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ABSTRACT
Receptor tyrosine kinases are integral components of cellular signaling pathways, and are
frequently deregulated in malignancies. There is increasing interest in the potential role of the
NTRK family of neurotrophin receptors in human neoplasia. These proteins are known to
mediate neuronal cell survival and differentiation, but altered NTRK signaling has also been
implicated in oncogenesis. The ETV6-NTRK3 (EN) gene fusion results from a t(12; 15)(pl3;
q25) translocation, and occurs in human pediatric spindle cell sarcomas and secretory breast
carcinoma. EN fusion transcripts encode a chimeric protein tyrosine kinase, formed by the fusion
ofthe SAM dimerization domain of ETV6 and the tyrosine kinase domain of NTRK3. The
resultant EN fusion protein functions as a constitutively active protein tyrosine kinase with
potent transforming activity. Further, EN-mediated transformation is associated with activation
of the Ras-MAPK and PI3K-Akt pathways, increased levels of cyclin DI, and constitutive
phosphorylation of the insulin receptor substrate 1 (IRS-1) through an interaction with the
phosphotyrosine binding (PTB) domain of IRS-1. We have recently identified two C-terminal
mutants (A614 and Y615F) that abolish and reduce binding to IRS-1, and subsequent
transformation. Neither this region nor full-length EN protein contain any known PTB
interaction motifs (i.e., NPXY); however, it does contain a TPIY, which may function as a
putative PTB recognition sequence. TPIY mutants appear to abrogate anchorage-independent
growth (soft agar assay and spheroid formation). These mutants most likely introduce a
conformational change that affects protein interactions N-terminal to this region. However, these
mutants appear to still bind IRS-1. Therefore, IRS-1 binding does not guarantee transformation
in EN-expressing cells. To elucidate the role of EN in tumourigenesis, we next generated
transgenic mice expressing ETV6-NTRK3 under the direction of two ubiquitously expressing
promoters (CMV or (3-actin/CMV), as this fusion protein appears to be implicated in a range of
tumour types. We developed 13 independent founder mouse strains. Approximately 30% ofthe
transgenic mice from two independent strains developed lymphomas after a long latency period.
Additionally, a single mouse developed a fibrosarcoma expressing EN; this lesion was
histologically identical to clinical cases of EN-expressing congenital fibrosarcoma. The low
penetrance of tumour formation coupled with the advanced age of the mice raises several
questions as to the cellular environment that may be prerequisite for ETV6-NTRK3 oncogenesis
in these mice.
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CHAPTER I
INTRODUCTION

1.1

SYNOPSIS AND RATIONALE FOR THESIS
The presence of chromosomal translocations in human cancers has always been of

interest to both the diagnostic pathologist and the clinician. Further, many chromosomal
translocations that occur in human malignancies lead to the expression of chimeric oncogenes
formed from the in-frame fusion of coding sequences from two different genes. These
translocations (and their resultant fusion product) are usually very tumour specific and are used
to sub-classify many tumours, both diagnostically and prognostically. In many cases, the
chimeric fusion gene is a mechanism by which tumours hyper-activate a proto-oncogene,
converting it to an oncogene. Accordingly, therapeutic strategies targeting these fusion genes
have been proposed (and developed) for many years.
The ETV6-NTRK3

fusion gene was first described in congenital fibrosarcoma, and

detection thereof was quickly employed to distinguish this tumour from several other,
histologically similar, tumours (1, 2). This fusion is rare in that it has since been identified in
several different malignancies of varying cell lineages. Numerous studies have identified the
ETV6-NTRK3 fusion as causal in the development of these cancers. Therefore, a further
understanding of the biology of this fusion protein may lead to novel therapeutic interventions
for a range of malignant diseases.
In this thesis, I have studied the cellular biology induced by the ETV6-NTRK3 protein.
In particular, these studies have focused on signal transduction events at the carboxy-terminus of
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this protein. Additionally, I have created a transgenic mouse model of ETV6-NTRK3 expression,
with the intention of recapitulating the clinical manifestations of this fusion.
In the following sections, a general review of normal and abnormal cell biology will be
discussed, with an emphasis of how normal cellular pathways are deregulated in human
malignancy, with a particular focus on growth factor receptor activation. This will be followed
by a brief discussion of the general mechanism of oncogenesis, including chromosomal
translocations and the chimeric fusion genes that often result from them. Finally, our current
understanding of ETV6-NTRK3 cell biology will be presented with reference to the current
published literature. For additional discussions of normal and dysregulated growth, the reader is
directed to the list of references at the end of this thesis.

