang et al. 1987) The Kit<¢4’ENeo mice developed a dose-de-
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pendent phenotype in the Gl tract. Homozygous Kitk641E:Neok641E:Neo developed
ICC hyperplasia and GIST tumors in the cecum starting at 3 weeks of age and
could only survive 3-30 weeks. Heterozygous Kit"k64/E:Neo \ere viable and as-
ymptomatic with milder ICC hyperplasia limited to colon and smaller sized GISTs
in comparison with the homozygous mice. Rubin and coworkers also pointed out
the distribution of GISTs in cecal is very different than is seen in humans since
human large bowel GISTs are very rare. Nevertheless, the ICC hyperplasia and
GISTs in Kitke4'ENeomice were still identical to human GISTs at histological, immu-

nohistochemical, ultrastructual and molecular levels.

More recently, a mouse model for human multiple GIST family with KITP52°" mu-
tation was generated by Nakai and coworkers with knock-in gene targeting strat-
egy. (Nakai, Ishikawa et al. 2008) Similar to the other two mouse models, this Kit-
b818Y mutation in mice is the homologous to the human K/TP52%Y mutation identified
in two families of GISTs.(Hirota, Nishida et al. 2002, O’Riain, Corless et al. 2005)
Homozygous KitP8'8Y/P818Y mice developed severe Gl symptoms at early age in-
cluding ICC hyperplasia along the Gl tract and large tumor in the cecal. The het-
erozygous showed similar phenotypes as the previous Kit"?°%/+ mice with ICC
hyperplasia and cecum tumors. The penetrance of Gl disease in Kit8'8" mice is
also 100%. Hyperplasia ICCs and GISTs were reminiscent of human GISTs. This
mouse model is the third reported mouse model for understanding KIT signaling

in GIST pathogenesis.

Despite the development of multiple KIT-mutant GIST mouse model, there is no

other mouse model available to study other oncogenic mutations in GIST such

as PDGRA, BRAF or SDH.
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Treatment of GIST with Tyrosine Kinase Inhibitor (TKI) therapy

TKI therapy in GIST

Historically the prognosis of GISTs has remained poor due to its intrinsic resis-
tance to conventional chemotherapy and radiation therapy. Surgery was the only
effective therapy for GISTs with limited value since many patients still eventually
die of disease recurrence after surgical resection. It is only until 1998 with the
landmark discovery of KIT mutation in GISTs by Hirota and coworker that the
management of GISTs was revolutionized soon after with tyrosine kinase inhib-

itor imatinib.

Imatinib was originally developed as a selective kinase inhibitor for BCR-ABL on-
coprotien in chronic myelogenous leukaemia (CML) in 1990s. Due to the struc-
tural similarity between ABL, KIT and PDGFR, Imatinib could also specifically
and effectively inhibit KIT and PDGFR. Imatinib is a 2-phenyl amino pyrimidine
derivative that functions by occupying ATP-binding active site of KIT, leading
to decreased activity. Based on these facts, clinical trials were soon conduct-
ed in GISTs with Imatinib treatment and showed significant improvement from
conventional treatments. Imatinib achieves partial responses or stable disease
in nearly 75-80% of patients with advance GISTs.(Demetri, von Mehren et al.
2002, Verweij, Casali et al. 2004, Blanke, Rankin et al. 2008, Van Glabbeke and
MetaGIST 2010) Only few GIST patients are insensitive to imatinib (so-called
‘primary resistance”). The median survival for GIST patients is now nearly 5
years compared to 9-20 months in the pre-imatinib era. (De Giorgi and Verweij

2005)

Resistance to TKI therapy

Despite the early clinical success, imatinib resistance has become one of the
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biggest challenges for the modern management of GIST patients. GIST patients
can be intrinsically resistance to imatinib (primary resistance) or acquired sec-
ondary mutation while getting imatinib treatment (secondary resistance). Studies
now show that the response rates of GIST patients to imatinib dependent on the
genotype of KIT or PDGRA mutations in the tumors. (Heinrich, Corless et al.
2003) GISTs with exon 11 KIT mutations have a partial response (PR) rate of ~
85%, while GISTs exon 9 KIT mutations have a PR rate of ~ 45%. The probability
of primary resistance to imatinib for KIT exon 11 and KIT exon 9 is 5% and 16%,
respectively. In addition, only a subset of PDGRA-mutant showed responses to
imatinib. In vitro studies showed that the most common D842V PDGFRA muta-
tion in GIST is strongly resistance to imatinib treatment.(Heinrich, Corless et al.
2003, Corless, Schroeder et al. 2005) Understandably, GIST patients without
KIT/PDGFRA mutations showed no response to imatinib. Different TKls or tar-
geted therapies are needed to treat these GISTs that are primary resistant to

imatinib.

After the initial response to imatinib, majority of GIST patients develop disease
progression within 2 years of imatinib treatment, and eventually die of their dis-
eases.(Verweij, Casali et al. 2004, De Giorgi and Verweij 2005, Blanke, Rankin et
al. 2008, Van Glabbeke and MetaGIST 2010) The secondary resistance to imati-
nib is most commonly acquired through additional mutations of KIT or PDGFRA
in the same gene and allele as the primary oncogenic driver mutations. However,
these acquired mutations can be quite heterogeneous. For example, there may
be different secondary mutations in different tumor portions in the same patients.
(Lim, Huang et al. 2008) There are also other potential mechanisms to acquire
secondary resistance including increase cycline D1/JUN levels, overexpression

of IGF1R or up-regulation of AXL. (Sabah, Cummins et al. 2006, Mahadevan,
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Cooke et al. 2007, Tarn, Rink et al. 2008, Sakurama, Noma et al. 2009)

Many efforts have been take to overcome imatinib resistance in GIST patients. It
is recommended to increase the dose of imatinib before switching therapy, which
may benefit a small portion of resistant patients (20-30%). (Blanke, Rankin et al.
2008) Unfortunately, this strategy will not benefit the vast majority of patients,
leading to the developing of various alternative TKls such as suntinib, vatalanib
(Figure 1.8).(Corless, Barnett et al. 2011) Studies have also tried to find alter-
native target for effective treatment in imatinib resistant GIST patients, such as
PI3K-mTOR pathway, VEGFR, HSP90. More recently, combination therapy is

rising as a promising treatment regiment to achieve more effective treatment.
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Drug

Tyrosine kinase inhibitors
Imatinib

Sunitinib

Nilotinib

Dasatanib

Sorafenib

Regorafenib

Vatalanib

Masitinib (AB1010)
Pazopanib

Crenolanib

HSP90 inhibitors
STA-9090

AT-13387

AUY922

Monoclonal antibodies
IMC-3G3 (Olaratumab)
Bevacizumab

mTOR inhibitor
Everolimus

Other

Perifosine

Targets

KIT and PDGFRA
KIT, PDGFRA and VEGFR
KIT and PDGFRA

KIT and PDGFRA

KIT, PDGFRA and VEGFR
KIT, PDGFRA and VEGFR
KIT, PDGFRA and VEGFR
KIT and PDGFRA

KIT, PDGFRA and VEGFR
PDGFRA

HSP90
HSP90

HSP90

PDGFRA
VEGFR

mTOR

AKT (PI3K pathway)

Trial information

FDA approved
FDA approved

Phase Il (ClinicalTrials.gov ID:
NCT00785785)

Phase Il (NCT00568750)
Phase Il (NCT01091207)
Phase Il (NCT01271712)
Phase Il (NCT00117299)
Phase Il (NCT00812240)
Phase Il (NCT01323400)
Phase Il (NCT01243346)

Phase Il (NCT01039519)
Phase Il (NCT01294202)

Phase Il (NCT01404650)

Phase Il (NCT01316263)
Phase Il (NCT00324987)

Phase Il (NCT00510354)

Phase Il (NCT00455559)

Figure 1.8 New therapies being tested for the treatment of GISTs Drug

FDA, US Food and Drug Administration; GISTs, gastrointestinal stromal tumors;
HSP90, heat shock protein 90; PDGFRA, platelet-derived growth factor recep-
tor-a; VEGFR, vascular endothelial growth factor receptor. Reprinted by permis-
sion form Macmillan Publishers Ltd: NATURE REVIEWS CANCER, 11, 865-78,

Copyright 2011.
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ETS variant 1 (ETV1)

Introduction

ETV1 (all called ER81 for ETS-related 81) belongs to the polyomavirus enhancer
activator 3 (PEA3)-subfamily of erythroblast transformation-specific (ETS)-family
of transcription factors. There are two other members in the PEA3 subfamily:
ETV4 (also called E1AF or PEA3) and ETV5 (also called ERM for ETS-related
molecule). Multiple isoforms of ETV1 have been identified although no clear-cut
differences were observed.(Coutte, Monte et al. 1999) ETV1, together with ETV4
and ETV5, has been show to regulate many target genes through an ETS DNA
binding domain that binds to a concensus 5’-CGGA[AT]-3’ sequence.(Wei, Badis
et al. 2010)

Physiological roles

ETV1 has been implicated in various essential developmental processes through
activating or repressing target gene expressions in different cellular context. Ar-
ber and coworkers described that Etv1 was expressed in developing propriocep-
tive neurons and motor neurons.(Arber, Ladle et al. 2000) Etv1 mutant exhibited
severe motor discoordinaiton while the specification of motor neurons and induc-
tion of muscle spindles were not affected. It suggested that ETV1 was important
for the development of functional sensory-motor circuitry in the spinal cord. ETV1
has also been implicated to be critical for the differentiation of dopamine neurons
in the central nervous system, which regulate a variety of complex behaviors.
(Flames and Hobert 2009) Flames and coworkers found that ETV1 is expressed
in dopaminergic neurons in the mouse olfactory bulb. Ablation of ETV71 in ETV1
mutant mice resulted in decreased number of these neurons. Sedy and cowork-
ers showed that ETV1 is expressed in the inner core cells of the Pacinian cor-

puscle, a class of mechanoreceptors.(Sedy, Tseng et al. 2006) Deletion of ETV1
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lead to severe deficit of Pacinian corpuscles, indicating ETV1 is required for in
the assembly of Pacinian corpuscles and the survival of the sensory neurons that
innervate them. More recently, ETV1 has been described as a lineage survival
factor for the cell of origin of GISTs, subclasses of interstitial cells of Cajal (ICCs).
(Chi, Chen et al. 2010) Ping and coworkers showed that Etv1 was specifical-
ly expressed in two subtypes of ICCs that could develop GISTs, the myenteric
ICCs (ICC-MY) and intramuscular ICCs (ICC-IM). Etv1 knockout mice failed to
develop ICC-MYs and ICC-IMs, but not the other two types of ICCs that did not
express Etv1. These data together indicated that ETV1 could be the lineage-spe-

cific survival factor for ICC-GIST lineage.

Role of ETV1 in cancers

Other than its physiological functions for development and lineage specification,
ETV1 also contribute to the pathogenesis of various cancer types through differ-
ent mechanisms. ETV1 was first identified as the fusion partner for EWS gene in
Ewing Sarcoma patients.(Jeon, Davis et al. 1995) EWS was previously shown to
translocate and fuse with ETS transcription factor, FLI1 (~85%) and ERG (~10%).
(Zucman, Melot et al. 1993) Jeon and coworkers further identified the fusion of
EWS with a portion of ETV1 containing the ETS DNA binding domain.(Jeon, Da-
vis et al. 1995) However, the frequent of EWS-ETV1 translocations are relatively

rare in comparison with EWS-FLI1 and EWS-ERG translocations.

Genomic rearrangement of ETV1 and other ETS transcription factors with an-
drogen-regulated gene TMPRSS2 were also found in approximately 70% of
prostate cancers.(Tomlins, Rhodes et al. 2005, Mehra, Tomlins et al. 2007) TM-
PRSS2:ERG was most frequently occurred in prostate cancers (~54%) and TM-

PRSS2:ETV1 was observed in ~2% of prostate cancer patients. These trans-
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locations induced the androgen-dependent overexpression of ETS proteins in

prostate cancers, which is important for the prostate cancer pathogenesis.

ETV1 is also amplified in ~13% of primary melanomas and ~18% of metastatic
melanomas.(Jane-Valbuena, Widlund et al. 2010) Amplification of ETV1 led to
aberrant overexpression of ETV1 in melanoma cells. Deregulation of ETV1 is
required for growth and proliferation of melanomas cells with ETV1 amplifica-
tion, suggesting an oncogenic role of ETV1 in MPNST. In addition, Jané-Val-
buena and coworkers also showed that ETV1 overexpression could cooperate
with oncogenic NRAS for tumorigeneiss in mice, which is consistent with the
cooperation between ETV1 and MAPK signaling in GISTs.(Chi, Chen et al. 2010,
Jane-Valbuena, Widlund et al. 2010)

Recently, Chi and coworkers described a novel mechanism of ETV1 activation
as an oncogenic transcription factor in GISTs.(Chi, Chen et al. 2010) They first
demonstrated that ETV1 was highly expressed in GISTs while there were no
significant genetic alterations in these tumors. ETV1 was readily expressed in
the cell of origin for GISTs, the ICCs. Normal level of KIT activation of KIT ligand
could stabilize ETV1 protein through MAPK signaling pathway, resulting in the
physiological ETV1 transcriptome critical for ICC development. Ablation of ETV1
resulted in decreased ICC survival and defects in ICC development. In the con-
text of GIST where activation mutations of KIT were presented, ETV1 protein
was augmented due to increased stability by up-regulated MAPK signaling. Col-
lectively, these data suggested that ETV1 could be a lineage survival factor to

cooperate with oncogenic KIT mutation during GIST pathogenesis (Figure 1.9).

37



KIT AS60

Figure 1.9 Model of the role of ETV1 in ICC maintenance and GIST oncogen-
esis

Binding of KIT ligand to KIT during normal ICC development results in physiolog-
ical ETV1 transcriptome, which is critical for ICC development. Ablation of ETV1
leads to decreased ICC survival (left). | GIST, activating KIT mutations lead to
hyperactivated MAPK signaling, which stabilizes ETV1 and leads to augmented
ETV1 transcriptome that promote GIST tumorigenesis (right). Reprinted by per-

mission form Macmillan Publishers Ltd: NATURE, 467, 849-53, Copyright 2010.
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Thesis Aims

The objective of this work was to 1) understand the roles of ETV1 for the patho-
genesis of two types of aggressive sarcomas: Gastrointestinal Stromal Tumors
(GISTs) and Malignant Peripheral Nerve Sheath Tumors (MPNSTSs); 2) identify
effective therapeutic strategies to target ETV1 and ETV1-mediated oncogenic

signaling in GISTs and MPNSTs.

In Chapter 3, we showed that ETV1 is universally highly expressed in MPNST
patient tumors and MPNST cell lines. ETV1 is essential for the survival of MPSNT
cells in vitro and the tumorigenesis in vivo. Moreover, overexpression of ETV1
in combination with loss of NF1, the most commonly mutated gene in MPSNTSs,
transformed mouse fibroblast NIH3T3 cells and promoted tumor formation in
mice. Transcriptome profiling and global analyses of ETV1-binding sites suggest
that ETV1 regulates various essential pathways in MPNST, including cell cycle
and hypoxia regulatory pathways. These observations implicated highly expres-

sion of ETV1 might cooperate with NF1 loss to drive MPSNT tumorigenesis.

In Chapter 4, using comprehensive genomic approaches, we identified loss-of-
function somatic alterations of the Polycomb repressive complex 2 (PRC2) com-
ponents (EED or SUZ12) in 92% of sporadic, 70% of NF1-associated and 90%
of radiotherapy-associated MPNSTs. MPNSTs with PRC2 loss showed com-
plete loss of trimethylation at lysine 27 of histone H3 (H3K27me3) and aberrant
transcriptional activation of multiple PRC2-repressed homeobox master regula-
tors and their regulated developmental pathways. Introduction of the lost PRC2

component in a PRC2-deficient MPNST cell line restored H3K27me3 levels and
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decreased cell growth. Additionally, we identified frequent somatic alterations
of CDKN2A (81% of all MPNSTs) and NF1 (72% of non-NF 1-associated MPNSTSs),
both of which significantly co-occur with PRC2 alterations. The highly recurrent
and specific inactivation of PRC2 components, NF7and CDKNZ2A highlights their

critical and potentially cooperative roles in MPNST pathogenesis.

In Chapter 5, we generated the mouse model for BRAF°%%¢ mutated GISTs with
mouse models of Etv1 driven conditional cre (Etv1-Creff’?) and cre-activated
Braf'?%%&_ We confirmed the specific expression of Etv1 in GIST origin ICCs with
lineage tracing strategy. Activation of Braf'°%¢ in Etv1 expressed ICCs resulted
in hyperplasia in stomach and large intestine. Combination of Braf'®*t and tu-
mor suppressor p53 loss led to multiple GISTs in the large intestine. We further
showed that BRAFY®%E inhibitor Dabrafenib could significant inhibit Braf'¢°% -mu-
tated GIST tumor growth. This work provided the first mouse model to under-
stand the pathogenesis of Braf'®®¢ -mutated GIST and investigate therapeutic

treatments for this subtype of GIST patients.

In Chapter 6, we demonstrated that ETV1 is required for GIST initiation and pro-
liferation in vivo with using mouse models of Kit activation and Etv1 ablation, val-
idating it as a therapeutic target. We further uncovered a positive feedback circuit
where MAP kinase activation downstream of KIT stabilizes the ETV1 protein,
and ETV1 positively regulates KIT expression. Combined targeting of ETV1 sta-
bility by imatinib and MEK162 resulted in increased growth suppression in vitro
and complete tumor regression in vivo. The combination strategy to target ETV1

may provide an effective therapeutic strategy in GIST clinical management.
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CHAPTER TWO

Material and Methods

Generation of Compound Genetically Engineered Mouse Models (GEM)

All mouse studies are approved by MSKCC IACUC under protocol 11-12-
029. The Kit2%%8V* knock-in mouse was a generous gift from Dr. Peter Besmer,
the Etv1~~ mice was a generous gift from Dr. Thomas Jessell, the Etv1™¥"x mice
was a generous gift from Dr. David Ladle (Wright State University) and the Ro-
sa26°*ERT2 mice was a generous gift from Dr. Andrea Ventura.(Arber, Ladle et al.
2000, Patel, Kramer et al. 2003, Sommer, Agosti et al. 2003, Ventura, Kirsch et al.
2007) The Etv17-Kit25%8V*  Etv1+*KitA%58V"* Ety170x/iox:Rosa26CeERTZ/CreERT2 gnd Et-
v 1fioxfox.  KjtA558V/* - Rosa26CeERTZCreERT2. mice were generated through standard
mouse breeding within the MSKCC animal facility. The BRaf*A, Etv1°*ER™2 and

Rosa26-EYFP-St mice were purchased from The Jackson Laboratory.

Mouse Procedures

For the Gl tract of mice at different postnatal age (Postnatal day 7 to 6 months
old), the stomach, small intestine, large intestine, cecum or cecal GIST tumors
are dissected and separated and embedded in paraffin or snap frozen for sub-
sequent analyses. For tamoxifen or corn oil treatment of Etv17;Kit">*"*:Rosa-
26CreERTZ/CrERT2 mjce, tamoxifen (Toronto Research Chemicals) was dissolved in
at 20 mg/ml in corn oil and injected intraperitoneally to 6-week old mice at a dose
of 4 mg every other day for 3 doses. Mice were euthanized 2 weeks after the first

tamoxifen dose.

For drug treatment studies in Kit"**¥* mice, approximately 8-10 weeks Kit-
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V5580 mice were treated in 4 cohorts by oral gavage, 1) Vehicle: water; 2) Imatinib:
50 mg/kg BID; 3) MEK162 30 mg/kg, BID; 4) Imatinib+MEK162: Imatinib 50 mg/
kg BID + MEK162 30 mg/kg BID. Cecal tumors were isolated and weighed after
5 days of treatment and subjected for paraffin embedding and analyzed by H&E,
Trichrome stain and IHC of Ki67. For short-term treatment, the protein and RNA
were isolated from cecal tumors after 1.5 day treatment for immunoblots and
gRT-PCR analyses, respectively. To generate lysates for western blots, tissue
was homologized in SDS lysis buffer using the FastPrep-24 system with Lysing
Matrix A (MP Biomedicals).

For xenograft studies, 5x10° GIST882, 2x10° GIST-T1 or 5x108 MPNST724 cells
resuspended in 100ul of 1:1 mix of growth media and Matrigel (BD Biosciences)
were subcutaneously injected into CB17-SCID mice (Taconic). For GIST tumor
chunk xenograft, GIST tumors were chopped into small pieced (~8mm?), then
subcutaneously grafted into CB17-SCID mice (Taconic). Tumor sizes were mea-
sured weekly starting 2-8 weeks after xenografting depends on tumor growth
rate. For short-term treatment, xenografts were explanted after 2 days of drug
treatment for histology analysis; protein and RNA were isolated for immunoblots
and qRT-PCR analyses, respectively. For long term treatment, xenograft were
treated twice daily until the end of experiments. For GIST882 treatment from the
same day of implantation, GIST882 cells expressing firefly luciferase were graft-
ed. Tumor growth was monitored by bioluminescence imaging of anesthetized
mice by retro-orbitally injecting d-luciferin and imaging with the IVIS Spectrum
Xenogen machine (Caliper Life Science). To generate lysates for western blot-
ting, tissue was homologized in SDS lysis buffer using the FastPrep-24 system

with Lysing Matrix A (MP Biomedicals).
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Human Tumor Tissue Collection

Biospecimens were collected during surgical resection from patients with patho-
logic diagnosis of MPNSTs or neurofibromas. Material was collected under in-
stitutional review board (IRB)-approved protocols (IRB 06-107) at MSKCC. All
patients provided informed consent. Pathologic diagnosis was confirmed by at
least two pathologists using diagnostic formalin-fixed and paraffin-embedded
sections to select cases with an estimated tumor content of >70%. The majority
of the tumors were collected from different patients. In some cases, more than
one tumor was selected from the same patient, and these tumors were resected

from distinct anatomical locations in different surgeries.

For the discovery cohort, the goal was to obtain normal DNA and tumor DNA for
whole-exome sequencing and SNP6.0 array analysis and to obtain tumor RNA
for RNA-seq analysis. A total of 15 fresh-frozen paired MPNST tumor—normal
samples were identified. Tumor and adjacent normal tissue specimens were em-
bedded in optimal cutting temperature (OCT) medium, and a histological section
was obtained for review. Cryomolds of both tumor and normal tissues were mac-
rodissected to minimize contamination before RNA and DNA preparation. Sam-
ple processing was designed to secure samples and minimize the availability of
identifying information. Specimens with insufficient tissue amount or severely

degraded nucleic acids were excluded.

The IMPACT assay is ahybridization capture, next-generation sequencing platform
amenable to DNA from both fresh-frozen and formalin-fixed, paraffin-embedded
samples for targeted sequencing. The panel includes NF1, SUZ12, EED, CDK-
N2A and TP53.(Won, Scott et al. 2013) We validated the somatic mutational find-

ings from the discovery cohort by performing IMPACT assays on the same DNA
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isolated from tumor tissue. In addition, we performed IMPACT assays on DNA
from formalin-fixed, paraffin-embedded samples derived from a second cohort of
37 MPNSTs and 7 neurofibromas from individuals with NF1 who were diagnosed

with concurrent MPNST.

Sample Preparation and Quality Control for Genomic Analysis

RNA was extracted from tumor and normal tissues using a modification of the
protocol for the DNA/RNA AllPrep kit (Qiagen). DNA from fresh-frozen tissues
was extracted from tumor and normal tissue specimens using the DNeasy Blood
and Tissue kit (Qiagen). DNA from formalin-fixed, paraffin-embedded samples
was isolated using the QlAamp DNA FFPE Tissue kit (Qiagen). DNA from each
specimen was initially quantified using the NanoDrop UV spectrophotometer and

was further quantified with the Bioanalyzer assay (Agilent Technologies).

RNA Sequencing and Analysis

The isolated RNA was processed using the TruSeq RNA Sample Prep kit
(15026495, lllumina) according to the manufacturer’s protocol. Briefly, RNA was
polyA selected and reverse transcribed, and the cDNA obtained underwent end
repair, A-tailing, ligation of the indexes and adaptors, and PCR enrichment. Li-
braries were sequenced on the lllumina HiSeq 2500 platform with 51-bp paired-
end reads to obtain a minimum yield of 40 million reads per sample. Sequence
data were processed and mapped to the human reference genome (hg19) using
STAR (v2.3).(Dobin, Davis et al. 2013, Anders and Huber 2010, Anders, Pyl et
al. 2015) Variance in expression levels was calculated for all genes across sam-
ples, and the 75th percentile was set as a cutoff. PCA was performed on the
set of genes with variance greater than this cutoff. We used ANOVA to define

differentially expressed genes between samples with PRC2 loss and wild-type
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PRC2. Genes that showed a >8-fold difference in expression and a corrected
FDR of <0.05 (479 genes) were used for clustering and gene ontology analy-
sis. Hierarchical clustering was performed using Pearson correlation in GENE-E
software, and heat maps were displayed using GENE-E. Gene ontology anal-
ysis was performed using DAVID to discover enriched pathways and gene on-
tologies.(Huang, Sherman et al. 2009) GSEA to discover gene sets enriched
among upregulated genes in samples with PRC2 loss was performed using the
JAVA GSEA 2.0 program.(Subramanian, Tamayo et al. 2005) The gene sets used
were Broad Molecular Signatures Database gene sets c2 (curated gene sets),
c5 (gene ontology gene sets), c6 (oncogenic signatures) and c7 (immunologic
signatures) as well as the additional sets ‘PRC2_Module’ and ‘ES_Core’, totaling

6,886 gene sets.(Kim, Woo et al. 2010)

We have also performed at least three sets of independent ETV1 shRNA
knockdown experiments in GIST882, GIST48 and GIST-T1 cells and assayed
the effects of ETV1 suppression on KIT expression by qRT-PCR and pooled
all experiments for analysis. To determine the transcriptional effect of Cre-me-
diated Etv1 exon 11 excision in murine cecal tumors, we performed RNA-Seq
(GSE64608) and analysis as described in the previous paragraph. For ETV1
shRNA knockdown RNA-seq in MPNST cell lines, MPNST724, ST88-14 and
SNF96.2 cells were knockdown with ETV1 shRNA or scramble shRNA. The
knockdown efficiency for ETV1 were validated by qRT-PCR and sequenced and

analyzed as described in this section.

DNA Sequencing and Analysis.
Whole-exome sequencing of DNA from fresh-frozen tissue used 1,000 ng (or 500

ng in select cases) of DNA from either tumor or normal samples. DNA was sub-
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jected to shearing, end repair, phosphorylation and ligation to barcoded sequenc-
ing adaptors according to the manufacturer’s guidelines. Ligated DNA was size
selected for fragments between 200 and 400 bp in length. These fragments were
multiplexed and underwent exonic hybrid capture with SureSelect V4+UTRs ex-
ome bait (Agilent Technologies). Captured DNA was sequenced on the lllumina
HiSeq 2500 platform with 75-bp paired-end reads. Raw sequences were aligned
to the human genome reference sequence (hg19) using Burrows-Wheeler Align-
er (BWA).(Li and Durbin 2010)? Total read count and coverage depth are shown
in Table 2.1. Aligned data were further processed by removing duplicates using
Picard followed by indel realignment and base quality score recalibration with the
Gnome Analysis Toolkit (GATK).(McKenna, Hanna et al. 2010) Single-nucleotide
somatic mutations and somatic indels were called by taking the union of the calls
made by MuTect, Strelka and VarScan and applying a set of heuristic filters as
described in the VarScan 2 report.(Koboldt, Zhang et al. 2012, Saunders, Wong
et al. 2012, Cibulskis, Lawrence et al. 2013) Mutations were further filtered to
remove variants that were present in dbSNP137 but not in the Catalogue of So-
matic Mutations in Cancer (COSMIC, v64).(Bindal, Forbes et al. 2011) The data
were further analyzed and visualized using the cBioPortal.(Cerami, Gao et al.
2012) For IMPACT assays, library construction and sequencing were performed
by the MSKCC Genomics Core Facility. Alignment and SNV and indel calling
were performed as described above. Copy number analysis was performed as

previously described.(Won, Scott et al. 2013)
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SNP6.0 Arrays and Analysis.

Atotal of 500 ng of DNA from each tumor or normal tissue sample was hybridized
to the Affymetrix SNP6.0 array using protocols from the Genomics Core Labora-
tory at MSKCC. Allele-specific copy number for each tumor-normal pair of arrays
was calculated using TumorBoost in the Aroma package.(Bengtsson, Neuvial et

al. 2010)

Cell lines, Antibodies and Reagents

The GIST48 and GIST882 cell lines were obtained from the laboratory of Dr.
Jonathan A. Fletcher (Dana-Farber Cancer Institute). The GIST882 cell line, ob-
tained from an imatinib naive patient, harbours a homozygous exon 13 KIT muta-
tion (K642E) and was maintained in RPMI supplemented with 15% FBS, 10mM
HEPES pH 7.5. The GIST48 cell line, obtained from an imatinib-resistant patient,
harbours a homozygous exon 11 KIT mutation (V560D) and a secondary hetero-
zygous Exon 17 KIT mutation (D820A) and was maintained in Ham’s F10 media
supplemented with 15% FBS, 0.5% MITO + Serum Extender (BD Biosciences),
and 30 mgl~' bovine pituitary extract (BD Biosciences). The GIST-T1 cell line was
obtained from Dr. Takahiro Taguchi.(Taguchi, Sonobe et al. 2002) The GIST-T1
cell line harbors 57-nucleotide (V570-Y578) in-flame deletion in KIT exon 11 and
was maintained in RPMI supplemented with 10% FBS, 10mM HEPES pH 7.5.
The MPNST724 and ST88-14 human MPNST cell lines were obtained from the
laboratory of Dr. Jonathan A. Fletcher (Dana-Farber Cancer Institute) and by
testing have been determined to be mycoplasma free. MPNST 724 and ST88-14
were grown in RPMI supplemented with 10% FBS and RPMI supplemented with
15% FBS, respectively. The MPNST cell lines: 920107.2, 871023.1, 900312.3,
911031.6 and 900105.1 were obtained from MSKCC private collection and tested
mycoplasma free. They were grown in advanced DMEM with 15% FBS. The
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SNF96.2 MPNST, U20S osteosarcoma, LNCaP prostate cancer and NIH-3T3
mouse embryonic fibroblast cells were obtained from the American Type Culture
Collection and cultured as recommended. All cell lines have been authenticated
and tested negative for mycoplasma infection by MycoAlert Plus MycoPlasma

Detection Kit (Lonza).

Antibodies in Table 2.2 were used for immunoblot (IB), immunofluorescence (IF),

immunohistochemistry (IHC) and ChlP.

The MEK162 (a MEK inhibitor) and imatinib (a KIT inhibitor) were supplied by

Novartis. Dabrafenib was purchased from Active Biochem.
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Immunoblotting, Immunofluorescence, Inmunohistochemistry and Histol-
ogy

For immunofluorescence of cryostat sections of the mouse gastrointestinal tract,
mouse stomach, small intestine, caecum and large intestine were dissected
and fixed in 4% paraformaldehyde for 2h followed by an overnight incubation in
30% sucrose. They were then embedded in OCT, flash frozen and cut into 5-uym
sections using a cryostat. Tissue sections were blocked for 1 hour using 5%
goat serum, incubated with primary antibodies at 4 °C overnight and secondary
antibody for 2h at room temperature. For immunofluorescence of infected cell
lines, cells were fixed in 4% paraformaldehyde for 10 min, permeabilized in 0.1%
Triton X-100 and blocked for 1 h using 10% goat serum. Cells were then incu-
bated for 2 h in primary antibody followed by secondary antibody. Slides were
mounted using Prolong Gold with DAPI (Invitrogen). Photographs were taken
on a Nikon microscope using a Roeper Scientific camera. Slides were mount-
ed using Prolong Gold (Invitrogen) and images were taken on a Nikon Eclipse
TE2000-E microscope using a Photometric Coolsnap HQ camera. Images were
taken with x20 (numerical aperture 0.75) or x60 (numerical aperture 1.4) objec-
tives. Monochrome images taken with DAPI, FITC and Texas Red filter sets were
pseudo-colored blue, green and red, respectively, and merged using Imaged The
exposure, threshold and maximum were identical between experimental and
control sample images. Tissue paraffin embedding, sectioning and H&E staining
were performed by the Histoserv, Inc. Immunohistochemistry was performed by
the MSKCC HOPP automatic staining facility using a Ventana BenchMark UL-

TRA automated stainer.

Stable Gene Expression

cDNAs for human wild-type MEK1, wild-type MEK2, MEK1:"°F mutant, ME-
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K2L11%" mutant were cloned into lentiviral based vector pLX301(Addgene). Len-
tivirus was produced in 293FT cells by standard methods using amphotropic
packaging vector. GIST-T1 cells were infected and selected with 2ug/ml puro-
mycin for 5 days at 48 hours post infection for subsequent biochemical and drug

treatment studies.

To determine the effect of ETV1 overexpression on KIT transcript levels, cDNA
of human ETV1 was cloned into MSCV-based retroviral vector pMIG (Addgene).
Retrovirus was produced in 293FT cells by standard methods using amphotropic
packaging vector. GIST882 and GIST-T1 cells were infected with empty vector
or pMIG-ETV1.

cDNAs for wild-type human EED and SUZ12 in pDONR vectors were obtained
from Harvard PlasmidID and cloned into an murine stem cell virus (MSCV)-based
retroviral vector with a sequence encoding a Flag-HA (FH) tag (Addgene plasmid
41033) using Gateway technology.(Sowa, Bennett et al. 2009) To generate cell
lines stably expressing these constructs, MPNST724 and ST88-14 cells were
infected with empty vector, MSCV-FH-EED or MSCV-FH-SUZ12 and selected

using puromycin (2 pg/ml for 72 h).

RNA Isolation and qRT-PCR

For tissue culture cells, RNA was isolated using E.Z.N.A total RNA kit (Omega).
For xenograft and mouse models, explanted tissue samples were grounded in
1000yl Trizol (Invitrogen) using a PowerGen homogenizer (Fisher Scientific), fol-
lowed by addition of 200ul chloroform. The samples were then centrifuged at
10,000g for 15 min. The upper phase was mixed with an equal volume of 70%

ethanol, and the RNA was further purified using E.Z.N.A total RNA kit (Omega).
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For gRT-PCR, RNA was reverse transcribed using High-Capacity cDNA Reverse
Transcription Kit (ABI) and PCR was run using Power SYBR Master Mix (ABI) on
a Realplex machine (Eppendorf). Expression was normalized to the ribosomal

protein RPL27. The primer pairs in table 2.3 were used.

Chromatin Immunoprecipitation (ChIP) and Sequencing

Chromatin isolation from samples performed as previously described.(Chi, Chen
et al. 2010) Briefly, cells were crosslinked for 15min in 1% araformaldehyde,
washed and lysed. Chromatin was sheared using Bioruptor (Diagenode) to
fragments of approximately 150 base pairs and was incubated with antibodies,
washed and eluted. The eluted chromatin was reverse-cross-linked, and DNA
was column purified. The purified ChIP DNA was either analyzed with gRT-PCR
directly for quantitative analysis, or was blunt-ended, ligated to Solexa adaptors,
amplified with 18 cycles of PCR and sequenced on a Solexa Genome Analyser.
We performed independent quantitative PCR validation of separate ChIP sam-

ples using Table 2.4.
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Table 2.3 Primer sets for gRT-PCR

ETV1 Forward CTACCCCATGGACCACAGATTT
Reverse |CTTAAAGCCTTGTGGTGGGAAG
KIT Forward GGGATTTTCTCTGCGTTCTG
Reverse |GATGGATGGATGGTGGAGAC
DUSPS Forward |[TGCCGGGCGTTCTACCTGGA
Reverse |GGCGAGCTGCTGCTACACGA
RPL27 Forward CATGGGCAAGAAGAAGATCG
Reverse |TCCAAGGGGATATCCACAGA
FOXN4 Forward CGTACAGCTGTCTGATCGCC
Reverse |GGAGCCGCTCATCTTGTTCT
IGE2 Forward |TCGCCGAACCAAAGTGGATT
Reverse |GGGGCAGAGATAGTGGGAGA
Forward |AGGCGCTCAAAATGACCGAT
Texi Reverse |ACAAGCCGTTACCTCCACTT
paX? Forward CAGGAATGGTGCCTGGGAG
Reverse |TTAGTAAGGCGGGGTTGCTG
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Table 2.4 Primer sets for ChIP qRT-PCR validation

Forward GAAGCAAACCCCAGGCTGTA
KIT enhancer1

Reverse ITTGCCAACTGTTGCTTCGG

Forward GGEGEGAAGCACGAAAAACACC
KIT enhancer2

Reverse |TCGAAGACTTGTCCCTTGGC

Forward TGGETTTCCTCGTCACAGATCC
KIT enhancer3

Reverse |GGAAGAAAGGAGCAGCGGAA

Forward TGGGCGTGTCTCCTCTGC

PSA promoter
Reverse |CCTGGATGCACCAGGCC
FOXN4 Forward |TCAGAAATGCCACAAGCCCT
Reverse |CAGTGTTTGTGTGTTGCGGG
IGE2 Forward |GGGGCAGAGATAGTGGGAGA
Reverse |TCTGTTTCTCTCCGTGCTGT
TLX Forward |GACCAGATCCTCAACAGCCC
Reverse |TATTCTCCGTCCTGGAGGC
PAX? Forward |GGCTTGCAGAACAAATGCCA

Reverse |(TCTGGAGTTCTCCCTCCCTG
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Next-generation sequencing was performed on either an Illumina Genome An-
alyzer Il or a HiSeq2000 with 50-bp single reads. Reads were aligned to the
human genome (hg 19) using the Bowtie alignment software within the lllumina
Analysis Pipeline and duplicate reads were eliminated for subsequent analy-
sis. Peak calling was performed using MACS 1.4 comparing immunoprecipitated
chromatin with input chromatin. On the basis of RefSeq gene annotation, the
resultant peaks were separated into promoter peaks (located within £2 kb of a
transcription start site), promoter distal peaks (located from -50 kb of a transcrip-
tion start to +5 kb of a transcription end) and otherwise intergenic peaks. The
ChlP-seq profiles presented were generated using Integrated Genome Browser

software of SGR format files.