1.2

REGULATION OF NORMAL C E L L GROWTH & PROLIFERATION
Growth factors are involved in controlling cell proliferation and survival, as well as

migration along extracellular matrices and guidance by chemotactic or repulsive cues underlying
normal development. The interaction of a growth factor with its receptor by specific binding
initiates a cascade of biochemical events that result in a wide range of biological responses.
Perturbation of this tightly regulated cascade at any point can contribute to the altered cell
growth associated with malignancy. In this section, the cellular processes that control these key
events will be discussed.

1.2.1

Growth Factor Receptors
During normal embryonic development and in adult life, signal transduction needs to be

precisely coordinated and integrated, and properly regulated differentiation signals are critical
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for preventing oncogenesis (3). Growth factors mediate their diverse etiologic responses by
binding to and activating cell-surface receptors with intrinsic protein kinase activity (4). The
initial step of most signal transduction cascades is the binding of extracellular growth factors to
transmembrane receptors that, once activated, bind cytoplasmic proteins. These proteins include
cytoplasmic kinases that are phosphorylated at tyrosine or serine and threonine residues,
resulting in a conformational change and activation of their kinase domain. Consequently, a
sequential cascade of phosphorylation and dephosphorylation is initiated, resulting in
propagation of the signal to the nucleus (see (5) for review). Among the best-understood growth
factor regulated pathways are those mediated by receptor tyrosine kinases (RTKs).
Sequencing data from the Human Genome Project has revealed that there are more than
90 protein tyrosine kinases (PTKs) in the human genome, 58 of which encode for RTKs (3, 6).
PTKs comprise a large portion of known oncogenes and tumour suppressor genes (7). Recently,
an impressive study used high-throughput bioinformatics to identify a large number of known
and novel mutations in tyrosine kinase genes in colorectal cancer (8). Therefore, the
physiological regulation of RTKs is key to understanding the mechanisms causing their
oncogenic activation (3). Signaling by RTKs requires ligand-induced receptor oligomerization;
dimerization of RTKs is followed by receptor autophosphorylation, usually by one receptor
phosphorylating the other in the dimer (9). In the unphosphorylated state, the receptor possesses
a low catalytic activity due to the particular conformation of a specific domain in the kinase
region, which interferes with the phosphotransfer event (10). Phosphorylation of the activation
loop of the kinase domain removes this inhibition, and the catalytic activity is enhanced and
persists for some time independently of the presence of the ligand. Once phosphorylated, RTKs
are catalytically active and the phosphorylated residues act as docking sites for cytoplasmic
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signaling proteins that recognize specific phospho-tyrosine residues (10). In this manner, active
signaling transducers complex at the cell surface with growth factor receptors through the
recognition of phospho-tyrosines by specific binding domains. Recruitment to phosphorylated
tyrosine residues on receptors leads to activation of the signaling molecule through a range of
mechanisms: tyrosine phosphorylation (e.g., phospholipases

and STATs); conformational

changes induced by the binding of the Src homology-2 (SH2) and other protein tyrosine binding
domains (e.g., Grb2, Src); and translocation to the plasma membrane for stimulation (e.g., Ras)
(3,11).
Given the extensive activation of RTKs in human cancer, and extensive data supporting
their causal role in the development and progression of many human cancers, it is no surprise
that both RTKs and their growth-factor ligands have become rational targets for therapeutic
intervention. The characterization of both the crystal structure of these RTKs as well as
elucidation of their primary and secondary functions of these receptors and their ligands in
tumourigenesis (and for that matter, normal homeostasis) has allowed for the development of the
first target-specific cancer therapeutics (12). The first of such therapeutics was directed against a
R T K with a high level of homology to human epidermal growth factor receptor (EGFR), named
ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2; frequently referred to as
HER2/neu)

(13). Subsequently, the therapeutic antibody trastuzumab (Herceptin®, Genentech,

Inc.) began clinical trials for use in patients with metastatic breast cancer. There are currently
more than 20 RTK-targeted therapies that are approved or in clinical development, including
compounds directed against B C R - A B L (Gleevec®, Novartis Pharmaceuticals Inc.), plateletderived growth factor receptor (PDGFR), vascular endothelial growth factor receptor 1 and 2
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(VEGFR1/2), fms-related tyrosine kinase 3 (FLT3), and tropomyosin receptor kinases (TRKs)
(reviewed in (12)) and the IGF1R (14).