Cell Viability

Growth curve analysis of the infected cells was performed using Alamar blue cell
viability reagent (DAL1100, Life Technologies). For drug treatment experiments,
cells were seeded with desired concentration in 96-well plate on day 0 and treat-
ed with drugs after 12h to allow cell attach. Triplicate wells were cultured until

day 7 and viability was assessed.

Lentiviral Knockdown and CRISPR/Cas9 Mediated Knockout

pLKO.1 constructs against ETV71 (shETV1: TRCNO0000013925, targeting
CGACCCAGTGTATGAACACAA in exon 7) were purchased from Open Bio-
systems and pLKO.1 shScr (targeting CCTAAGGTTAAGTCGCCCTCG) was
purchased from Addgene. Lentiviruses were generated by co-transfecting the
shETV1 hairpin constructs with psPax2 and pVSVG (Addgene) into 293FT
cells (Invitrogen) using Lipofectamine 2000 (Invitrogen). GIST882, GIST48 and
GIST-T1 cells were infected shSCR or shETV1 lentivirus. RNA was collected 72
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hours post infection and analyzed for KIT mRNA by RT-PCR.

In order to knock out ETV17 in human GIST cell lines, we designed 3 pairs of single
guide RNA (sgRNA) sequences for human ETV1 using the design tool from Feng
Zhang Lab and cloned the targeting sequences into the lentiCRISPRv2 vector
obtained from Addgene. Lentiviruses for ETV1 sgRNAs or vector control were
generated in 293FT cells by standard methods using amphotropic packaging
vector. GIST48 cells were infected with lentivirus for 48 hours and selected with
2ug/ml puromycin for 7 days. KIT mRNA and protein level were analyzed 16 days

post infection. The target guides sequences are shown in table 2.5.

Statistics

Fleiss’ k statistic was used to assess the strength of co-occurrence for NF1 muta-
tion, PRC2 component mutation and CDKN2A mutation. The R package irr was
used to calculate the statistic and P value.(Fleiss 1971) All statistical compari-
sons between two groups were performed by Graphpad Prism software used a

two-tailed unpaired t test.
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Table 2.5 CRISPR target guides sequences

SGETVA-1 Forward |CACCGTGAAGAGGTGGCCCGACGTT
Reverse |AAACAACGTCGGGCCACCTCTTCAC

SgETVA-2 Forward |CACCGCAGCCCTTTAAATTCAGCTA
Reverse |AAACTAGCTGAATTTAAAGGGCTGC
Forward |CACCGGATCCTCGCCGTTGGTATGT

SETVI-3 Reverse |AAACACATACCAACGGCGAGGATCC
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CHAPTER THREE

An Oncogenic Role for ETV1 in Malignant Peripheral Nerve Sheath Tumor

Introduction

Malignant Peripheral Nerve Sheath Tumors (MPNSTs) is a type of highly ag-
gressive soft-tissue sarcomas, accounting for 3-10% of all soft tissue sarcomas.
(Vauthey, Woodruff et al. 1995, Lawrence, Brennan et al. 1998, Grobmyer, Re-
ith et al. 2008) There are three subtypes of MPNSTs: neurofibromatosis type |
(NF1)-associated (~50%), sporadic (~40%), and radiation-induced (~10%). NF1
is the most common known risk factor for MPNSTs. The prognosis of MPNSTs
is very poor with a 5-year survival rate of 30-60% due to primary resistance to
standard chemotherapy and radiotherapy.(Evans, Baser et al. 2002, Grobmyer,

Reith et al. 2008, Stucky, Johnson et al. 2012, Brennan, Antonescu et al. 2013)

Molecular events contributing to MPNST pathogenesis remained largely un-
known until recent comprehensive oncogenomic studies with large number of
patient samples.(De Raedt, Beert et al. 2014, Lee, Teckie et al. 2014, Zhang,
Wang et al. 2014) It is now known that neurofibromin 1 (NF1) loss-of-function
mutations or deletions are identified in 72% of non-NF1 associated MPNSTSs,
together with germline-line mutations in NF1-associated MPNSTs. Alterations of
tumor suppressor genes CDKN2A and TP53 are reported in 81% and 33% of
MPNSTSs, respectively. 92% of sporadic, 70% of NF1-associated and 90% of
radiotherapy-associated MPNSTs harbor loss-of-function somatic mutations of
polycomb repressive complex 2 (PRC2) components (EED or SUZ12). Addition-

al oncogenic alterations have also been implicated in MPNSTSs, including KIT,
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PDGFR and SOX9. However, the mechanisms through which these oncogenic

mutations contribute to MPNST are poorly elucidated.

Here we show that ETV1, an ETS family transcription factor, is highly expressed
in MPNST patient tumors and cell lines. Knockdown of ETV1 results in growth in-
hibition of MPNST cells and tumorigenesis in xenograft mouse model. Moreover,
overexpression of ETV1 protein in combination with NF71 loss leads to malignant
transformation of NIH3T3 cells and tumorigenic growth in SCID mice, suggestion
their potential cooperative roles in MPNST pathogenesis. Transcriptome profiling
and global analysis of ETV1-binding sites show that ETV1 regulates core sets of
genes that are important for oncogenesis. These observations suggest an onco-

genic role for ETV1 in MPNST pathogenesis.

Results

ETV1 is highly expressed in MPNSTs

Previous studies indicate that chromosome 7p is frequently amplified in MPNSTSs.
(Yang, Ylipaa et al. 2011) ETV1, located on chromosome 7p21, has also been
indicated to highly expressed in MPNST.(Miller, Rangwala et al. 2006) We have
mined the publically available expression datasets and found that ETV1 is signifi-
cantly highly expressed in MPNST compared to many other sarcoma tumor types
(Figure 3.1A).(Henderson, Guiliano et al. 2005) ETV1, an ETS family transcrip-
tion factor, has been reported as potent oncogene in Ewing sarcoma, melanoma,
prostate cancer and gastrointestinal stromal tumors.(Mertens, Antonescu et al.
2009, Chi, Chen et al. 2010, Jane-Valbuena, Widlund et al. 2010, Yang, Ylipaa
et al. 2011) Quantitative RT-PCR showed that ETV1 messenger RNA is highly
expressed in the majority of MPNST tumor samples (17/18) and all MPNST cell

lines (8/8) in comparison to the U20S osteosarcoma cell line and the LNCaP
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prostate cancer cell line known to overexpress ETV1 through translocation (Fig-
ure 3.1B).(Tomlins, Laxman et al. 2007) Immunoblot analysis further confirmed
the increased level of ETV1 protein in MPNST cell lines and one MPNST patient
tumor (Figure 3.1C). Together these data show that ETV1 is highly expressed in
MPNST both at the mRNA and the protein levels.

ETV1 is required for MPNST cell survival

To evaluate the role of ETV1 for MPNST pathogenesis, we used two indepen-
dent short hairpin RNA (shRNA) constructs that effectively reduced ETVT mRNA
and protein levels, as well as a negative control constructs containing scramble
shRNA (Figure 3.2A, B). Infection with both shRNAs resulted in marked growth
inhibition of all three MPNST cell lines, whereas control scramble shRNA did
not affect cell growth. Consistent with the level of ETV1 knockdown, ETV1 sh2
showed more significant growth suppression than ETV1 sh1 in MPNST724 and
ST88-14 cells (Figure 3.2C). To eliminate the possibility that the growth inhibition
effects observed were resulted from off-target effects of ETV1 shRNAs, we also
tested the shRNA in U20S cells that were previously shown not depend on ETV1
for survival.(Chi, Chen et al. 2010) The growth of U20S cells was largely unaf-
fected although ETV1 sh2 showed slight toxicity. Moreover, ETV1 knockdown
induced significant apoptosis in all three MPNST cell lines as indicated by active
cleaved caspase 3 (Figure 3.2B). Cell cycle analysis showed that suppression
of ETV1 did not affect cell proliferation of MPNST cells (Figure 3.3 and data
not shown), suggesting that ETV1 was not required for cell growth. Collectively,

these observations indicate that ETV1 is required for MPNST cell survival.
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Figure 3.1 ETV1 is highly expressed in MPNST

A, Expression of ETV1 in multiple tumor types from the ExpO data set. Box, 25th—
75th percentile; error bar, 10th—90th percentile; dots, outliers. B, ETVT mRNA lev-
els by qRT-PCR of MPNST patient tumors (top), MPNST cell lines (bottom) and
non-MPNST samples, whose details are described in Methods. Meants.e.m,, n =
3. C, Immunoblotting of selected tumor tissues and cell lines from B.
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Figure 3.2 ETV1 is required for MPNST cell survival

A, Growth curves of MPNST and U20S cells after shRNA-mediated ETV1 sup-
pression compared with control. Meants.e.m., n = 3.B, ETV1 mRNA levels by
gRT-PCR of cells after 48 hours of shRNA knockdown in A. Meants.e.m,, n = 3.
C, Immunoblotting of ETV1 and cleaved-capsase 3 protein for cells in B.
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Figure 3.3 ETV1 suppression does not affect cell cycle in MPNST724 cells
A, Cell cycle analysis of MPNST724 cells 48 hours after infecting with shRNA.
B, Cell cycle analysis of U20S control cells 48 hours after infecting with shRNA.

Meants.e.m,, n = 3.
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ETV1 depletion attenuates MPNST tumorigenesis

Next, we assessed the requirement of ETV1 for MPNST tumorigenesis in vivo.
We subcloned the more potent shRNA sequence ETV1 sh2 to a doxycycline
(dox)-inducible shRNA system, enabling knockdown ETV1 with doxycycline
treatment (Figure 3.4A). Stable cell lines containing dox-inducible shRNA tar-
geting ETV1 or scramble were generated in MPNST724 cells. Using this sys-
tem, ETV1 mRNA and protein level were effectively decreased with doxycycline
(Figure 3.4B). MPNST724 cells with scramble shRNA or ETV1 sh2 shRNA were
subsequently injected into immunodeficient SCID mice and tumor growth were
measured (Figure 3.5A). To evaluate the importance of ETV1 for MPNST tumor
initiation, SCID mice were fed with doxycycline-containing water from same day
as the cell grafted. Compare to scramble shRNA controls, tumor appearance for
cells with ETV1 sh2 shRNA was delayed compared to MPNST scramble shRNA
(Figure 3.5B). Mice were also allowed to establish tumors without doxycycline
treatment for 2 months. When ETV1 was depleted with doxycycline after tumor
established, tumor growth rate was significantly decreased compared to controls
(Figure 3.5C). When tumors were exacted at the end of experiments, those tu-
mors that did grow out showed comparable ETV1 protein expression with control
tumors, indicating they have escaped ETV1 knockdown (Figure 3.6). These data
show that ETV1 is required for MPNST tumor establishment and maintenance

in vivo.
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Figure 3.4 Doxcycline-inducible shRNA can efficient knockdown ETV1

A, Schematic showing the doxycycline-inducible shRNA construct. B, ETV1
MRNA levels by gRT-PCR and immunoblotting of ETV1 protein of cells after shR-
NA knockdown for 48 hours.
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Figure 3.5 ETV1 depletion suppresses MPNST tumor initiation and mainte-
nance

A, Schematic of experimental design for xenografts in B and C. B, Tumor growth
of MPNST724 xenograft with doxycycline-inducible shRNA targeting scram-
ble or ETV1. Mice were fed with doxycycline water at the same day of grafting.
Meants.e.m,, n= 8. C, Tumor growth of MPNST724 xenograft with doxycycline-in-
ducible shRNA targeting scramble or ETV1. Mice were fed with doxycycline 60
days after grafting. Meants.e.m,, n=8.

67



Turmor Initiation Tumor Maintenace

TetON-shControl TetON-shETW1 TetON-shControl TetON-shETV1

1 2 3 1 2 3 1 2 3 1 2 3

ACTIN M v Ty Yy

Figure 3.6 MPNST tumors growing with ETV1shRNA escaped ETV7 knock-

down
Immunoblotting of ETV1 protein in xenograft tumors at the end of experiments.
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ETV1 overexpression cooperates with NF1 loss in tumorigenesis

Loss-of-function mutations in NF1 are identified in the majority of MPNSTs. We
evaluated the potentially cooperativity between NF1 loss and ETV1 overexpres-
sion with the NIH3T3 oncogene transformation system. ETV1 or empty vector
control were expressed in NIH3T3 cells, Nf1 were then knockout with clustered
regularly-interspaced short palindromic repeats (CRISPR) system. Immunoblot
confirmed that ETV1 protein was overexpressed and Nf1 protein was depleted
in NIH3T3s (Figure 3.7A). Cells harboring different plasmid combination were
grafted into immunodeficient SCID mice to allow tumor formation. As expected,
Nf1 knockout NIH3T3 cells were transformed and grew tumors in SCID mice,
while ETV1 overexpression was not able to transform NIH3T3 cells and no tumor
formed (Figure 3.7B). ETV1 overexpression strongly cooperated with Nf7 knock-
out to promote tumor growth at faster rate than Nf1 knockout alone, suggesting

ETV1 overexpression might cooperate with NF1 loss in MPNST pathogenesis.
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Figure 3.7 ETV1 cooperates with Nf1 loss to drive tumorigenesis in NIH3T3

A, Immunoblotting of Nf1 and ETV1 in NIH3T3 cells. B, Tumor growth of NIH3T3
xenografts. Meants.e.m,, n = 10.
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ETV1 requlate context for MPNSTs

To gain insights into the role of ETV1 in MPNST pathogenesis, we performed
RNA-sequencing for MPNST cells after ETV1 knockdown with shRNA to identify
ETV1 target genes in MPNST. Ranked gene list based on the average gene ex-
pression change after ETV1 knockdown was generated to minimize cell-line-spe-
cific and off-target effects (Figure 3.8A). Chromatin immunoprecipitation and
deep sequencing (ChlP-seq) was also performed in three MPNST cells to iden-
tify ETV1 genome-wide binding sites. Gene Set Enrichment Analysis (GSEA)
showed that ETV1-regulated gene sets in cancer types such as GIST (Figure
3.8B) and Ewing sarcoma (data not shown), suggesting that ETV1 could regulate
a common set of gene targets between different cancer types during tumorigen-
esis. In addition, multiple cancer-related pathways were significantly enriched in-
dicating that ETV1 might play an important role in MPNST pathogenesis (Figure
3.8C, D). Moreover, among the genes that were highly down-regulated by ETV1
knockdown, many were directly regulated by ETV1 as indicated by ETV1 binding
peaks in ChlP-seq analysis (Figure 3.8E-G). Our data suggest that ETV71 might

regulate an important cellular context for MPNST pathogenesis.

Discussion

In this study, we identified overexpression of ETV1 in majority MPNST patients
and cell lines. Subsequent studies showed that ETV1 is required for MPNST cell
survival and tumorigenesis. Combination of ETV1 overexpression with aberrant
MAP kinase signaling through Nf1 knockout showed synergistically oncogenic
potential in NIH3T3 mouse fibroblast cells. Transcriptome and cistrome analysis
suggested a potential oncogenic context that is defined by ETV1 for MPNST
pathogenesis. Taken together, our observations strongly suggest an important

oncogenic role for ETV1 in MPNST.
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Figure 3.8 ETV1 regulates important cellular context for MPNST tumorigen-
esis

A, Heatmap of expression of the top 50 genes with average down-regulation
greater than 2-fold. B-D, GSEA plots of the shETV1 ranked list using ETV1-reg-
ulated module in GIST (B), breast cancer invasive gene module (C) and lympho-
ma related module (D). NES, normalized enrichment score. FDR, false discovery
rate. E-G, ETV1 reads of ETV1 target genes, ETV (E), DUSP6 (F) and MET (G)
in three MPNST cell lines.
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Recent studies have pointed to the important role of ETV1 in cancer pathogen-
esis in Ewing sarcoma, melanoma, prostate cancer and gastrointestinal stromal
tumors. We have described the oncogenic role of ETV1 into MPNST pathogen-
esis, expanding our understanding for ETV1 and the mechanism through which
ETV1 contribute tumorigenesis in different cellular context. With further integrat-
ed analysis of different cancer types together, we might be able to define a core

oncogenic signature of ETV1 or ETS transcription factors in these cancer types.

Cooperativity between ETV1 and MAP kinase signaling is shown to be critical for
ETV1-driven pathogenesis in melanoma with RAS/RAF mutations, in gastroin-
testinal stromal tumors with activated KIT mutations, or here in MPNST with NF1
loss. Up-regulated MAP kinase signaling stabilizes ETV1, resulting in deregu-
lated ETV1 protein and ETV1-mediated oncogenic signaling. In gastrointestinal
stromal tumors, ETV1 further forms a positive feedback loop with KIT mutation
through direct regulation of KIT transcription.(Chi, Chen et al. 2010) Loss of NF1
and ETV1 overexpression in MPNST further emphasizes the importance of co-

operation between oncogenic driver and signaling.

The dependencies of ETV1 for survival and tumorigenesis in MPNST indicate
that ETV1 is a potential drug target for MPNST. Despite the difficultly to direct
targeting transcription factors, ETV1 protein is tightly regulated by MAP kinase
signaling which allows indirect-targeting of ETV1 with MAP kinase signaling in-
hibition.(Chi, Chen et al. 2010, Vitari, Leong et al. 2011, Ran, Sirota et al. 2015)
Thus, effective MAP kinase signaling inhibition with single agent or combination
agents could be helpful for MPNST management. Moreover, small molecule in-
hibitors of ETV1 are under development, and could be a novel therapeutic agent

for MPNST if proven to be effective in MPNST as well.(Rahim, Minas et al. 2014)
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CHAPTER FOUR

PRC2 is Recurrently Inactivated Through EED or SUZ12 Loss in Malignant

Peripheral Nerve Sheath Tumors

Introduction

MPNSTs arise from peripheral nerves and associated cellular components and
represent a highly aggressive subtype of soft tissue sarcoma(Brennan, Antones-
cu et al. 2013). MPNSTs metastasize early and are often resistant to radiother-
apy and chemotherapy. Conventional MPNSTs present in three distinct clinical
settings: sporadically, in association with neurofibromatosis type | (NF1-associ-
ated) or prior radiotherapy (radiotherapy-associated), respectively accounting for
approximately 45%, 45% and 10% of cases(Rodriguez 2012, LaFemina 2013).
Histologicallyy, MPNSTs are characterized by intersecting fascicles of monoto-
nous spindle cells with hyperchromatic nuclei and high mitotic counts with focal
areas of necrosis, but accurate diagnosis remains challenging due to the lack of
specific immunohistochemical (IHC) and molecular biomarkers(Rodriguez 2012,
Antonescu, Scheithauer et al. 2013). Among NF1-patients, loss of the non-mu-
tant allele is thought to be the key driver in benign NF1-associated neurofibro-
mas(Taylor 2011). Little is known of the genetic alterations that mediate pro-
gression from neurofibromas into MPNST in NF1-patients or of the molecular

pathogenesis of sporadic and radiotherapy-associated MPNSTSs.

Results
To investigate the molecular basis of MPNSTs, we performed whole-exome se-

quencing (WES), DNA copy-number and loss-of-heterozygosity (LOH) profiling
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and whole-transcriptome sequencing (RNA-seq) of a discovery cohort consisting
of normal-tumor paired tissues of 15 MPNSTs from 12 patients (6 NF1-associat-
ed, 4 sporadic, 4 radiotherapy-associated and 1 epithelioid MPNSTSs). Epithelioid
MPNST is a rare histological variant of MPNST, composed of exclusively epithe-
lioid malignant cells with diffuse immunoreactivity for the S100 protein, and is not

associated with NF1(Antonescu 2013).

We identified four frame-shift and one splice-site mutations in EED (Figure 4.1A,
C and Figure 4.2). RNA-seq validated aberrant EED splicing in the splice-site
mutated sample (Figure 4.3A). All five samples showed LOH of the EED lo-
cus, three samples (11T, 12T, 14T) by heterozygous deletion of the normal allele
(Figure 4.2B) and two samples (15T, 16T) by copy-neutral LOH (Figure 4.3B).
This data suggests that samples with EED mutation have complete loss of EED

function.

We further identified two homozygous and five heterozygous deletions of SUZ12
(Figure 4.1A,C, Figure 4.2 and Figure 4.4A). We examined RNA-seq profiles of
the SUZ12 transcript among the five heterozygous loss samples. Two samples,
9T and 12T (with EED mutations encoding p.His213fs), expressed full-length
SUZ12 transcript, indicating that the remaining SUZ12 copy is intact (Figure
4.2B and data not shown). Remarkably, the other three samples display structur-
al alterations of SUZ12 transcript, starting at exon 6, exon 10 and exon 4 in 2T,

7T and 13T, respectively (Figure 4.4B-D).
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Figure 4.1 The most frequent genetic alterations in MPNST (NF1 associated,
sporadic, radiotherapy associated and epithelioid) and neurofibroma

A,B, Nonsynonymous single-nucleotide variants (SNVs) and copy number vari-
ants (CNVs) in 15 MPNSTs with matched normal samples identified by whole-ex-
ome sequencing, SNP6.0 array analysis and RNA-seq A and in 37 MPNSTs and
7 neurofibromas identified by targeted sequencing (IMPACT) B. Brackets indi-
cate two different tumor samples from the same individual. WT, wild type; hom,
homozygous; het, heterozygous; SV, structural variation (light shading indicates
heterozygous loss and dark shading indicates homozygous loss). C, Schemat-
ics of the nonsynonymous SNVs observed in the PRC2 core components EED
and SUZ12 in 15 MPNST samples analyzed by whole-exome sequencing and
37 MPNST samples analyzed by custom IMPACT. D Schematic of the overlap of
mutations affecting NF7, PRC2 components (EED or SUZ12) and CDKNZ2A in all
MPNSTSs (NF1 associated, sporadic, radiotherapy associated and epithelioid). With
Fleiss’ k statistics, three-way comparison ofNF1, CDOKN2A and PRC2 component
(EED or SUZ12) genetic alteration suggested that they significantly co-occur: k =
0.21, P=0.001.
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Figure 4.2 Summary of copy number variation by SNP6.0 array of MPNSTs
A, Whole-genome view of copy number variations (CNVs) using an integrative
genome browser (IGV) in the 15 MPNST samples. The clinical subtype of MPNST
is shown on the left: NF1 associated (green), sporadic (yellow), RT associated
(red) and epithelioid (blue). B, Zoomed-in view of 1-Mb windows around CDK-
N2A, EED, TP53 and NF1-SUZ12. Somatic single-nucleotide variations (SNVs)
and indels are annotated by red asterisks. Transcript alterations seen on RNA-seq
likely due to DNA structural variations are annotated by red plus signs.

77



A

. 14T (tumor) "
RHA{ — N
| i i 21T (reference tumaor) L
14T [tumer)
e { v LY ol
14N(normal)
auon? exond axond EED axoni()
chr11:85,973,974 chr11:85,988, 758
B §') omm
Eu.{m_l o
- |
gﬂ.ﬂj
_gm,
E oE

.I- '. ﬁ Ili.'.'.-.'-‘i"r'.‘--":; i i' g

an B0 0
Chromosome 11 Position (Mb)

% 1
in i i
.‘E:.m Shah e M 4t e PR b et et e et
I
& g | R e R s ke g
007 e ' | AT T i AT e e
L] 0 40 &0 &0 100 120 140

Chromoseme 11 Position (Mb)

Figure 4.3 EED alterations in MPNST

A, Example of an EED splice-site mutation in sample 14T. DNA sequencing shows
a donor splice-site mutation of exon 8 of the remaining intact allele. (The green line
indicates an SNV relative to the reference genome, and all other SNVs represent
SNPs found in both germline and tumor samples.) RNA-seq analysis shows that
the EEDtranscript aberrantly splices from exon 7 into exon 10, skipping exons 8
and 9. The normal RNA splicing pattern of a reference EED-intact tumor (sample
21T) is shown as a reference. B, Scatter plot of the allelic fraction of SNPs from the
SNP6.0 array analysis of chromosome 11 for tumors 15T and 16T. The data show
that the entire chromosome 11 in both tumors has undergone copy-neutral LOH.
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Figure 4.4 SUZ12 structural variants in MPNST

A, Copy number view of SUZ12 in seven MPNST samples that have either copy
number loss of copy-neutral LOH. Samples 2T, 7T and 13T have structural vari-
ants of the remaining allele. Samples 8T and 10T have homozygous deletion.
Samples 12T and 9T have intact wild-type RNA. B, Sashimi plot showing that
sample 2T has SUZ12transcript truncation after exon 6 (sample 21T with intact
transcript is shown as a reference). C, RNA-seq view of sample 7T showing loss
of the transcript in the middle of exon 10. DNA sequencing shows that there is

a translocation at this position (21T is shown as a reference). D, Sashimi plot
showing that sample 13T has SUZ12 transcript truncation after exon 4 with reads
mapping to intron 4 (21T is shown as a reference).
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These are likely due to local genomic rearrangements of the remaining copy,
which were not identified by standard WES analysis. Indeed, for 7T and 18T,
derived from two tumors from the same patient, there is a DNA break in exon 10
upon manual examination of WES data (Figure 4.4C). We designated these cas-
es as having structural variation and heterozygous loss at the SUZ12 locus, and,

intriguingly, all constituted in radiotherapy-associated MPNSTs (Figure 4.1A).

EED and SUZ12 are the core components of PRC2, and together with EZH1/
EZH2, establish and maintain the di- and tri-methylation of lysine 27 of histone
H3 (H3K27me2 and H3K27me3)(Margueron and Reinberg 2011). EED and
SUZ12 genetic alterations were mutually exclusive and were collectively found
in 80% (12/15) of all MPNSTs (Figure 4.1A, C). We did not observe any genetic
alterations in other PRC2 core members, including EZH1 and EZH?2.

We found recurrent nonsense mutations and Homozygous deletion in NF1 in
87.5% (7/8) of sporadic and radiotherapy-associated MPNSTs (Figure 4.1A and
Figure 4.2). These data, in combination with the germline mutations in NF1 in
NF1-associated MPNSTSs, suggest that NF1 is a uniquely important tumor sup-
pressor in MPNSTs. Alterations of the CDKNZ2A locus and of TP53 have been
reported in MPNSTs(Menon, Anderson et al. 1990, Kourea, Orlow et al. 1999,

Nielsen, Stemmer-Rachamimov et al. 1999, Perrone, Tabano et al. 2003)).

We observed homozygous deletion and heterozygous loss of the CDKN2A locus
in 73% (11/15) and 13% (2/15) of MPNSTSs, respectively. We also observed non-
synonymous mutations and heterozygous loss in TP53 in 13% (2/15) and 20%
(3/15) of MPNSTs. We did not identify other recurrent somatic alterations with

relatively high frequency.
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Next, we used a targeted sequencing approach (IMPACT(Won, Scott et al. 2013),
to characterize a validation cohort of formalin-fixed, paraffin-embedded samples
consisting of 37 MPNSTs and 7 neurofibromas from 32 individuals (Figure 4.1B).
Combining the discovery and validation cohorts, we observed PRC2 mutations
in 70% (19/27) of NF1-associated, 92% (12/13) of sporadic and 90% (8/9) of
radiotherapy-associated MPNSTs (Figure 4.1A-D). Genetic alterations in NF1
were identified in 82% (18/22) of sporadic and radiotherapy-associated MPNSTs.
Genetic alterations in CDKN2A and TP53 were found in 81% (42/52) and 42%
(22/52) of all MPNSTs, respectively (Figure 4.1A, B). There is a significant co-oc-
currence of NF1, CDKN2A and PRC2 genetic alterations (Fleiss’ k statistics, k =
0.21, P = 0.001)(Fleiss 1971), suggesting that these are three critical pathways
in pathogenesis of conventional MPNSTSs. In the seven NF1-associated neurofi-
bromas, we observed few PRC2 and CDKNZ2A alterations suggesting they may
be associated with malignant progression to MPNST. None of the three epithe-
lioid MPNSTs had genetic alterations in the three critical pathways, suggesting

that they represent a distinct entity.

To understand the effect of PRC2 loss, we performed gene expression analysis in
16 MPNSTSs. In principal component analysis (PCA), all samples with EED muta-
tions or SUZ12 homozygous deletion clustered together and were separated from
the others by the first principal component (PC1) (Figure 4.1A and Figure 4.5A).
Of the five samples with heterozygous loss of SUZ12, three with structural varia-
tion of the remaining SUZ12 copy (2T, 7T, 13T) and one with an SUZ12 mutation
encoding p.His213fs (12T) clustered with the group with PRC2 loss and one with
an intact SUZ12 transcript (9T) clustered with the group with wild-type PRC2.
These observations highlight the complexity in identifying structural variations

that accurately determine PRC2 status in cases of heterozygous EED loss.
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Figure 4.5 MPNSTs with PRC2 loss exhibit distinct gene expression pattern
from MPNSTs with wild-type PRC2, signifying activation of developmentally

suppressed pathways

A, PCA of the MPNST whole-transcriptome data showed that the samples with
wild-type PRC2 and those with PRC2 component (SUZ12 and EED) loss seg-
regate by principal component 1 (PC1). Each sample is colored on the basis of
its corresponding PRC2 mutational status derived from whole-exome sequencing
data, except for samples 21 and 22, which are colored on the basis of manual
examination of the RNA-seq data for mutations in PRC2 components. B, Heat
map of genes with significantly different expression in MPNSTs with PRC2 loss
and those with wild-type PRC2 identified by RNA-seq. Clustering was based on
the 479 most differentially expressed genes with a false discovery rate (FDR) of
<0.05 and a fold change in expression of >8.0. Samples are colored on the basis
of PRC2 mutational status. The key shows mean log, -transofrmed normalized fold
change. C, GO analysis of the differentially upregufated genes in MPNSTs with
PRC2 loss in comparison to those with wild-type PRC2. D, Gene expression by
RNA-seq of a representative group of developmental master regulators and im-
printed genes in MPNSTs with PRC2 loss and those with wild-type PRC2. Error
bars, s.e.m. (E-G) GSEA plots of the ranked list of differentially expressed genes
in MPNSTs with PRC2 loss and those with wild-type PRC2 generated using three
gene sets: PRC2 module (E), and H3K27me3 targets in brain (G), and neural pre-
cursor cells (F). NES, normalized enrichment score.
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To explore the transcriptional consequence of PRC2 loss, we generated a gene
set composed of genes that were differentially expressed in MPNSTs with loss of
PRC2 and those with wild-type PRC2. Hierarchical clustering of these genes ro-
bustly separated the MPNSTs with loss of PRC2 and those with wild-type PRC2.
The vast majority of differentially expressed genes (455/479; 95%) were upreg-
ulated in MPNSTs with PRC2 loss, consistent with the role of PRC2 in transcrip-
tional repression (Figure 4.5B). In Gene ontology (GO) analysis, known PRC2
suppressed targets, including homeobox transcription factors and genes associ-
ated with development and morphogenesis, were highly enriched among genes
upregulated in PRC2-loss MPNSTs (Figure 4.5C). The expression of several
prototypical PRC2-suppressed genes confirmed this difference (Figure 4.5D). In
Gene Set Enrichment Analysis (GSEA), the most significantly enriched gene sets
upregulated in MPNSTs with PRC2 loss included the ‘PRC2 module’ defined by
genes bound by PRC2 components in mouse embryonic stem (ES) cells (Kim,
Woo et al. 2010) (Figure 4.5E) and H3K27me3 target genes in neural precursor
cells (Mikkelsen, Ku et al. 2007) (Figure 4.5F) and brain tissue(Meissner, Mik-
kelsen et al. 2008) (Figure 4.5G). These data indicate that loss of function in
PRC2 results in distinct transcriptome changes, including activation of develop-

mentally regulated master regulators and imprinted genes (for example, IGF2).
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We evaluated H3K27me3 levels by immunohistochemistry in formalin-fixed, par-
affin-embedded samples of MPNST and neurofibroma. Whereas MPNSTs with
wild-type PRC2 showed robust staining for H3K27me3, MPNSTs with PRC2
loss showed complete loss of H3K27me3 in tumor cells and preservation of
H3K27me3 staining in stromal cell (Figure 4.6A). Positive and negative immu-
nostaining for H3K27me3 were highly concordant with a genetic status of wild-
type PRC2 and homozygous PRC2 loss, respectively (Figure 4.6B). However,
heterozygous loss of PRC2 components was not predictive of H3K27me3 stain-
ing in immunohistochemistry (Figure 4.6B). Among the samples with hetero-
zygous loss for which associated RNA-seq data were available, clustering by
transcriptional pattern matched H3K27me3 immunohistochemistry results. This
finding suggests that DNA sequencing (exome or IMPACT) alone cannot predict
PRC2 functional status in all MPNSTs and that H3K27me3 immunohistochemis-

try might be more accurate.
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Figure 4.6 H3K27me3 immunohistochemistry correlates with PRC2 genetic
status, and H3K27me3 loss characterizes progression from neurofibroma to

MPNST

A, Representative hematoxylin and eosin (H&E) staining and H3K37me3 immu-
nohistochemistry (IHC) images of NF1-associated, sporadic and radiotherapy-as-
sociated MPNSTs. Scale bars, 100 um. B, Correlation of PRC2 genetic status

by whole-exome sequencing, RNA-seq and custom targeted sequencing and
H3K27me3 immunohistochemistry status. C, Representative hematoxylin and
eosin staining and H3K27me3 immunohistochemistry images of neurofibroma,
NF1-associated MPNST and the interface of plexiform neurofibroma transitioning
into MPNST. Scale bars, 100 um. D, Distribution of PRC2 loss and PRC2 pres-
ence by H3K27me3 immunohistochemistry in NF1-associated, sporadic, radio-
therapy-associated and epithelioid MPNSTs and in neurofibromas. Fisher’s exact
test was used to calculate P values.
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All neurofibromas (7/7), which were wild type for PRC2 except for one sample
with heterozygous loss of SUZ12, retained H3K27me3 immunostaining (Figure
4.1B and Figure 4.6C, D). In specimens that contained the interface of MPNSTs
arising from preexisting benign plexiform neurofibromas, we observed a transi-
tion from robust H3K27me3 staining in the plexiform neurofibroma to a clear loss
of this staining in the MPNST. These data suggest that PRC2 loss is involved
in the malignant progression of benign plexiform neurofibroma into MPNST. In-
deed, 56% (19/34) of the NF1-associated MPNSTs had lost H3K27me3 (Fig-
ure 4.6D). Curiously, a significantly greater percentage (>90%) of sporadic and
radiotherapy-associated MPNSTs had lost H3K27me3 staining (Figure 4.6D),
suggesting that the progression of disease and sequence of genetic inactiva-
tion of NF1, CDKN2Aand PRC2 components might be different in MPNSTs that
arise in distinct clinical settings. Unlike NF1-associated MPNSTSs that universal-
ly arise from preexisting neurofibromas, sporadic and radiotherapy-associated
MPNSTSs rarely have identifiable preexisting benign nerve sheath tumors.(Anto-
nescu, Scheithauer et al. 2013) In one sporadic MPNST sample (16T), the pres-
ence of nonsynonymous mutations in both NF1 (encoding a p.Asp1237_splice
alteration) and EED (encoding p.Glu249fs) allowed us to use the prevalence
of these mutations to infer the sequence of genetic events (Andor, Harness et
al. 2014). The largest subpopulation of cells (84%) contained the NF1 mutation,
whereas a smaller subpopulation (57%) contained the EED mutation, suggesting
that the NF1 mutation occurred first during progression of this sporadic MPNST
(Figure 4.7). The sequence of NF1, PRC2 component andCDKNZ2A inactivation
described here is largely correlative. The precise sequence of events will require
experimental validation with sequential inactivation of each pathway in cell line

and mouse models.
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Figure 4.7 Coexistent subpopulations as calculated by EXPANDS analysis of
sample 16T exome sequencing data

Eight subpopulations (SPs) were detected within the tumor, with the most prevalent
being present in 84% of the tumor and containing the NF1 D1237_splice mutation.
Subpopulation 3 is present in 57% of the sample and contains the EED mutation
encoding p.Glu249fs, suggesting that the NF71 mutation occurred first in the
progression of this sporadic MPNST. For each of 526 somatic mutations (x axis),
the squares designate the SP to which the mutation has been assigned, the circles
represent the copy number of the genomic locus of the mutation, and the asterisks
represent the allele frequency of the mutation. Colors represent the chromosome
where the mutationis located. SPs are sorted from most prevalent to least prevalent.
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To determine whether PRC2 loss is required for MPNST oncogenesis, we
screened available human MPNST cell lines usingimmunoblotting for H3K27me3.
We identified one MPNST cell line (ST88-14; derived from an NF1-associated
MPNST) that had lost H3K27me3 marks. RNA-seq analysis showed that ST88-
14 cells had lost expression of SUZ12, and immunoblotting confirmed loss of the
SUZ12 protein (Figure 4.8A, B and Figure 4.9). We next introduced Flag-HA—
tagged wild-type SUZ12 (FH-SUZ12) or EED (FH-EED) into the ST88-14 cell
line and into an MPNST cell line with wild-type PRC2 (MPNST724) that main-
tained H3K27me3 levels (Figure 4.8A, B). FH-SUZ12 but not FH-EED restored
H3K27me3 levels in ST88-14 cells and substantially decreased cell growth (Fig-
ure 4.8A-C). In MPNST724 cells, there was a mild increase in H3K27me3 levels
with the introduction of either FH-SUZ12 or FH-EED (Figure 4.8A), but neither
had any effect on cell growth (Figure 4.8C). These data suggest that PRC2 loss
contributes to oncogenesis at least in part by promoting cell proliferation and

growth.