1.2.2

The RAS-RAF1-MEK-ERK Mitogen Activated Protein Kinase Pathway
The Ras-Raf-Mek-Erk pathway is a central signal transduction pathway, which transmits

signals from multiple cell receptors to transcription factors in the nucleus. This pathway is
frequently referred to as the M A P K (mitogen-activated protein kinase) pathway, and can be
stimulated by mitogens, cytokines, and growth factors. Ras is a 21 kDa molecular weight protein
that is targeted to the cell membrane by farnesylation, and cycles between active GTP-bound and
inactive GDP-bound configurations (5). Inactivation of the Ras protein occurs via its intrinsic
GTPase activity, which is facilitated by the family of GTPase-activating proteins (GAPs) (5).
When Ras is bound to GTP it is active, whereas GDP-bound Ras is inactive (15). Ras activation
occurs at the cell membrane, downstream of growth factor receptor activation, and is
accomplished by guanine nucleotide exchange factors such as SOS (Son of Sevenless) that
exchange free GTP for Ras-bound GDP (5). In the case of R T K signaling, receptor activation
leads to direct activation of Ras via the SH2-adapter molecule GRB2, which links the activated
receptor to SOS, thereby facilitating activation of Ras.
Upon activation, Ras recruits several downstream effector molecules that initiate a
number of changes in cellular phenotype. Among Ras effectors is Rafl, a serine/threonine kinase
that becomes phosphorylated upon binding to activated Ras (15). Rafl phosphorylates MEK1
and M E K 2 (MAPK-ERK kinases) on serine residues; MEK1 and M E K 2 are dual-specificity
kinases that in turn activate ERK1 and ERK2 (extracellular stimulus regulated kinases) by
phosphorylating threonine and tyrosine residues (5). Once phosphorylated, ERK2 translocates to
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the nucleus where it phosphorylates a number of different transcription factors, including c-Myc,
Elk-1, ETS-1, C R E B , AP-1, and N F - K B (16). Activation of these transcription factors leads to
D N A replication and cell division. Interestingly, activation of the other MAPKs, (for example,
SAPK/JNK (stress-activated protein kinase/jun amino-terminal kinase), occurs via structurally
related molecules in parallel signaling pathways, but leads to growth arrest rather than
proliferation (5).

1.2.3

The P I 3 K - A K T Pathway
The ability of trophic factors to promote survival has been attributed, at least in part, to

the phosphatidylinositide 3'-OH kinase (PI3K)-AKT kinase cascade. Survival stimuli generally
mediate intracellular signaling through ligation of transmembrane receptors, which either
possess intrinsic tyrosine kinase activity (e.g., the insulin-like growth factor one receptor,
IGF1R), are indirectly coupled to tyrosine kinases (e.g., integrins), or are coupled to seven
transmembrane, G protein-coupled receptors (15). Activation of these receptors results in the
recruitment of PI3K members (such as p85) to the inner surface of the plasma membrane,
typically through the SH2 domain of p85, or indirectly through intermediate phosphoproteins
such as the insulin receptor substrates IRS1 and IRS2 (17). Additionally, PI3K can be activated
indirectly via intermediate activation of Ras; thus, like R A F , PI3K is a Ras effector and links
proliferative and survival pathways (15, 18).
Following recruitment of the PI3K heterodimer (regulatory and catalytic subunits) to the
cell membrane, and interaction of p85 with RTKs (for example), p i 10 catalyzes the transfer of
phosphate from A T P to membrane-localized phospholipids termed phosphoinositides. The
principally generated 3'-phosphorylated phosphoinositides are phosphoinositol 3,4 bisphosphate
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(PI3,4P)

and phosphoinositol

intermediates

regulating

3,4,5

triphosphate (PI3,4,5P) which function as signaling

downstream

signal

transduction

cascades

(15,

19).

The

3'-

phosphorylated phosphoinositides activate the serine/threonine kinase A K T (also termed PKB)
by phosphorylation at serine

308

and threonine

473

by potentially

three

molecules:

phosphoinositide-dependent kinase (PDK)l, PDK2 (15) and integrin-linked kinase (ILK) (20).
Further, A K T can also be activated by non-PI3K dependent means such as members of the
protein kinase A pathway (21) and the calcium/calmodulin dependent kinase kinase (CAMKK1)
(22), which lead to phosphorylation of A K T . Active A K T is then translocated, through an
unknown mechanism, to the nucleus where many of its substrates are localized (e.g., FKHR,
F O X O , and CREB) (19).
The main biological consequences of A K T activation can be loosely characterized into
three processes: survival / anti-apoptosis, proliferation (increased cell number) and growth
(increased cell size) (19). The anti-apoptotic effects of A K T occur through phosphorylation of a
variety of targets, notably BCL2-antagonist of cell death (Bad). Phosphorylated Bad interacts
with 14-3-3 proteins, inhibiting the ability of Bad to interact with Bcl-2 and Bcl-X ; Bcl-X then
L