We next examined the transcriptional and chromatin changes in ST88-14 and
MPNST724 cells after the introduction of FH-SUZ12, focusing on several known
PRC2-regulated genes (FOXN4,IGF2, PAX2 and TLX7) that are significant-
ly upregulated in MPNST samples with PRC2 loss in comparison to MPNST
samples with wild-type PRC2 (Figure 4.5C). At baseline, ST88-14 cells exhib-
ited increased expression of FOXN4, IGF2, PAX2 and TLX1 accompanied by
loss of PRC2 components (SUZ12 and EZH2) and the PRC2-repressive mark
(H3K27me3) and reciprocal gain of the activation marks trimethylation at lysine
4 of histone H3 (H3K4me3) and acetylation of lysine 27 of histone H3 (H3K27ac)

at their promoters (Figure 4.8D and Figure 4.10).
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Figure 4.8 PRC2 loss promotes cell proliferation and growth in MPNST with
PRC2 loss

A, Immunoblots demonstrating SUZ12 loss and corresponding loss of
H3K27me3 in ST88-14 cells, a cell line derived from NF1-associated human
MPNST, in comparison to a cell line derived from sporadic human MPNST,
MPNST724, with intact PRC2 and retained H3K27me3 levels. Introduction of
exogenous Flag-HA-tagged SUZ12 (FH-SUZ12) but not Flag-HA-tagged EED
(FH-EED) in ST88-14 cells restores H3K27me3 protein levels. *, exogenous
FH-SUZ12 or FH-EED; **, endogenous SUZ12 or EED. B, Immunofluorescence
of H3K27me3 demonstrating the restoration of H3K27me3 levels at the cellu-
lar level by introducing FH-SUZ12 in the ST88-14 MPNST cell line with SUZ12
loss. Scale bars, 100 um. DAPI, 4',6-diamidino-2-phenylindole. C, Represen-
tative growth curves for the MPNST724 and ST88-14 cell lines demonstrating
that the introduction of FH-SUZ12 but not FH-EED in SUZ12-deficient ST88-14
cells leads to growth retardation, whereas it had no effect in MPNST724 cells.
Similar results have been obtained in at least three independent experiments.
D, ST88-14 and MPNST724 cells were infected with vector control virus or vi-
rus expressing FH-SUZ12. Plots of expression determined by quantitative RT-
PCR (expressed as 2724¢) and promoter localization determined by chromatin
immunoprecipitation (ChlP) and quantitative PCR (expressed as percent input)
of SUZ12, EZH2, H3K27me3, H3K4me3, H3K27ac and IgG control for the FOX
N4, IGF2, PAX2 and TLX1 genes are shown. Error bars, s.e.m. n = 3 technical
replicates.

89



T T T h W
i
f 5T88-14
MPNSTT724
i 1
T el
SUZ1Z

Figure 4.9 RNA-seq profiles of MPNST cell lines ST88-14 and MPNST724 at
the SUZ12 locus showing the absence of SUZ72 transcript in ST88-14 cells
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Figure 4.10 Western blot of MPNST cells

Western blot of NF1, SUZ12 and various chromatin marks with introduction of
Flag-HA-tagged SUZ12 (FH-SUZ12) and control vector (Flag-HA-tagged GUS) in
PRC2-wild-type MPNST724 and SUZ12-deficient ST88-14 human MPNST cells.

*, exogenous Flag-HA-tagged SUZ12; **, endogenous SUZ12.
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After the introduction of FH-SUZ12 in ST88-14 cells, FH-SUZ12 localized to the
promoters of these genes. This localization was accompanied by increased lev-
els of EZH2 and H3K27me3 and decreased levels of H3K4me3 and H3K27ac at
the promoter regions, as well as by decreased transcript levels of these PRC2
target genes. These data suggest that PRC2 loss has a direct impact on tran-
scriptional regulation, and introduction of the missing PRC2 component has the

ability to at least partially restore PRC2 function.

Discussion

MPNSTs often exhibit divergent differentiation including rhabdomyoblasts, glan-
dular, squamous and neuroendocrine elements(Antonescu 2013). Our study
identified a high frequency of loss-of-function genetic alterations in NF1, CDK-
N2A and PRC2 components (EED or SUZ12), demonstrating that MPNSTs share
common molecular pathogenic pathways despite clinical and histological diver-
sity. PRC2 loss activates multiple developmentally suppressed pathways, which
might explain the frequent observation of divergent differentiation in MPNST. The
high frequency of PRC2 loss suggests that PRC2 mutational status and, more
specifically, H3K27me3 immunohistochemistry could be used as biomarkers for

the more acute diagnosis of MPNST.

PRC2 was initially thought to be oncogenic: PRC2 components have higher ex-
pression in dividing cells and are important to maintain stemness. EZHZ2 is over-
expressed in a variety of cancers(Varambally, Dhanasekaran et al. 2002, Simon
and Lange 2008), and activating EZH2 mutations are found in a subset of lym-
phomas(Morin, Johnson et al. 2010). Paradoxically, recent work suggests that
PRC2 can be tumor suppressive in distinct contexts with loss-of-function genetic

alterations found in up to 25% in myeloid disorders and T-cell acute lymphoblas-
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tic leukemia (ALL) (Ernst, Chase et al. 2010, Nikoloski, Langemeijer et al. 2010,
Ntziachristos, Tsirigos et al. 2012) and 42% in early T-cell ALL(Zhang, Ding et
al. 2012). Notably the majority of the loss-of-function alterations are found in
EZH2(Ernst, Chase et al. 2010, Nikoloski, Langemeijer et al. 2010, Ntziachristos,
Tsirigos et al. 2012, Zhang, Ding et al. 2012). Cellular studies and mouse models
show that Ezh1 can maintain suppression of Polycomb-regulated genes in the
setting of Ezh2 loss, and combined Ezh1 and Ezh2 loss or individual loss of Eed
or Suz12 depresses Polycomb-reguated genes and causes CdknZ2a-mediated
growth arrest(Margueron, Li et al. 2008, Shen, Liu et al. 2008, Ezhkova, Lien et
al. 2011, Xie, Xu et al. 2014). These findings suggest that MPNST is unique in
that complete loss of PRC2 function is important for tumorigenesis, and loss of

CDKNZ2A may be a critical cooperative event in addition to NF1 loss.

Reprinted from Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, Lin M, Zhu S, Cao Z,
Liang Y, Sboner A, Tap WD, Fletcher JA, Huberman KH, Qin LX, Viale A, Singer S, Zheng D,
Berger MF, Chen Y, Antonescu CR, Chi P. (2014) PRC2 is recurrently inactivated through EED
or SUZ12 loss in malignant peripheral nerve sheath tumors. Nat Genet., 46, 1227-32.
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CHAPTER FIVE

A Mouse Model of Gastrointestinal Stromal Tumor with BRAFV5%°F Muta-

tion

Introduction

Gastrointestinal Stromal Tumor (GIST) is the most common type of sarcomas
in the gastrointestinal tract (Gl tract), with approximately 5000-6000 new cases
per year in the United States(Perez, Livingstone et al. 2006). GISTs have been
shown to arise to from the pacemaker cells of Gl tract, the Interstitial Cells of
Cajal (ICCs). Most of GISTs harbor gain-of-function mutations in the receptor
tyrosine kinases (RTK) KIT (75-80%) and PDGFRA (8-10%).(Corless 2014) Mu-
tations in KIT and PDGFRA lead to ligand-independent activation of downstream
signaling, which is critical for the pathogenesis of GISTs. Several mouse models
were developed to investigate the mechanism of GIST development driven by
KIT signaling, and preclinical evaluation of GIST therapeutic strategies.(Sommer,
Agosti et al. 2003, Rubin, Antonescu et al. 2005, Nakai, Okada et al. 2008) Other
oncogenic mutations reported in KIT/PDGFRA wild-type GISTs include BRAF,
SDHA/B/C/D, HRAS, NRAS, PIK3CA and NF1.(Corless 2014) However, little is
known about how these oncogenic mutations contribute to GIST pathogenesis.
There is no animal model developed for GISTs driven by oncogenic mutations

other than KIT mutations.

Recent studies have discovered activating mutations of BRAF in about 3-13% of
KIT/PDGFRA wild-type GISTs.(Agaram, Wong et al. 2008, Agaimy, Terracciano
et al. 2009, Martinho, Gouveia et al. 2009, Tos, Montesco et al. 2010, Daniels,
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Figure 5.4 Combination of homozygous BRaf"*°*t and p53 loss induced phe-
notypes in stomach, cecum and small intestine

Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit and S100
of the stomach, large intestine, cecum and small intestine from 2-month-old Et-
v1CreERT2: BRafcACA: p53"1 mice after 2 weeks of tamoxifen injection. Scale bar, 400
pm.
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Lurkin et al. 2011) BRAF, protein encoded by BRAF gene, belongs to the raf/mil
family of serine/threonine protein kinases. It plays an important role in cell divi-
sion, differentiation, and secretion through the MAP kinase/ERK signaling path-
ways. Activation mutations of BRAF have been implicated in a wide range of can-
cers, such as malignant melanoma, colorectal carcinoma and Papillary Thyroid
Carcinoma.(Davies, Bignell et al. 2002) Similar to these tumors, BRAF-mutated
GISTs are located within exon 15 V600E hot spot. BRAF-mutated GISTs most
commonly arise in the small intestine with high risk of malignancy. These tumors
share similar histological and clinical parameters with the non-BRAF-mutated
GISTs counterparts. There is also no significant difference in term of the MAP
kinase/ERK or AKT signaling pathway activation between BRAF-mutated GISTs
and KIT/PDGFRA mutated GISTs.(Hostein, Faur et al. 2010) However, the role

of BRAF mutation in GIST pathogenesis remains unclear.

Previously, we have described that ETV1, an ETS family transcription factor, is
a master regulator of the lineage specification and development of GIST pre-
cursor ICCs.(Chi, Chen et al. 2010, Ran, Sirota et al. 2015) ETV1 is specifically
expressed only to the two subsets of ICCs that give rise to GISTs, (myenteric
and intramuscular ICCs). Consequently, germline knockout of ETV1 resulted in
defective development of these two ICC subsets, and failure to initiate GISTs in
Kit*5%8V* knock-in mouse model. We further showed that ETV1 and KIT form a
positive feedback circuit through MAP kinase signaling to regulate target gene
expression: ETV1 was stabilized by MAP kinase signaling downstream of mutant
KIT, ETV1 directly and positively regulated KIT expression. These observations
suggest that cooperation between ETV1 and MAP kinase signaling is important
for GIST tumorigenesis. ETV1-expression compartments are the cells of origin

for GIST.
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Here, we report a conditional mouse model of human BRaf"**t-mutated GISTs
using Etv1-promoter-driven cre recombinase to specifically activate BRaf'¢%F al-
lele (BRAF®4) in GIST precursor ICCs. The mice carrying BRaf** allele express
normal BRaf prior to cre-mediated recombination, but after which BRafV6%E s
expressed.(Dankort, Filenova et al. 2007) Homozygous (Etv1°eERT2; BRafc//cA)
and heterozygous mice (Etv1°ERT2; BRaf"“A) exhibited hyperplasia in stomach
and large intestine starting at 6 months from the first cre-activation, and low
frequency of GIST tumors in the large intestine after 12 months from the first
cre-activation. The small intestine and cecum did not show any significant hyper-
plasia. Combination of BRaf"° and p53 loss led to highly lethal hyperplasias
in Gl tract of double homozygous Etv1¢ERT2; BRafc#CA;p53"" mice, and all mice
died within two weeks after the first tamoxifen injection. BRaf"*"¢ heterozygous
Etv1C¢eERT2: BRafe4*:p53"" mice developed multiple GISTs in the large intestine
and significant hyperplasia-like lesions in the stomach starting at 6-8 weeks after
the first tamoxifen injection. The penetrance of GIST disease in Etv1¢*ER"2: BRaf-

CACA- 537 ig 100%.

Results

To access whether Etv1 is expressed in the Interstitial Cell of Cajals (ICCs), we
used the Cre/LoxP lineage tracing system to mark Etv1 expressed cell in Gl
tract. Specifically, in Etv1-expressing cells from Rosa26-EYFP-SY*; Ety1ereERT2
mice, expression of the enhanced yellow fluorescent protein (EYFP) is activated
through the action of Cre recombinase to remove a transcriptional “stop” se-
quence after tamoxifen injection. As a result, Etv1 expressed cells would be light
up with EYFP expression after tamoxifen injection. Different ICCs in the stomach,
small intestine, large intestine and cecum were identified by positive membrane

expression of Kit protein. Consistent with prior observation, EYFP was detected
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in the subtypes of ICCs susceptible to oncogenesis, ICC-MYs and ICC-IMs, as
early as one week after the first tamoxifen injection (Figure 5.1).(Chi, Chen et al.
2010) For example, EYFP was only expressed in the Myenteric ICCs (ICC-MY's)
and Intramuscular ICCs (ICC-IMs), but not submucosal ICCs (ICC-SMPs) in the
large intestine (Figure 5.1). In addition, the EYFP expression could be main-
tained at least 8 weeks after the first tamoxifen injection (Data not shown). These
observations indicate Etv1°ER™?* could sustainably and specifically activated cre
recombinase controlled gene expression in Etv1-expressed ICCs. Etv1ereErT
allele was subsequently used to activate BRaf"¢%c mutation in these oncogenic

ICCs.

To gain insight into the role of BRaf"*?t mutation in GIST oncogenesis in vivo, we
utilized the BRaf** mice that harbor a germline conditional BRaf"®"’¢ allele, the
expression of which is initiated at physiological level under the control of BRaf
endogenous promoter by the action of cre recombinase(Dankort, Filenova et
al. 2007, Hauschild, Grob et al. 2012). We crossed BRaf** mice with Etv1°eERT2
mice to conditionally activate BRaf"%%¢ specifically in Etv1 expressed ICCs. Hy-
perplasia were observed in the large intestine and stomach of Etv1°¢R72; BRafc#
®A mice starting from 6 months from the first tamoxifen application (Figure 5.2
and Figure 5.3), and GIST tumors formed in one mice after 12 months from
the first tamoxifen application. Similarly, hyperplasia was also identified at in Et-
v1°eERT2:BRafc4* mice (Figure 5.2 A and Figure 5.3). The penetrance of GIST
hyperplasia was high in both Etv1o¢ER™2: BRafc#cA and Etv1°°ERT2;BRafc#* mice
(Figure 5.2B). There was no discernable hyperplasia detected in the Gl tract of
Etv1°ERT2 mice (Figure 5.2 and Figure 5.3), indicating that GIST hyperplasia
was require the conversion from the wild type BRaf to BRaf"®%¢ and this was

dose dependent.
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Figure 5.1 Etv1 is expressed in ICC-IMs and ICC-MYs that are susceptible to

GIST tumorigenesis

Cartoons on the left column are schematic showing localization of ICC-MY (blue
cells), ICC-IM (red cells), ICC-SMP (green cells) and ICC-DMP (orange cells) in
stomach, largeintestine, cecum and small intestine. MP, myenteric plexus. All
ICC subtypes express Kit (red), but only ICC-IMs and ICC-MYs express Etv1 as

indicatd by EYFP (green). Scale bars: 50uM.
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Figure 5.2 BRaf"*E activation induces a minimal hyperplasia phenotype in
mouse large intestine

A, Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit and

S100 of the large intestine from 9-month-old Etv1¢°ER2; BRaf*”* mouse (top),
Etv1CreERT2: BRaf** mouse(middle), and Etv1¢ER™2; BRafc#“A mouse (bottom).
Scale bar, 400 yum. B, Summary of the histological findings in WT (Etv1¢rERT

-), BRaf"%%€ heterozygous (Etv1¢*ER™2; BRaf°#*) and BRaf'%"¢ homozygous
(Etv1CrERT2: BRafc~c4) mouse Gl tracts examined at 6-12 months after the first
tamoxifen injection at 6-8 weeks of age.
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Figure 5.3 BRaf"®"E activation induced phenotypes in stomach, cecum and
small intestine

Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit and S100

of the stomach (A), cecum (B) and small intestine (C) from 9-month-old old
Etv1CERT2: BRaf"* mouse (top), Etv1¢ER™2; BRaf°* mouse (middle), and Et-
v1CreERT2: BRafc#CA mouse (bottom). Scale bars, 400 ym.
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BRaf'%°%-induced hyperplasia was frequently located in the stomach and large
intestine, rarely located in small intestine and never observed in the cecum. They
were stained strongly positive for Kit protein, indicating the ICC origin of the
hyperplasia. Nevertheless, the hyperplasia expressed low level of proliferation
marker Ki67. Consistent with the activation of BRaf"%%¢ mutation, hyperplasia re-
gions showed much high pErk1/2 level compared to non-hyperplasia regions or
Etv1°ERT2 control mice. These data showed that BRaf"°°% mutation has the po-
tential to promote oncogenesis in the Etv1 expressed ICCs in adult mice. Howev-
er, BRaf'¢°% mutation alone was not sufficient to cause GIST tumors, suggesting
that BRaf"®°* may need to cooperate with additional oncogenic events to drive

GIST tumorigenesis.
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To accelerate tumorigenesis driven by BRaf"%%¢, we crossed Etv1¢ER72; BRafc»
€A mice to p53™xmice and investigated Gl tract phenotypes. In contrast to
the hyperplasia induced in Etv1°ERT2: BRafcA* or Etv1°¢ER™2: BRafc~“A mice, Et-
v1ereERT2: BRafcACA; p53f1ofox mice developed highly lethal hyperplasia in stom-
ach and large intestine, and all Etv1°eERT2; BRafcACA; p53™*fx mice died within
two weeks after the first tamoxifen injection (Figure 5.4). The hyperplasia were
stained strongly for pErk1/2, kit and highly proliferative with strong Ki67 stain-
ing. In order to evaluate long-term effect of BRaf"°%¢ mutation, we generated
Etv1eeERT2: BRafcA*p 53 1x mice to reduce the dose of BRaf'6%F mutant allele.
Etv1eeERT2: BRafcA*;p 53 x mice developed multiple GIST tumors in the large
intestine and cecum region right next to the conjunction with large intestine (Fig-
ure 5.5A-C) with 100% penetrance (Figure 5.5D), and these mice died from
GISTs and dilated Gl tracts within 6-8 weeks after the first tamoxifen injection. In
addition, strong hyperplasias were observed in stomach and small intestine at
lower grade and frequency, and no hyperplasia was observed in the cecum far
from large intestine (Figure 5.6). These tumors showed spindle cell morphology
that highly resembled human GIST histology (Figure 5.5B). The tumors and hy-
perplasias were highly proliferative, with the expression of Kit and activation of
Erk1/2. They also stained negatively for S100, showing they were indeed GISTs
not gastric melanomas. Collectively, these data suggested that BRaf"®%¢ muta-
tion could cooperate with p53 loss to drive GIST tumorigenisis in Etv1 expressed

cellular compartment.
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Figure 5.5 BRaf"*"’t robustly cooperates with p53 loss in GIST tumorigenesis
A, Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit and S100
of the large intestine from 4-month-old wild type control mouse (top) and Etv1¢ER™2;
BRaf***; p53"" mouse (bottom), after 6 weeks of tamoxifen injection. Scale bar,
400 um. B, Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit
and S100 of the tumor from the same Etv1¢¢ER™2; BRafc~*; p53"" mouse in A. Scale
bar, 400 um. C, Representative image of mouse abdomen and Gl tract apperance
in wild type control mouse and Efv1¢ER72; BRaf*"*; p53"" mouse. Scale bar, 3cm.
D: Summary of the histological findings in control and Etv1¢°tR™2; BRaf*A*; p53"
mouse Gl tracts examined at 6-8 weeks after the first tamoxifen injection at 6-8
weeks of age.
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Figure 5.6 Combination of heterozygous BRaf"**¢ and p53 loss induced phe-

notypes in stomach, cecum and small intestine
Representative H&E histology and IHC of Ki67, phospho-Erk1/2, Kit and S100 of
the stomach (A), cecum (B) and small intestine (C) from 4-month-old wild type

control mouse (top) and Etv1¢ERT2; BRaf*4*; p53""mouse (bottom), after 6 weeks
of tamoxifen injection. Scale bars, 400 pm.
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Previous studies showed Dabrafenib, an inhibitor of mutated BRAF, could signif-
icant improve the management of metastatic melanoma(Hauschild, Grob et al.
2012). To explore the therapeutic application of the mouse model and determine
the effect of dabrafenib on BRaf mutated GISTs, Etv1°eERT2; BRafc4*;p530x/fox
mice were injected with tamoxifen to allow GIST tumors develop for 4 weeks,
then treated with vehicle or dabrafenib. Tumor burdens in mice were monitored
with magnetic resonance imaging (MRI). Mice treated with dabrafenib showed
significant tumor shrinkage while the tumors vehicle treated mice continue to
grow (Figure 5.7A). Dabrafenib treatment induced significant fibrosis by tric-
rome staining and inhibition of Erk1/2 phosphorylation (Figure 5.7B, C). These
data suggested that Etv1o¢ER™2; BRaf*4*;p53"ox mice could be used a reliable
preclinical model to test therapeutic strategies for BRAF-mutated GISTs, and

dabrafenib could potentially be an effective treatment for these patients.

Discussion

Using genetically engineered mouse model, we have demonstrated that activa-
tion of BRAFV%E mutation in ETV1 expressed lineage resulted in hyperplasia
lesions in stomach and large intestine in both heterozygous mutation and homo-
zygous mutation. Further depletion of p53 together with heterozygous BRAF V6%
activation mutation led to multiple GISTs formation in the large intestine and
cecum, and strong hyperplasia in the stomach. Depletion of p53 together with
homozygous BRAFYE activation mutation led to aggressive hyperplasia in the
Gl tract and death of mice within 1-2 weeks of tamoxifen activation. There was
a clear dose-dependent effect for BRAFY¢%¢ allele in the BRAFY¢%E alone or in
combination with p53 loss. These observations suggest that BRAF activation

mutation could be an importance oncogenic driver in BRAF-mutated GISTs.
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Figure 5.7 Dabrafenib inhibits GIST tumor growth in BRAF mutated GISTs of
Etv1C€reERT2; BRafcA*; p53"" mouse

A, Representative MR image for day 0 and day 30 of vehicle treated and Dab-
rafenib (100mg/kg, twice daily) Etv1¢*ER™2; BRaf*"*; p53"" mouse. Scale bars:
1cm. B, Representative Tricrome images of tumors isolated 2 days after treat-
ment of Etv1°eERT2: BRafc4*; p53"" mice under the same condition as in A. scale
bars: 200uM. C, Representative IF images of Kit (red), pErk1/2 (green) protein of
tumors isolated 2 days after treatment of Etv1¢¢ER™2; BRafc"*; p53""mice under
the same condition as in A. Nuclei (DAPI, blue). Scale bar, 200 um.
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ICCs have been shown to be the cell-of-origin for GISTs as indicated by KIT
expression in the tumors. ETV1, an ETS family transcription factor, is shown to
expressed and required for ICCs development.(Chi, Chen et al. 2010) Ablation of
ETV1 leads to defects in ICC-MY and ICC-MY development, resulting in failure
of GISTs initiation in KIT mutation driven GIST mouse model.(Ran, Sirota et al.
2015) In our BRAF-mutation driven GIST mouse model, we further demonstrate
that activation of BRAF mutation in the ETV7-expressed ICC subsets is sufficient
to drive GIST-like hyperplasia lesion and GIST tumors when combined with p53
loss. This observation strongly confirms the previously finding that ETV71-ex-
pressed ICC subsets are the true cell-of-origin for GIST. Moreover, the success
of using Etv1°ERT2 gllele to activate BRAF mutation and GIST formation suggests
that Etv1°°ERT2 gllele can a useful tool to model other GIST oncogenic drivers with

strict controls.

Clinically, it has been challenging to achieve effective and persistent response
in BRAF-mutated GIST patients with single agent BRAF inhibitors.(Falchook,
Trent et al. 2013) Here we showed a similar stabilized disease with BRAF in-
hibitor, dabrafenib, in mouse BRAF-driven GISTs. Further studies are important
to understand dabrafenib in BRAF-mutated GISTs and therapeutic strategies to

overcome dabrafenib resistance.
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CHAPTER SIX

Combined Inhibition of MAP Kinase and KIT Signaling Synergistically De-
stabilizes ETV1 and Suppresses GIST Tumor Growth

Introduction

Gastrointestinal stromal tumor (GIST) represents one of the most common sub-
types of human sarcomas with approximately 5,000 cases a year in the US.
GIST arises from the interstitial cells of Cajal (ICCs) that depend on high level
KIT expression for lineage specification and survival (Huizinga, Thuneberg et al.
1995, Hirota, Isozaki et al. 1998). Families with germline activating KIT mutations
develop diffuse hyperplasia of ICCs that progress to GIST (Nishida, Hirota et
al. 1998, Li, Fletcher et al. 2005, Agaimy, Wunsch et al. , Miettinen and Lasota
2006). The majority of sporadic GISTs harbor activating mutations in KIT and to
a lesser extent in PDGFRA and BRAF (Hirota, Isozaki et al. 1998, Heinrich, Cor-
less et al. 2003, Heinrich, Corless et al. 2003, Agaram, Wong et al. 2008). These
mutations are thought to function as oncogenic “drivers” required for growth and
survival of GISTs. These observations have provided the scientific rationale for

clinically targeting these mutations in GIST.

Imatinib mesylate (Gleevec®), a multi-targeted tyrosine kinase inhibitor (TKI)
that targets KIT/PDGFR, is the standard first line therapy in advanced GIST with
radiographic response rate of approximately 50%, and disease stabilization in
another 25-30% (Demetri 2002, Debiec-Rychter, Dumez et al. 2004, Verweij,
Casali et al. 2004, Blanke, Rankin et al. 2008). Despite the early clinical success,

the median progression free survival is only 20 to 24 months and the majority of
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patients develop resistance to imatinib within 2 years of treatment (Debiec-Rych-
ter, Dumez et al. 2004, Verweij, Casali et al. 2004, Beadling, Jacobson-Dunlop et
al. 2008, Blanke, Rankin et al. 2008). Second and third line TKIs that target sub-
sets of imatinib-resistant KIT mutations have only limited efficacy and advanced
GIST patients eventually die of their disease (de Raedt, Cools et al. 2006, Deme-
tri, van Oosterom et al. 2006, Beadling, Jacobson-Dunlop et al. 2008, Blanke
2008, Demetri, Reichardt et al. 2013). Imatinib resistance remains the greatest
challenge in the management of advanced GISTs. Due to the vast heterogeneity
of resistance mechanisms both between patients and within individual patient, it
is challenging to develop next generation therapies that can address the majority
if not all resistance mechanisms (Antonescu, Besmer et al. 2005, Demetri, van

Oosterom et al. 2006, Bardsley, Horvath et al. 2010).

Clinically, complete responses with first line imatinib therapy are rare. The resid-
ual disease represents a significant repertoire that can adapt, evolve and even-
tually breakthrough imatinib therapy through a variety of resistance mechanisms.
Moreover, the potential existence of a KIT-low and intrinsically imatinib-resistant
GIST stem/progenitor population (Bardsley, Horvath et al. 2010) makes it con-
ceivably impossible to eradicate the disease with imatinib alone. We reason that
one of the strategies to overcome imatinib-resistance is to develop novel ther-
apeutics that are more effective than imatinib alone and can potentially target
the GIST stem/progenitor population and therefore prevent the development of

imatinib resistance.

We have previously uncovered that ETV1, an ETS family transcription factor, is
a master regulator of the normal lineage specification and development of the

GIST precursor ICCs. ETV1 is highly expressed in GISTs and is required for the
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growth and survival of imatinib-sensitive and imatinib-resistant GIST cell lines.
ETV1 is a highly unstable protein and its stability is enhanced by active MAP ki-
nase signaling, and represents an essential effector of mutant KIT/PDGFRA-me-
diated pathogenesis in GIST (Chi, Chen et al. 2010). These observations point
to ETV1 as a novel therapeutic target. However, the in vivo requirement of ETV1
in GIST pathogenesis has not been defined. More importantly, an effective ther-
apeutic strategy to target ETV1, a transcription factor, has not been developed.
Here, using genetically engineered mouse models, we demonstrate that Etv1
is required for GIST tumor initiation and proliferation in the physiological in vivo
context. Taking advantage of the unique regulation of ETV1 protein stability, we

further describe an effective therapeutic strategy to target ETV1.
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Results

Etv1 is required for tumor initiation and proliferation

To assess whether Etv1 is required for GIST initiation in vivo, we crossed the ger-
mline Kit*5%8¥* knock-in mouse model that develops ICC hyperplasia throughout
the Gl tract and GIST-like tumors in the cecum (Antonescu, Sommer et al. 2003,
Kwon, Hwang et al. 2009) with the Etv1” knockout mouse model (Arber, Ladle
et al. 2000)t that is defective in ICC development (Chi, Chen et al. 2010). Since
the Etv1” mice die at postnatal day10-14 (P10-P14) (Arber, Ladle et al. 2000)f,
we examined the Gl tract of Etv17~Kit*%%8* and Etv1**;Kit*5%8V* littermates at day
P10. Consistent with prior observations, all three Etv1**;Kit*58¥* mice developed
GIST-like masses in the cecum that stain positively for KIT and ETV1 (Figure
6.1A, B) and diffuse ICC hyperplasia in the stomach and large intestines (Figure
6.1D). In contrast, one of the three Etv17;Kit*5°®V* mice developed ICC hyperpla-
sia in the cecum and none developed cecal GIST-like tumors or ICC hyperplasia
of the stomach or large intestine (Figure 6.1A-C, E). In addition, immunohisto-
chemistry against ICC makers, Kit and Ano1, showed that Etv1~;Kit*5%®V* mice
exhibited loss of the intramuscular ICCs (ICC-IM) and myenteric ICCs (ICC-MY)
with preservation of the submucosal ICCs (ICC-SMP) (Figure 6.1 B and Figure
6.2), phenocopying the ICC loss in Etv1”- mice(Chi, Chen et al. 2010). These ob-
servations suggest that Etv1 is required for GIST tumor initiation in vivo through
its direct regulation of the lineage specification and development of the GIST

precursor ICCs.
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Figure 6.1 ETV1 is required for GIST tumor initiation in vivo

A, representative hematoxylin and eosin (H&E) staining of the cecal mass and the
cecum of Etv1*"*;Kitt%8V"* andEtv 1~ ;Kit"5%®* mice, respectively, showing that ETV1
is required for formation of GIST-like cecal tumors (yellow arrows, malignant cells
in tumor). M, mucosa; CM, circular muscle; LM, longitudinal muscle. Scale bar, 100
um. B, representative immunofluorescence of KIT (red), ETV1 (green), and DAPI
(blue) of the cecal tumor or cecum of Etv1**;Kitt®¢V* and Etv1~";Kit*>*®*mice, re-
spectively. Yellow arrows, preserved ICC-SMP with positive KIT immunostaining.
Scale bar, 50 ym. C, summary of the histologic findings inEtv1**;Kit**¢V"* and Et-
v17Kitt%®* cecum examined at 10 days postnatal.D, representative H&E and KIT
IHC images of the large intestine and stomachin Etv1**;Kit'5%¥* mice, demonstrating
hyperplasia of the ICCs (yellow arrows, KIT-positive ICC hyperplasia) in the large
intestine and stomach. Scale bar, 50 um. E, representative H&E and KIT IHC im-
ages of the large intestine and stomach in Etv17-;Kit'5*®¥* mice, demonstrating the
lack of a KIT-positive ICC layer between the longitudinal muscle and the circular
muscle layers in Etv177;Kit'5%* mice. Scale bar, 50 ym.
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Figure 6.2 Etv1 is required for intramuscular and myenteric ICC development
Representative images of the Ano1 IHC of the large intestine demonstrating that
loss of Ano1- expressing intramuscular and myenteric ICCs in the large intestine
of Etv1” ;Kit"*°8"* compared to Etv1**Kit">°/*, Scale bar: 100 um.

114



To evaluate whether Etv1 is required for GIST tumor proliferation, we crossed
the Etv1™* conditional knockout mouse model where Etv1 exon 11 that encodes
the DNA binding domain has been placed between LoxP sites (Patel, Kramer et
al. 2003) with the Rosa26°*ER™2 mouse that ubiquitously expresses the tamoxi-
fen-activated CreERTZ2 to generate a genetically engineered mouse (GEM) mod-
el where Etv1 can be temporally ablated in adult tissues by tamoxifen treatment.
Tamoxifen administration in adult Etv17¥1;Rosa26CeERTZCreERT2 mice caused no
observable phenotype, suggesting that the degree of Etv1 ablation achieved is
compatible with animal survival (data not shown). We next generated Etv17ox/ox;
Kit:%%8V*:Rosa26CERT2/CreERT2 mice and compared the effect of tamoxifen and vehi-
cle (corn oil) treatment in 2 month-old adult mice. In mice treated with tamoxifen,
genomic DNA PCR of cecal tumor samples confirmed significant but incomplete
excision of Etv1 exon 11 (Figure 6.3A). Vehicle treated mice exhibited an iden-
tical phenotype to the Kit*5%* mice, with highly proliferative GIST-like tumors of
the cecum and ICC-hyperplasia of the large intestine and the stomach (Figure
6.4A-C). In contrast, tamoxifen treated mice exhibited significant reduction of cell
proliferation by Ki67 IHC in cecal tumors and ICC hyperplasia (Figure 6.4A-C).
This level of Ki67 reduction is reminiscent of the imatinib treatment in Kit*58V*
mice (Rossi, Ehlers et al. 2006). Further, Etv1 ablation by tamoxifen treatment
induced significant fibrosis indicated by Masson’s trichrome stain in the cecal tu-
mors similar to imatinib treatment (Kim, Cavnar et al. 2014) (Figure 6.4D). These
observations demonstrate that Etv1 is required for GIST tumor proliferation in

Vvivo.
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Figure 6.3 Etv1 ablation with tamoxifen decreases Etv1 and Kit expression in

K it4558/+; Etv1 flox/flox; Rosa 26CreERT2/CreERT2 mice

A, Schemata of floxed Etv1 allele in the mouse model and representative geno-
typing of mice treated with tamoxifen vs. corn oil. B, Exonic expression of Etv1 by
RNA-seq in tamoxifen-treated vs. corn oil controls. Exon11 is the floxed exon as
in A. n=3, Mean + SEM. C, Representative Sashimi Plot of RNA-seq from GIST
GEM model (KitA558*; Ety 17o¥iox: Rosa 26CeERTZCreERT2) with or without tamoxifen treat-
ment showing approximately 50% ablation of Etv1 exon 11. D, Immunoblot and
immunoblot quantification of Etv1 and Kit protein levels with tamoxifen-induced

Cre mediated ablation of Etv1 vs. corn oil control in 3 sets of mice.
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Figure 6.4 ETV1 is required for GIST tumor proliferation in vivo

A, representative images of Ki67 IHC of the cecal tumor of 8- to 9-week-old Etv-
1 flox/fiox - A58V R0 s g 26CTeERTZ/CreERT2 myjce treated with either corn oil or tamoxifen,
demonstrating a significant reduction of Ki67 in the tamoxifen-treated (Etv7-ab-
lated) tissues. Scale bar, 50 uym. B, quantification of Ki67 percentage in cecal
tumors of 8- to 9-week-old Ety17oxfiox-K;jth558V/* -Rosq 2 6CeERTZCreERT2 myjce treatedwith
either corn oil or tamoxifen. n = 3, mean + SEM; two-tailed unpaired t test (P =
0.0005). C, representative images of Ki67 IHC of the large intestineshowing a
significant reduction of Ki67 in the largeintestine of the Etv17Xfox:KitA558V*:Rosa-
26CreERT2CreERT2 mjce treated with tamoxifen compared with corn oil control. Scale
bar, 50 um.D, representative images of trichrome stains of cecal mass of Etv-
1 flox/fiox - A58V R0 s g 2B6CTeERTZ/CreERT2 " myjce treated with either corn oil or tamoxifen,
demonstrating an increase in fibrosis in the tamoxifen-treated cohort. Scale bar,

50 ym.
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ETV1 and KIT form a positive-feedback circuit to requlate target genes

We next examined the Etv1-regulated transcriptome by comparing transcription-
al profiles between tamoxifen and vehicle treatment of Etv17¥fox;KjtV5%84*-Rosa-
26CreERT2/CreERT2 cacal tumors. The RNA-seq profile of Etv1 transcript shows that
tamoxifen treated tumors had a ~3.4-fold decrease in the floxed exon 11 count,
implying a 3.4-fold decrease in full-length, functional Etv1 transcript (Figure
6.3B, C). This decrease is due to 1) 1.7-fold decrease in Etv1 overall transcript
level and 2) ~50% of the remaining transcripts showing aberrant splicing from
exon 10 to 12 skipping the floxed exon 11. The reduction of the overall transcript
level with Etv1 genetic ablation suggests that Etv1 positively regulates its own
transcription. Immunoblot and immunofluorescence analyses confirmed a de-
crease in Etv1 protein levels in tamoxifen treated tumors compared to controls

(Figure 6.3D).