L

binds to pro-apoptotic Bax molecules and prevents their induction of apoptosis (15). A K T can
also influence cell survival through indirect effects on both N F - K B (nuclear factor of kappa light
chain gene enhancer in B-cells) (23) and p53 (24). A K T has been shown to phosphorylate and
activate IKB kinase (IKK), a kinase that induces degradation of the N F - K B inhibitor, IKB (23).
A K T can also influence the activity of the pro-apoptotic tumour suppressor p53 (discussed in
detail below), through phosphorylation of the p53-binding protein mdm2; mdm2 targets p53 for
degradation through the E3 ubiquitin ligase activity of mdm2 (19).
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1.2.4

Cross-Talk between Ras-MAPK and PI3-K Signal Transduction Pathways
Interaction between the Ras-MAPK and PI3K/AKT pathways, or crosstalk, is an area of

intense research (25) and multiple lines of evidence support the existence of these interactions,
the best characterized of which is outlined below. First, cells treated with pharmacological
inhibitors of PI3K also have decreased levels of E R K phosphorylation (26, 27). Second, A K T
phosphorylates and negatively regulates RAF1 (28, 29) and, as discussed above, PI3K has been
shown to be an effector of Ras (18). Third, a dominant-negative mutant of the p85 subunit of
PI3K decreased MEK1 and E R K activities and, correspondingly, proliferation (30). Fourth, it
has been demonstrated that while an activated form of M E K can induce cell division in quiescent
fibroblasts, PI3K signals are required for this effect (31). Finally, evidence from several
experimental systems illustrates that Grb2 recruitment results in association of Gab2 (32, 33),
which can associate with SHP2 (coupling to ERK1/2 activation) and the p85 subunit of PI3K
(coupling to A K T phosphorylation). Thus, a significant amount of cross-talk exists between the
Ras-MAPK proliferation pathway and the PI3K survival pathway; this cross-talk is crucial for
the regulation of cell proliferation, death and differentiation. Disruption of these cascades and
their mechanisms of cross-talk leads to dysregulated cell growth and is a common feature of
many malignancies.
Cross-talk permits more finely tuned regulation of homeostasis than would the action of
individual independent pathways. For example, it is well established that constitutive expression
of RAS can induce apoptosis or cell cycle arrest through mechanisms involving p l 9

A R F

, p21

CIP1

,

and p53 (reviewed in (34)). Further, concomitant activation of the PI3K-AKT pathway prevents
Ras-induced cell cycle arrest or apoptosis and allow proliferation to occur (25, 31, 35). Multiple
nodes of interaction in each pathway also allows for multiple potential regulation points as well.
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However, inappropriate cross talk can cause second messengers to be misinterpreted. Thus
modification of a single pathway component by mutation or targeted therapy could have
profound effects on cellular signaling. It is important to note that cross-talk of these, and other
pathways, may be cell-type and stimulus-specific; ergo, investigators should exercise care when
extrapolating from other experimental systems.

1.2.5

Cell Cycle
Homeostasis of normal tissues is maintained by an intricately regulated balance between