Despite the incomplete ablation of Etv1, tamoxifen treatment induced robust
transcriptional changes as seen by hierarchical clustering (Figure 6.5A). The
RNA transcripts of known Etv1 transcriptional targets including Dusp6, Gpr20
and Edn3 (Chi, Chen et al. 2010) were significantly reduced (Figure 6.5B). Inter-
estingly, the Kit RNA transcript level was reduced by 1.7-fold with Etv1 ablation
(Figure 6.5B). Immunoblot, immunofluorescence and IHC analyses showed a
consistent decrease in Kit protein levels in tamoxifen-treated cecal tumors (Fig-
ure 6.3D and Figure 6.5C,D). The ICC hyperplasia of the large intestine and
stomach also showed a reduction in Kit protein levels with tamoxifen treatment

(Figure 6.5D and Figure 6.6).
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Figure 6.5 ETV1 positively regulates Kit expression in murine GISTs

A, heatmap of significantly differentially expressed genes between corn oil con-
trol- and tamoxifen-treated murine GIST tumors identified by RNA-seq. Clustering
was based on the most differentially expressed 228 genes with FDR <0.05 and
fold change >2.0. Samples are color coded based on treatment status: pink, corn
oil-treated; orange, tamoxifen-treated. Scale bar, mean normalized fold change
by log,. B, RNA-seq gene expression quantlflcatlon (FPKM, fragments per ki-
lobase’ mapped) of Kit and a representative group of ETV1 transcriptional targets
in tamoxifen-treated versus corn oil-treated murine GISTs. C, representative IF
images of ETV1 (green) and KIT (red) protein in cecal tumors from Ety 1ioxfox-Kijt-
V88BA* Rosa26CreERT2ICIeERT2 myjce treated with tamoxifen or corn oil, demonstrating
ETV1 ablation and decreased KIT protein level. Nuclei (DAPI, blue). Scale bar,
50 ym. D, representative KIT IHC images of the cecal tumors and ICC hyperpla-
sia in the large intestines of mice treated as in C. Scale bars, 50 um. E, GSEA
plots of the ranked list of the differentially expressed genes between tamoxifen
(Tam)-treated versus corn oil-treated murine GIST tumor samples, using two gene
sets, Imatinib UP (imatinib upregulated) and Imatinib DN (imatinib downregulat-
ed). F, GSEA plots of the ranked list of the differentially expressed genes between
tamoxifen-treated versus corn oil-treated murine GIST tumor samples, using the
ISHIDA_E2F TARGETS gene set. GEMM, genetically engineered mouse model;
NES, normalized enrichment score.
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Figure 6.6 Etv1 positively regulates Kit expression in murine stomach
Representative images of the Kit IHC of the stomach demonstrating Kit protein
reduction in the stomach of the Ety1fo¥fox-K;fV5584+- Rosq 2 6CeERT2/CeERT2 myjce treated
with tamoxifen compared to corn oil control. Scale bar: 50 pm.
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To determine the biological processes perturbed by Etv1 ablation, we performed
Gene Set Enrichment Analysis (GSEA) comparing tamoxifen and corn oil treated
tumors (Subramanian, Tamayo et al. 2005). Remarkably, the set of genes most
down-regulated by imatinib in Kit">*¥* mice (Imatinib DN) (Kwon, Hwang et al.) is
the most enriched gene set among those downregulated by tamoxifen treatment
(Figure 6.5E). Likewise, the set of genes most up-regulated by imatinib is highly
enriched among those upregulated by tamoxifen treatment, suggesting that Etv1
and Kit regulate a common set of core transcriptional program. This is consistent
with the model that Etv1 is a major downstream effector of Kit, and also that Etv1
regulates Kit expression, which in turn, regulates Kit-dependent genes. In addi-
tion, multiple cell-cycle related gene sets, including one of E2F target genes are
enriched in those downregulated by tamoxifen treatment (Figure 6.5F). These
data are consistent with the decrease in Ki67 staining after tamoxifen treatment

and suggest that Etv1 is required for tumor proliferation and growth in vivo.
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To determine whether ETV1 regulates KIT transcription in human GIST, we
knocked down ETV1 with shRNA in three GIST cell lines: GIST48, GIST882
and GIST-T1. In each line, there was a modest decrease in KIT transcript lev-
els after ETV1 knockdown (Figure 6.7A). CRISPR/Cas9-mediated knockout of
ETV1in GIST48 cells also resulted in decrease in both KIT transcript and protein
levels (Figure 6.8A,B). We next retrovirally overexpressed ETV1 in GIST882
and GIST-T1 cells and found a modest upregulation in KIT transcript level (Fig-
ure 6.7B). We performed GSEA of ETV1 knockdown in each of the three cell
lines and for each cell line, the genes most downregulated by imatinib was the
most enriched gene set among downregulated genes by ETV1 knockdown while
genes most upregulated by imatinib was the most enriched gene set among un-
regulated genes by ETV1 knockdown (Figure 6.7C), consistent with our obser-

vation in mouse tissues (Figure 6.5).

To determine whether KIT is a direct transcriptional target of ETV1, we analyzed
ChIP-seq of ETV1 in human GIST cells. We found multiple binding sites of ETV1
at the KIT enhancer regions characterized by high H3K4me1 and low H3K4me3
marks in human GIST cells (Figure 6.7D). The direct and specific binding of
ETV1 to the enhancer regions of the KIT locus was confirmed by ChlIP-gPCR
with siRNA-mediated suppression of ETV1 in all three GIST cell lines (Figure
6.7E-G). These observations suggest that in addition to the regulation of ETV1
protein stability by MAP kinase signaling downstream of mutant KIT signaling,
ETV1 directly and positively regulates KIT expression and therefore, it coop-
erates with mutant KIT by forming a positive feedback circuit to promote GIST

tumorigenesis.
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Figure 6.7 ETV1 positively regulates KIT expression through direct binding
to KIT enhancers in human GIST cells and forms a positive feedback circuit
in GIST oncogenesis

A, mRNA expression of KIT in human GIST882, GIST48, and GIST-T1 cells

with ETV1-specific shRNA. n= 3, mean + SEM. Two-tailed unpaired t test: *, P <
0.05; **, P < 0.01; ***, P < 0.01. B, mRNA expression of KIT in GIST882 and
GIST-T1 cells 48 hours after retroviral transduction of ETV1 expression vector

or empty vector control. n = 3, mean £ SEM. Two-tailed unpaired t test: *, P <
0.05; **, P < 0.05. C, GSEA plots of the ranked list of the shETV7-downregulated
genes in human GIST cells, using the Imatinib DN (imatinib downregulated) gene
set. D, representative of ChlP-seq reads of ETV1, H3K4me1, and H3K4me3 at
the KIT transcription start site (H3K4me3) and enhancer regions (H3K4me1 and
ETV1) in human GIST48 cells. Pink, red, and yellow colors represent regions
selected for ChIP—qPCR studies. E, ChIP—gPCR of ETV1 at the KIT enhancer
loci as indicated by color code as in G with siRNA-mediated suppression

of ETV1 (siETV1) versus scrambled control siRNA (siSCR) in GIST882 cells. n =
3, mean = SD. F, ChIP-qPCR of ETV1 at the KIT enhancer 2 (red mark in D) in
GIST48 cells. n= 3, mean = SD. G, ChIP-gPCR of ETV1 at the KIT enhancer 2
(red mark in D) in GIST-T1 cells. n = 3, mean + SD.
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Figure 6.8 ETV1 regulates KIT expression in GIST48 cells

A, Normalized mRNA level of KIT in GIST48 cells with CRISPR-mediated

ETV1 knockout. NT: non-targeting control for ETV1 sgRNA. n=3, Mean = SEM.
*p<0.0001; ** p<0.0001; ***p<0.0001. B, Immunoblot and immunoblot quantifica-

tion of ETV1 and KIT protein levels in GIST48 cells with CRISPR-mediated ETV1
knockout.
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Combined inhibition of the KIT and MAP kinase signaling represents an effective

strateqy to target ETV1 and suppress GIST tumor growth

The fact that the ETV1 protein stability requires active MAP kinase signaling
downstream of active KIT signaling (Chi, Chen et al. 2010) has provided us with
the rationale to target ETV1 protein stability by inhibiting the MAP kinase and the
KIT signaling pathways. When we treated the imatinib-sensitive GIST882 and
GIST-T1 cells with either imatinib (a KIT inhibitor) or MEK162 (a MEK inhibitor),
we observed a rapid inhibition of the MAP kinase activity (assayed by pERK)
accompanied by rapid loss of the ETV1 protein (Figure 6.9A). This reduction of
the total ETV1 protein level is associated with a reduction of ETV1 binding at the
ETV1-regulated gene loci, e.g., DUSP6 and KIT (Figure 6.9B) and a reduction
of the DUSP6 and KIT transcripts by 8 hours of treatment (Figure 6.10A-D). No-
tably, the ability of MEK162 to durably inhibit MAP kinase pathway and the ETV1
protein stability is cell line specific—GIST882 cells displayed sustained inhibition
while GIST-T1 cells showed reactivation of the MAP kinase pathway and re-ac-
cumulation of ETV1 protein starting at 2 hours after treatment (Figure 6.9A). We
then evaluated the combined lineage inhibition using MEK162 and imatinib. /In
vitro, we observed additive effects on growth suppression across a range of dos-
es of MEK162 and imatinib. A synergistic effect on growth suppression was best
appreciated at lower doses of each drug, best seen when 0.5 yM MEK162 was
combined with low dose imatinib (62.5 nM in GIST882 and 40 nM in GIST-T1;
Figure 6.9C, D).
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Figure 6.9 Combined inhibition of MAP kinase and KIT signaling destabilizes
ETV1 protein and results in enhanced growth suppression of human GIST
cells

A, immunoblot of ETV1, pKIT, and pERK levels in GIST882 and GIST-T1 cells
treated with imatinib (500 nmol/L) or MEK162 (1 umol/L) for the indicated time
points. B, ETV1 localization at the target gene loci (i.e., KIT and DUSP6) by ChIP-
gPCR in GIST cells treated with imatinib (1 pmol/L) or MEK162 (500 nmol/L) for
8 hours in GIST882 cells, or imatinib (80 nmol/L) or MEK162 (500 nmol/L) for 2
hours in GIST-T1 cells. C, immunoblot of ETV1 and KIT, MAP kinase, and AKT
signaling pathways in GIST882 and GIST-T1 cells treated with various doses of
imatinib and MEK162 as indicated for 8 hours. D, cell viability by Alamar Blue of
GIST882 and GIST-T1 cells treated with various doses of imatinib and MEK162
as indicated for 7 days. n = 3, mean + SEM. E, cell viability by Alamar Blue of
GIST-T1 cell expressing different MEK constructs treated with various doses of
imatinib and MEK162 as indicated for 7 days. n = 3, mean + SEM. F, immunoblot
of ETV1, KIT, and MAP kinase signaling in GIST-T1 parental cells, GIST-T1 cells
expressing MEK1WT, MEK1-"9P MEK2WT, and MEK2""%"_ Cells were treated for 1
hour as indicated. V, DMSO; I, imatinib (500 nmol/L); M, MEK162 (1,000 nmol/L).
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Figure 6.10 MAP kinase pathway inhibition decreases ETV1 target gene ex-
pression

Normalized mRNA expression of DUSP6 (A, C) and KIT (B, D) in GIST cells. A,
B, GIST882 cells treated with DMSO, MEK162 (500 nM), Imatinib (1000 nM) or
the combination for 8 hours. C, D, GIST T1 cells treated with DMSO, MEK162
(500 nM), Imatinib (40 nM) or the combination for 8 hours. n=3, Mean + SEM
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To access whether the synergistic effect is due to on-target effect of MEK162,
we expressed wild-type MEK1/2 (WT) or MEK1/2 mutants (MEK1-""5F, MEK2L779)
that are resistant to allosteric MEK inhibitors such as MEK162 due to reduced
drug binding (Delaney, Printen et al. 2002). GIST-T1 cells expressing either ME-
K1:17°P or MEK2-"%7 were more resistant to MEK162 alone. Moreover, the com-
bination of MEK162 to imatinib conferred less synergistic growth inhibition in
the presence of MEK1:""%F or MEK2"%" in GIST-T1 cells (Figure 6.9E). This
corresponded to a decreased ability of MEK162 to inhibit ERK phosphorylation
and ETV1 protein stability (Figure 6.9F). These data indicate that the synergistic
effect of MEK162 and imatinib combination treatment is the result of on-target

effect of MEK162.

Next, we tested the effect of combined MEK162 and imatinib in vivo. In the
GIST882 xenograft model, single agent imatinib or MEK162 stabilized tumor
growth at the maximum tolerated doses (Figure 6.11A). Remarkably, the com-
bination of imatinib and MEK162 treatment resulted in a dramatic reduction
(>50%) of tumor size within 7 days and complete responses with prolonged
treatment even at significantly reduced doses of MEK162 (10 mg/kg) or imatinib
(50 mg/kg) (Figure 6.11A, B). Combination therapy provided more potent and
durable inhibition of MAP kinase signaling (Figure 6.11C, Figure 6.12A). Im-
portantly, the ETV1 protein level was more potently and durably inhibited, which
was associated with reduction of ETV1 transcriptional targets (e.g., DUSP6 and
KIT) than either imatinib or MEK162 alone (Figure 6.11C, Figure 6.12B). When
GIST882-xenografted mice were treated from the same day of cell implantation,
only the combination of imatinib and MEK162 successfully prevented xenograft
tumor formation, suggesting that dual lineage inhibition could also inhibit GIST

tumor formation in vivo (Figure 6.12C).
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Figure 6.11 Combined inhibition of the MAP kinase and KIT signaling syner-
gistically suppresses tumor growth in in vivo GIST xenograft mouse models
A, treatment response of GIST882 xenografts in SCID mice. The treatments are:
(i) Vehicle (blue): water; (ii) imatinib (green): 100 mg/kg twice a day; (iii) MEK162
(red): 30 mg/kg twice a day; (iv) imatinib + MEK162 (dose 1; magenta): imatinib (100
mg/kg twice/day) + MEK162 (10 mg/kg twice/day); (v) imatinib + MEK162 (dose 2;
yellow): imatinib (50 mg/kg twice/day) + MEK162 (30 mg/kg twice a day); (vi) imati-
nib + MEK162 (dose 3; black): imatinib (100 mg/kg twice a day) + MEK162 (30 mg/
kg twice a day; dose 3; black). n = 6-8, mean + SEM. Two-tailed unpaired t test:
*, P <0.0001; **, P < 0.0001; ***, P < 0.0001. B, representative H&E images of
GIST882 xenografts after 14 days of drug treatment by oral gavage as indicated.
Vehicle: water; imatinib: 100 mg/kg twice a day; MEK162: 30 mg/kg twice a day;
imatinib (100 mg/kg twice a day) + MEK162 (30 mg/kg twice a day). Scale bar, 50
pum. C, immunoblots of three representative GIST882 xenograft tumors explanted
after 2 days of drug treatment by oral gavage as indicated. Vehicle: water; imatinib:
100 mg/kg twice a day; MEK162: 30 mg/kg twice a day; imatinib (100 mg/kg twice
a day) + MEK162 (30 mg/kg twice a day). D, treatment response of GIST-T1 xe-
nografts in SCID mice as indicated by oral gavage. The treatments are: (i) Vehicle:
water; (ii) imatinib: 80 mg/kg twice a day; (ii) MEK162: 30 mg/kg twice a day; (iv)
imatinib (80 mg/kg twice a day) + MEK162 (30 mg/kg twice a day). n = 10, mean %
SEM. Two-tailed unpaired t test: *, P < 0.0001; **, P < 0.0001; ***, P < 0.0001. E,
representative H&E images of GIST-T1 xenografts after 21 days of drug treatment
by oral gavage as indicated. Vehicle (blue): water; imatinib (green): 80 mg/kg twice
a day; MEK162 (red): 30 mg/kg twice a day; imatinib + MEK162 (magenta): imati-
nib (80 mg/kg twice a day) + MEK162 (30 mg/kg twice a day). Scale bar, 50 um. F,
immunoblots of three representative GIST-T1 xenograft tumors explanted after 2
days of drug treatment by oral gavage as indicated. Vehicle: water; imatinib: 80
mg/kg twice a day; MEK162: 30 mg/kg twice a day; imatinib (80 mg/kg twice a day)
+ MEK162 (30 mg/kg twice a day).
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Figure 6.12 Dual lineage inhibition inhibits tumor initiation in vivo

A, Immunohistochemistry (IHC) of representative xenografted GIST882 xenografts
treated under conditions as indicated for 2 days by oral gavages. Vehicle: water;
MEK162: 30mg/Kg, BID; Imatinib: 100 mg/Kg, BID; Imatinib+MEK162: Imatinib
(100 mg/Kg, BID) in combination with MEK162 (30mg/Kg, BID); B, Normalized
MRNA expression of DUSP6 in explanted GIST882 xenografts after treatment un-
der the same conditions as in A. n=3, Mean + SEM. C, Bioluminescence of lucif-
erase labeled GIST882 grafted tumours in SCID mice with various treatment as
indicated by oral gavages from the day of implantation. The treatment cohorts are
as the following: 1) Vehicle: water; 2) Imatinib: 80 mg/kg BID; 3) MEK162: 30 mg/
kg BID; 4) Imatinib (80 mg/kg BID) + MEK162 (30 mg/kg BID). n=4, Mean £+ SEM.
Two-tailed unpaired t test: *p<0.05; ** p<0.05; ***p<0.001. D, Immunohistochem-
istry (IHC) of representative xenografted GIST-T1 xenografts treated under condi-
tions as indicated for 2 days by oral gavages. Vehicle: water; MEK162: 30mg/Kg,
BID; Imatinib: 80 mg/Kg, BID; Imatinib+MEK162: Imatinib (80 mg/Kg, BID) in com-
bination with MEK162 (30mg/Kg, BID); Scale bar: 100 pm. N=3 for each treatment
conditions. E, Normalized mRNA expression of DUSP6 in explanted GIST-T1 xe-
nografts after treatment under the same conditions as in D. n=3, Mean £ SEM.
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In the GIST-T1 xenograft model, single agent imatinib led to tumor stabilization.
However, single agent MEK162 did not significantly inhibit tumor growth (Figure
6.11D), consistent with the inability of MEK162 to durably inhibit the MAP kinase
pathway in GIST-T1 cells (Figure 6.9A, C and Figure 6.11F). Yet, as in GIST882
xenografts, the combination of imatinib and MEK162 resulted in near complete
response in GIST-T1 xenografts within 3 weeks of treatment (Figure 6.11D, E).
The treatment effects correlated with KIT and MAP kinase signaling pathway in-
hibition, ETV1 protein destabilization, and downregulation of ETV1 target genes
(i.e., DUSP6 and KIT) (Figure 6.11F and Figure 6.12D, E). These observations
demonstrated a clear synergistic growth inhibitory effect of imatinib and MEK162
in GIST tumor growth in vivo. It is notable that the synergy of combination is more

apparent in in vivo human GIST xenograft studies than in in vitro cell line assays.
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We next examined the combination targeting strategy in the genetically engi-
neered KitV9984/+ GIST mouse model that is partially sensitive to imatinib treat-
ment (Rossi, Ehlers et al. 2006). Treatment with single agent MEK162 or imatinib
for 5 days resulted in a reduction of tumor proliferation by Ki67 and increased
tumor fibrosis by trichrome staining (Figure 6.13A-D). The combination treat-
ment of imatinib and MEK162 lead to increased tumor fibrosis and significantly
greater reduction of Ki-67 than either single agent (Figure 6.13A, B). Moreover,
the combination treatment had significantly reduced tumor weight compared to
either single agent alone or to vehicle (Figure 6.13C). These treatment effects of
the combination therapy are accompanied by increased inhibition of the Kit and
MAP kinase signaling pathways, decreased Etv1 protein and its downstream
target Dusp6 (Figure 6.13D). The treatment data in both xenografted human
GIST models and genetically engineered GIST mouse models indicate that the
combination therapy of imatinib and MEK162 is a more effective treatment for

imatinib-sensitive GIST than either single agent alone in vivo.
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Figure 6.13 Combined inhibition of MAP kinase and KIT signaling synergisti-
cally suppresses tumor growth in genetically engineered GIST mouse model
A, Ki67 percentage of murine cecal GISTs isolated after 5 days of drug treatment
by oral gavage of the GIST GEMM (Kit'5%4*). VVehicle (black): water; imatinib (blue):
50 mg/kg twice a day; MEK162 (yellow): 30 mg/kg twice a day; imatinib + MEK162
(red): imatinib (50 mg/kg twice a day) + MEK162 (30 mg/kg twice a day). n = 7-9,
mean + SEM. Two-tailed unpaired ttest, P value indicated in figure. B, representa-
tive Trichrome and Ki67 IHC images of murine cecal GISTs isolated after 5 days of
drug treatment by oral gavage of the GIST GEMM (Kit'>%**) under the same condi-
tions as in A. Scale bar, 50 um. C, tumor weight of murine cecal GISTs isolated af-
ter 5 days of drug treatment by oral gavage of the GIST GEMM (Kit"*%~*) under the
same conditions as in A. n = 7-9, mean + SEM. Two-tailed unpaired t test, Pval-
ue indicated in figure. D, immunoblots of representative cecal tumors from GIST
GEMM (Kit*5%8™*) treated under the same drug treatment conditions as indicated
in A for 1.5 days. Two cecal tumors from two different mice for each treatment con-
ditions. DUSPG6 is one of the transcriptional targets of ETV1. GEMM, genetically
engineered mouse model.
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Discussion

Using genetically engineered mouse models, we have demonstrated the in vivo
requirement of the lineage specific master regulator, ETV1, in GIST initiation
and proliferation. We have further demonstrated that ETV1 positively regulates
KIT expression level by direct binding to the KIT enhancer regions and it forms
a positive feedback circuit to cooperate with mutant KIT in GIST oncogenesis.
These observations posit ETV1 as a relevant therapeutic target for the treatment
of GISTs. In addition, since ETV1 is required for the survival of GIST precursor
ICCs and is required for GIST tumor initiation in vivo, it may also represent a
therapeutic target for the Kit-low GIST progenitor/stem cell population. Impor-
tantly, targeting ETV1 will help break the positive feedback circuit and indirectly

target KIT expression independent of the KIT mutational status.

While it is challenging to therapeutically target non-ligand dependent transcrip-
tion factors, the unique MAP kinase signaling dependent regulation of ETV1 pro-
tein stability has allowed us to target ETV1 protein stability in GIST. The acquisi-
tion of KIT activating mutations during GIST tumorigenesis activates downstream
MAP kinase signaling and augmented stability of ETV1 protein (Chi, Chen et al.
2010). Our data in two imatinib-sensitive GIST cell lines suggest that mutant KIT
is the principal driver of MAP kinase activation as imatinib treatment significantly
inhibited MAP kinase activation, ETV1 protein stability and ETV71-mediated tran-
scription. In vitro, MEK162 synergized with lower doses of imatinib but higher
doses of imatinib alone can maximally suppress MAP kinase activity and cell
proliferation (Figure 6.8). However, in both xenograft systems and genetically
engineered mouse models in vivo, maximum tolerated doses of imatinib cannot
adequately and durably suppress MAP kinase activity and ETV1 protein levels.

This may be due to either the inability to attain sufficient drug levels to fully inhibit
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KIT (Kim, Cavnar et al. 2014) or the presence of paracrine signals that activate
MAP kinase pathway bypassing KIT (Rossi, Ehlers et al. 2006). The survival sig-
nals that bypass KIT may be heterogeneous dependent on the tumor contexts.
Here, addition of even low doses of MEK162, leads to durable destabilization of
ETV1 protein and dramatically augments tumor response, resulting in complete

responses.

The response to single agent imatinib in our model systems mirrors that of pa-
tients undergoing first-lines imatinib treatment. While the majority of patients at-
tain clinical benefits with imatinib treatment, the RESIST response rate is only
~50% and radiographic or pathologic complete responses rarely occur. Our data
suggest that the combination therapy represents a significantly more effective
strategy than imatinib alone in GIST clinical management and may prevent the

development of imatinib-resistance in advanced GIST if used upfront.
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CHAPTER SEVEN

Discussion and Future Directions

The current study represents a comprehensive investigation at the oncogenic
roles of ETV1 across two cancer types. We demonstrate that ETV1 is highly ex-
pressed in MPNST and required for MPNST survival likely through regulating key
sets of genes. We further identify genetic alterations of three critical pathways
in MPNSTs (NF1, CDKN2A and PRC2) when using comprehensive genomic ap-
proaches to understand MPNST pathogenesis. ETV1 was shown to be the lineage
specific survival transcription factor for another type of sarcoma, GISTs. Using
genetic engineered mouse modeling, we show that ETV1 is expressed in the cell
of origin for GIST, ICC-MY and ICC-IM. Activation of oncogenic BRAFV600E and
p53 mutations in the GIST precursor ICCs with ETV1-driven cre recombinase
lead to GISTs tumorigenesis that highly resembled human GISTs, suggesting
the potential application of ETV1-driven cre allele to model characteristic muta-
tions in human GISTs or other ETV1-driven cancers. Furthermore, we describe a
novel strategy of targeting ETV1 protein stability by the combination of MEK and
KIT inhibitors that synergistically suppress tumor growth. This strategy has the
potential to change first-line therapy in GIST clinical management and provide

insights for management of other ETV1-driven cancers.

Role of ETV1 in MPNST pathogenesis

Our results demonstrate that ETV1 is highly expressed in MPNST and required
for MPNST survival. While we show the deregulation of ETV1 in majority of
MPNST cell lines and MPNST patient tumors, the mechanism through which
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ETV1 is expressed or upregualted in MPNST is unclear. ETV1 has been shown
to be upregulated in cancers through translocations in Ewing sarcomas and pros-
tate cancer, amplification in melanoma, or inherited in the cancer precursor cell
and stabilized by up-regulated MAPK signaling in GIST.(Jeon, Davis et al. 1995,
Mehra, Tomlins et al. 2007, Chi, Chen et al. 2010, Jane-Valbuena, Widlund et al.
2010) Comprehensive genomic analysis, including whole-exome sequencing,
RNA-seq, SNP-array, fail to identify any significant genomic alterations of ETV1
in MPNSTs. This observation suggests that ETV1 is not activated through ge-
nomic alterations in MPNSTSs. Instead, it may be inherited from cell of origin for
MPNST or through other novel mechanisms. Although it is generally accepted
MPNSTs arise from Schwann cell lineage, it is still under constant debate that
what types and stages of Schwann cell lineage are the cell of origin for MPNSTs.
It will be important to investigate the expression of ETV1 in Schwann cell lineage
of different developmental stages. The EYFP lineage tracing system can be ex-
ploited using Etv1o¢ERT: Rosa26-EYFP-S- mice to detect Etv1 expression in the
Schwann cell lineage at different developmental stages. Different Schwann cell

type markers can be used to identify different populations of Schwann cells.

However, it is still possible that ETV1 may be activated through novel mecha-
nisms other than genetic alterations and lineage inheritance. It is shown pre-
viously that there are subsets of enhancers that can activate gene expression
upon signaling stimulation during differentiation or environmental cues.(Lam, Li
et al. 2014) One possible mechanism of ETV1 activation may be through activa-
tion of enhancers through aberrant signaling in addition to protein stability such
as MAPK kinase signaling driven by NF1 loss in MPNST. It would be interesting
to explore the importance of ETV1 enhancers and regulation of these enhancers

by MAPK signaling in MPNSTs. ChIP-sequencing for enhancer epigenetic mark-
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ers, H3K27ac and H3K4me1, can be informative to identify enhancers regions
of ETV1 gene. We can further interference these enhancers, if there is any, with
CRPSR interference methods in MPNSTs to evaluate the importance of these
enhancer for ETV1 expression. Modeling of ETV1 expression activation and NF1
loss in a MPNST relevant lineage (schwann cell) can potentially help us under-

stand the regulation of ETV1 expression by MAP kinase signaling.

Given that ETV1 is shown to be the lineage specific transcription factor for GIST,
it will also be interesting to explore the potential role of ETV1 in cell of origin for
MPNSTSs. As discussed in the previous paragraph, ETV1 expression in Schwann
cell lineage may provide novel insights for MPNST precursors. If ETV1 is ex-
pressed in Schwann cell lineage, we can ablate the three critical pathways that
are lost in majority of MPNSTs specifically in the Etv1 expressed cells with Et-
v1CeERT allele in genetically engineered mouse model. If Etv1-expressed com-
partment is the cell of origin for MPNST, we may expect MPNST tumorigenesis
within the appropriate timeframe. Additionally, Schwann cell lineage development
in Etv1 knockout mice will be investigated to evaluate the importance of Etv1 for

MPNST precursor development.

Despite the import role of ETV1 we defined in MPNSTSs, further studies need to
be perform for therapeutic targeting of ETV1 in MPNSTs. We demonstrate that
knockdown of ETV1 lead to cell death and attenuation of tumorigenesis, sug-
gesting ETV1 can be a potential drug target for MPNST treatment. As described
in chapter five, MAP kinase signaling tightly regulates ETV1 protein stability. Inhi-
bition of MAP kinase signaling leads to rapid degradation of ETV1 protein, allow-
ing indirect target of ETV1 protein stability with MAP kinase inhibitors. Reasoning

this, MAP kinase pathway inhibitors such as MEK inhibitors can be used to target
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ETV1 for effective response. However, single agent MEK inhibitor show minimal
response in clinic, most likely due to feedback reactivation of MAP kinase path-
ways.(Jessen, Miller et al. 2013) Effective inhibition of MAP kinase signaling is
essential for persistent ETV1 inhibition. It is important to explore novel therapeu-
tic strategies either as single agent or combination therapies for effective ETV1
targeting. Novel ETV1 inhibitor may be effective in MPNST, but it requires further

investigation for the specificity and toxicity of ETV1 inhibitor.

Our comprehensive genomic analysis in chapter four also uncovers loss of three
critical pathways in MPNSTs, NF1, CKDN2A and PRC2. It is the first time to
show PRC2 is loss in more than 80% of MPNSTs through alterations in PRC2
components EED and SUZ12, resulting in complete loss of H3K27me3. The high
frequency of PRC2 in MPNSTSs is especially valuable in clinic since H3K27me3
immunohistochemistry could be used as biomarkers for the more acute diagno-
sis of MPNST. Nevertheless, the molecular mechanism through which PRC2 loss
contributes to MPNST pathogenesis needs to be elucidated. PRC2 is thought
to be oncogenic in various cancers through EZH2 overexpression or activation
mutations of EZH2.(Varambally 2002, Morin, Johnson et al. 2010) Surprisingly,
recent works and our finding suggest that PRC2 is a tumor suppressor through
loss of function mutations.(Ernst, Chase et al. 2010, Nikoloski, Langemeijer et al.
2010, Ntziachristos, Tsirigos et al. 2012, Zhang, Ding et al. 2012, Lee, Teckie et
al. 2014) Role of PRC2 in MPNST pathogenesis can be studies with MPNST cell
lines and in vivo mouse modeling with PRC2 loss, NF1 loss and CKDNZ2A loss.
It is also important to investigate the cooperativity between the three pathways

due to their high co-occurrence.
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Role of ETV1 in GIST

Using genetically engineered mouse modeling, we demonstrate ETV1 is ex-
pressed in GIST precursor ICCs, activation of oncogenic mutations in these com-
partment lead to GIST tumorigenesis. Our mouse model represents the first mu-
rine model for BRAFV600E-mutant GISTs that highly resembles human GISTs.
Similar to previously GIST mouse models, GISTs in the Etv1°°ER72 BRafcA*; p53%"
mouse model arise in the large intestine and cecum. However, clinically, human
GISTs are most often seen in the stomach, followed by samlled intestine and then
large intestine. Our mouse model showed spindle cell histology and molecular
features just as BRAF-mutated GIST patients such as highly proliferative Ki67
staining, KIT protein staining and Erk1/2 activation. Therefore, Etv1°ER"2; BRaf-
CA%- p53""mouse model is a reliable BRAF-mutated GIST model to understand
the pathogenesis of BRAF-mutated GIST and evaluate therapeutic strategies for
this subtype of GISTs. Additionally, Etv1°*ER72 can also be used to develop other
GIST models driven by different genetic perturbations, such as SDHA/B loss and
NF1 loss.

Our results further show BRAF inhibitor dabrafenib can effectively inhibit GIST
tumor growth in the mouse model, which is consistent with the clinical observa-
tion of patient response. However, similar to patient response, the mice eventu-
ally develop disease progression. It is important to investigate the mechanism
of dabrafenib resistance in BRAF-mutated GISTs. Studies indicate resistance
for dabrafenib can be developed through reactivation of MAP kinase signaling.
Mouse model and cell lines for BRAF-mutated GISTs can be development for
study of potential reactivation of upstream signaling reactivations. Combination
with inhibitors targeting upstream players may be beneficial for overcoming dab-

rafenib resistance.
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One novel strategy to target ETV1 is developed in this study through combina-
tion of MEK inhibitor and KIT inhibitor in KIT-mutated GISTs. ETV1 is stabilized
by up-regulated MAP kinase signaling driven by ligand-independent KIT muta-
tions. Stabilized ETV1 enhances KIT expression through direct binding to KIT
enhancers, forming a positive feedback during GIST tumorigenesis (Figure 7.1).
Although it is challenging to directly target ETV1 with small molecule inhibitors,
we demonstrate that ETV1 protein stability can be effectively targeted with com-
bination of MEK inhibitor MEK162 and KIT inhibitor imatinib. This combination
therapy results in complement response in xenograft mouse model, while single
agent can only lead to stabilized disease. Our study presents a novel strategy
to target ETV1 through inhibiting upstream signaling, which can be important
for explore therapeutic treatments for other cancers, such as MPNST. As a next
step, a clinical trial (phase Ib/Il) testing the concept of ETV1 inhibition via com-
bined imatinib/MEK162 treatment has been designed (NCT01991379). Follow
up of patient responses, especially potential resistance to this combination ther-

apy, in the clinical trial is critical for better management of GISTs.
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mutant KIT v

Figure 7.1 Schematic model of ETV1-mutatnt KIT feed forward circuit in GIST

oncogenesis

ETV1 protein is stablized by MAP kinase signaling downstream of mutant KIT
signaling in the GIST precursor ICCs during GIST oncogenesis. ETV1 directly
and positively regulates KIT expression and, therefore, it cooperates with mutant
KIT by forming a positive feedback circuit to promote GIST tumorigenesis.
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