cell proliferation, growth arrest and differentiation, and cell death. In malignancy, these cell
functions become deregulated, leading to an increase in cell number. Since both Ras-MAPK and
PI3K7AKT pathways discussed above converge on the cell cycle, regulation of the cell cycle will
now be summarized.
The cell division cycle can be divided into four phases: two functional phases, S and M
phases, and two preparatory phases, GI and G2. S phase is defined as the phase in which D N A
synthesis occurs. Fully replicated chromosomes are segregated to two genetically identical
daughter cells through a process called mitosis in M phase. The other two phases of the cell
cycle, GI and G2, are gaps between mitosis and S phase, and S phase and mitosis, respectively.
GI is the primary growth phase; during G2, D N A synthesis is terminated and cell growth
continues with accumulation of proteins and organelles to be divided between the two daughter
cells during mitosis. The length of the GI phase in highly variable, and can range from several
hours to several days, depending on cell type and environmental conditions (36). Cells that
persist in GI for extended periods of time enter a distinct (quiescent) state called GO. Cells in GO
can re-enter the cycle or remain in GO indefinitely.
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Two main checkpoint control mechanisms in the cell cycle exist to ensure that cells
progress without errors: G l / S (also called the restriction or 'R' point) and G2/M. Upon
appropriate stimulation, cells are able to initiate proliferation in both the Gland GO the phases of
the cell cycle. In cultured cells, once a cell passes the R point, it is committed to enter S phase,
regardless of stimulatory withdrawal. In vivo, however, cells may arrest at different points within
G l in response to different inhibitory signals; thus, in reality, there may be several R points in
different cell types that restrict cell cycle progression (37). The G2/M checkpoint is much less
studied, but is thought to prevent the cell from entering mitosis (M phase) if the genome is
damaged, largely through the action of the tumour suppressors A T M and p53 (36). In the
following sections, the major regulators of cell cycle progression will be discussed.
In general, cell cycle transitions are controlled by the interactions of cyclins and cyclindependent kinases (CDKs) (38). As activation of CDKs is the central event in cell cycle
transitions, their activity is quite tightly regulated at several levels (39). The active C D K
holoenzyme is composed of a catalytic subunit and the cyclin regulatory subunit. Mammalian
cyclin family members include cyclins A to H , which all share a conserved sequence of about
100 amino acids (36). In mammalian cells, the C D K family includes seven members that are
conserved in size between 32-40 kDa, and share approximately 40% sequence homology (37).
CDKs are expressed at constant levels throughout the cell cycle and, once bound to cyclins, are
active serine/threonine kinases (36). Full activation of the cyclin-CDK complex is dependent
both on phosphorylation of a conserved threonine in the catalytic cleft by CDK-activating kinase
(CAK) and on dephosphorylation of inhibitory threonine sites by phosphatases of the cdc25
family (37).
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Transition from GI to S phase through the restriction point is mediated by cyclin D- and
E-dependent kinases (38). The D-type cyclins ( D l , D2, and D3) bind to CDK4 and CDK6 to
create six different

holoenzymes,

which are expressed in tissue-specific patterns

(38).

Hypophosphorylated RB (the retinoblastoma protein) represses the transcription of genes whose
products are required for D N A synthesis, largely by binding transcription factors such as the
E2Fs (40). Activated cyclin D-CDK4/6 complexes phosphorylate, and thus inactivate R B I ,
enabling E2Fs to function as transcriptional activators (38). Completion of RB phosphorylation
is accomplished by the cyclin E-CDK2 complex which is activated in response to E2F mediated
induction of the cyclin E gene (36). This shift in RB phosphorylation from mitogen-dependent
cyclin D-CDK4/6 complexes to mitogen-independent cyclin E-CDK2 accounts in part for the
loss of dependency on extracellular growth factors at the restriction point (38).
Cyclin-dependent kinase activity is tightly regulated by cell-cycle inhibitors, and loss of
this regulation is often the cause of human cancer; these inhibitors include the p21 (also known
as WAF1/CIP1), p27 (KIP1), p57 (KIP2) proteins (which interact with cyclin-CDK complexes
in all phases of the cell cycle), and the INK4 proteins which specifically inhibit cyclin Ddependent

kinases (38).

The CIP/KIP family of polypeptide inhibitors bind complexes

containing cyclins D, E , and A. By binding, these CKIs lead to the inhibition of C D K activity
and thus preventing cell cycle progression (36). The INK4 proteins (named for their ability to
inhibit CDK4) sequester CDK4/6, preventing binding of CDK4/6 to cyclin D, and thereby
indirectly inhibiting cyclin E-CDK2 to ensure cell cycle arrest (38). Not surprisingly, pl6INK4a
is a human tumour suppressor because loss of both copies of the gene encoding this protein is
known to contribute to tumour formation (36).
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1.2.6

Apoptosis
Programmed cell death plays critical roles in a wide variety of physiologic processes

during fetal development and in adult tissues. Apoptosis is the active mechanism of programmed
cell death ((41), reviewed in (42)). Defects in apoptotic cell death contribute to neoplastic
diseases by preventing or delaying normal cell turnover, thus promoting cell accumulation.
Defects in apoptosis also facilitate tumour progression by rendering cancer cells resistant to
death mechanisms relevant to metastasis, hypoxia, growth factor-deprivation, chemotherapy, and
irradiation (42). An extensive discussion of apoptosis is not directly relevant to this thesis;
however, given its importance to the oncogenic process, a brief summary is presented.
Apoptosis is a highly conserved mechanism by which eukaryotic cells commit suicide.
Unlike necrosis, apoptosis results from the activation of a genetic program in which cells lose
their viability, fragment, and are ingested before losing membrane integrity. The molecular
hallmark of apoptosis is the activation of caspases, cysteine proteases that cleave their targets at
aspartic acid residues (42). Based on their order of activation, caspases are classified into two
families: the initiator caspases and the effector caspases (43). In response to appropriate stimuli,
the initiator caspases (also known as 'apical caspases') undergo a complex course of
autocatalytic processing and activation, which usually require several auxiliary factors (43).
Once activated, an initiator caspase specifically cleaves and hence activates an effector caspase
zymogen. For example, the initiator caspase-9 is activated by the assembly of a multimeric
complex (the 'apoptosome') involving Apaf-1 and cytochrome c. Once activated, caspase-9
cleaves and activates caspase-3 and caspase-7. Caspases-3 and -7 rapidly degrade a large number
of cellular proteins that ultimately kill a cell (44).
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Apoptosis can be triggered by a wide variety of stimuli: Fas ligand, tumour necrosis
factor (TNF), growth factor withdrawal, viral or bacterial infection, oncogenes, irradiation,
ceramide, and chemotherapeutic drugs (45). Essentially, there are two major apoptotic pathways
in mammalian cells: 1) the death-receptor pathway is triggered by members of the death-receptor
superfamily (e.g., CD95 and T N F receptor 1). Binding of the CD95 ligand to the CD95 induces
receptor clustering, which recruits multiple procaspase-8 molecules via the adapter molecule
F A D D (Fas-associated death domain). Caspase-8 is activated and mediates cleavage on a variety
of

substrates critical for cell survival (such as nuclear lamins, D N A polymerases, and

cytoskeletal proteins) (46). 2) The mitochondrial pathway is used extensively in response to
extracellular cues and internal insults such as D N A damage (often through p53 induction of Bax,
Bcl2-associated X protein). Ultimately, intrinsic and extrinsic pathways unite upon the common
final degradation phase, which is responsible for the chromatin condensation and nuclear
fragmentation in the apoptotic cell. Many proteins initiate tumour formation or develop
therapeutic resistance by manipulating the apoptotic process.

1.3

CANCER
The term 'cancer' is used to describe a variety of malignant diseases that result from

uncontrolled cell proliferation. The dividing cells form large masses called neoplasms, or
tumours, which can invade neighboring tissues or may metastasize to more distant sites.
Although the ancient origins of the term are somewhat uncertain, it most likely derives from the
Latin for crab, 'cancer' - presumably because a cancer "adheres to any part that it seizes upon in
an obstinate manner like the crab" (47). In contrast, benign proliferations consist of cells that
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neither invade other tissues nor metastasize. An estimated 145,500 new cases of cancer and
68,300 deaths from cancer will occur in Canada in 2004 (48).
Malignant cells have defects in the regulatory circuits that govern normal (controlled)
proliferation and homeostasis. Hanahan and Weinberg have proposed that malignant cells exist
due to six essential alterations in cellular physiology: self-sufficiency

in growth signals,

insensitivity to growth-inhibitory ('anti-growth') signals, evasion of programmed cell death
(apoptosis), limitless replicative potential, sustained angiogenesis, and tissue invasion and
metastasis (49). Each of these physiologic changes - perhaps unique in their combination and
levels in every tumour sub-type - counteracts homeostatic mechanisms which govern normal cell
function. These six capabilities are proposed to be shared in common by most and perhaps all
types of human tumours (49).

1.3.1

Mechanisms of Oncogenesis
The notion that inherited abnormalities predispose some individuals to cancer was

suggested more than a century ago (reviewed in (50)); advances in molecular biology within the
past three decades have enabled us to identify cancer-associated genes. These were found to
include both oncogenes (dominant gain-of-function proteins) and tumour-suppressor genes
(recessive loss-of-function proteins), and both classes of genes were discovered principally by
virtue of their alteration in human cancers (51).

1.3.2

Tumour Suppressor Genes
Tumour Suppressor Gene (TSG)s, as their name implies, function to regulate cell growth,

differentiation, or other basic functions in order to prevent unregulated proliferation. Generally
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speaking, cancers can arise if both copies of a specific T S G are lost or inactivated, although loss
of

one

allele

may

be

sufficient

for

malignant

transformation

with

certain

TSGs

(haploinsufficiency) (52). Inactivation of tumour suppressor genes can occur via a variety of
mechanisms including loss of the gene (deletion) or mutation (point, missense or nonsense) (53).
Tumour-suppressor genes probably evolved to perform specific functions related to development
and homeostasis rather than to prevent cancer (53). Interestingly, many tumour suppressors are
essential regulators in key signal transduction pathways, but are only involved in specific
subtypes of particular tumours (54). Loss of tumour-suppressor function therefore contributes to
cancer in some contexts, but leads to pathophysiological states that are distinct from cancer in
other contexts (55). Some well-characterized examples of TSGs include APC, RBI, and p53. A
brief discussion on the inactivation of TSGs will now be discussed using RBI and p53 as
examples.

1.3.2.1 Retinoblastoma Protein (RB)
The first T S G to be cloned was the retinoblastoma (RBI) gene, discovered during studies
into familial retinoblastoma by Alfred Knudson and others, and resulting in the 'two hit'
hypothesis for cancer development (56-58). 'Hits' (mutations) are required for retinoblastoma
formation; the first being an inherited (germline) mutation; the second mutation, a somatic one,
during the course of development of the retina. The protein product of the RBI gene (pRbl) is
responsible for controlling the transition from GI to S in the cell cycle; loss of the key regulator
results in uncontrolled cell cycling. Interestingly, patients with germline mutations in one allele
of RBI are predisposed to other malignancies including osteosarcomas, soft tissue sarcomas, and
melanoma later in life (53). Additionally, RBI also acts as an anti-apoptotic factor through
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association with p53 (discussed below) (59). Since the discovery of R B I , two other members
have been added to the RB gene family: pl07 (60) and RB2/pl30 (61). As with the founding
member of this family, both pl07 and RB2 are able to control the cell cycle by negatively
modulating the transition between the G l and S phases (described above) (62).
The functional activity of RBI is regulated by phosphorylation during the cell cycle (62).
Accordingly, RBI appears to be predominantly unphosphorylated or hypophosphorylated in the
G l phase of the cell cycle and maximally phosphorylated in G2 (53). Hypophosphorylated RBI
represses the transcription of genes whose products are required for D N A synthesis, largely by
binding

transcription

factors

such

as

the

E2Fs

(53).

Cyclin

D-CDK4/6

mediated

hyperphosphorylation of RB disrupts the interaction between E2Fs and RB, E2Fs are
subsequently released and transcriptional activation ensues (38) (as previously described in
section 1.2.5).

1.3.2.2

p53
The tumour suppressor p53 was originally identified as an oncogene, as overexpression

of p53 appeared to induce cellular transformation (63). However, subsequent studies showed that
these p53 proteins under study were in fact missense mutations, and p53 was actually a tumour
suppressor gene (53). It is thought to be the most frequently mutated gene in human cancer (64).
p53 encodes a nuclear DNA-binding phosphoprotein that normally exists as a tetramer, which
binds to specific D N A sequences (59). As suggested by the earliest p53 experiments, the vast
majority of p53 mutations in common human cancers are missense mutations, apparently
impairing p53's ability to bind specific recognition sequences (64).

A number of other

mechanisms for inactivation of p53 in tumours include deletion of one or both p53 alleles,
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truncation of the protein by nonsense or splice mutations, functional inactivation through the
expression of the E6 gene of human papillomavirus (HPV), and germline p53 mutations
(resulting in predisposition to breast cancers, sarcomas, brain tumours, lymphomas and L i Fraumeni syndrome) (53, 65, 66).
p53 is a cellular gatekeeper (67); it has numerous cellular functions, including cell cycle
regulator ( G i / S and G 2 / M checkpoints), D N A repair, induction of apoptosis, differentiation,
sensitivity to chemotherapeutic agents and radiation, and protection from hypoxic and nutrient
stress ((59, 65). Although the biochemical mechanisms by which p53 induces apoptosis
following insult are not fully understood, it does appear that p53 is involved in both extrinsic
(death receptors) and intrinsic (mitochondrial membrane) death pathways (65).
p53 activates transcription of a number of genes involved in control of the cell cycle,
including the regulator of Cdk activity p21/WAFl/CIPl (68), a growth-arrest DNA-damage
inducible gene GADD45 (growth arrest and DNA-damage-inducible 45) (69), the E3 ubiquitin
ligase mdm2 (transformed mouse 3T3 cell double minute 2) and the intracellular signal
transducer

14-3-3G

(reviewed in (70)). It also stimulates transcription of bcl-2 pro-apoptotic

family members B A X , N O X A , and P U M A (53), L R D D (PIDD, p53-induced protein with death
domain) (71) and a number of genes involved in the generation of reactive oxygen species (53,
72). In addition, p53 has been shown to repress the expression of a number of genes and at least
some of them, such as cyclin BI and survivin, are negative regulators of apoptosis (70). Finally,
p53 is regulated at basal levels through a continuous cycle of ubiquitination and protein
degradation through association with mdm2 and PIRH2, a novel ubiquitin ligase that appears to
function in parallel with mdm2 (73). Studies targeting ubiquitination as a means to regulate and
reactivate p53 in tumours are currently in progress (70). As such, RBI interacts with p53
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pathways in regulating cell cycle arrest and apoptosis. It has been suggested that disruption of
the RB 1 or p53 pathways probably occurs in virtually every human cancer (36).

1.3.3

Oncogenes

Oncogenes, first identified in cancer-causing viruses, are now well established as major
contributors to the development of cancer in humans. Oncogenes may be viral in origin or may
be derived from normal cellular genes referred to as proto-oncogenes. A recent census of genes
mutated and causally implicated in cancer development has identified 291 cancer genes, more
than 1% of the human genome (74). Proto-oncogenes are highly conserved in evolution and their
products are important in the regulation of cell growth and differentiation in organisms ranging
from primitive eukaryotes to humans (75). The expression of cellular proto-oncogenes is tightly
regulated in normal cells but, if converted to oncogenes, can induce tumour formation.
Oncogenes can be classified into several groups based on the functional and biochemical
properties of protein products of their normal counterparts (proto-oncogenes); these include
growth factors, growth factor receptors, signal transducers, and transcription factors (Table 1).
Conversion of proto-oncogenes into oncogenes can occur by several mechanisms including
proviral insertion, gene amplification, point mutation, and chromosomal rearrangement
(discussed in more detail below).
Activation of oncogenes by proviral insertion is complex and involves recombination
between viral and cellular genomes following infection and integration of the virus into the cell.
In this manner, viral sequence is integrated adjacent to the cellular proto-oncogene resulting in
alterations that convert the normal gene to its oncogenic counterpart (76). The first described
example of proviral insertion leading to oncogene activation was the 50- to 100- fold elevation
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of c-myc transcription observed in bursal lymphomas induced by avian leukosis virus (77). In
this situation, viral sequence insertion leads to enhanced and unregulated expression of the cmyc proto-oncogene (leading to uncontrolled cellular proliferation), thus converting it to an
oncogene.
A second mechanism of oncogene activation observed both in transformed cells and in
tumours is gene amplification, the expansion in gene copy number. The process of gene
amplification occurs through redundant replication of genomic D N A , potential creating
karyotypic abnormalities called double minute chromosomes and homogenous staining regions
(78). Amplification leads to the increased expression of genes, often resulting in a selective
advantage for cell growth (75). Amplified proto-oncogenes are found in human tumours, often in
tumour-specific patterns, and the presence of multiple copies of proto-oncogenes in tumour cells
is associated with a poor prognosis (e.g., c-myc in neuroblastoma) (79). Gene amplification of
two other proto-oncogenes - c-erbB2 (HER2/neu) in breast cancer (80) and Ras family members
in colorectal (81) and esophageal cancers (82) - are also well established.
Mutations can also activate proto-oncogenes through structural alterations in their
encoded proteins. These alterations, which usually involve critical protein regulatory regions,
often lead to the uncontrolled, continuous activity of the mutated protein (75). Various types of
mutations are capable of activating proto-oncogenes, such as base substitutions (point mutations),
deletions, and insertions (83). It has been estimated that as many as 15-20% of all human
tumours may harbor a mutation of a Ras family member, with some tumour subtypes (e.g.,
pancreatic carcinoma) containing mutations in 87% of tumours analyzed (84). In this instance,
such single-base mutations alter the amino acid sequences of the Ras proteins, decreasing

20

T A B L E 1. Proto-oncogenes can be activated to become oncogenes through a variety of
mechanisms. Selected oncogenes are presented below (adapted from Pierotti et al, (75)).
Oncogene
PDGFB
FGF4
MET
EGFR

Mechanism of
Activation
Constitutive production
Constitutive production
Constitutive activation

Protein Function

Neoplasm

B chain PDGF
FGF family member
Receptor tyrosine
kinase
Receptor tyrosine
kinase

Glioma / fibrosarcoma
Kaposi's sarcoma
Renal carcinoma

Receptor tyrosine
kinase
Receptor tyrosine
kinase
Receptor tyrosine
kinase
Receptor tyrosine
kinase
Tyrosine kinase
Tyrosine kinase

Leukemia ( C M L / A M L )

PDGFR

Gene Amplification /
Increased Protein
Gene rearrangement

NTRK

Constitutive activation

ERBB2

Gene amplification

RET

Constitutive activation

SRC
ABL

Constitutive activation
Constitutive activation

MOS

Constitutive activation

RAF

Constitutive activation

PIM-1

Constitutive activation

U-RAS

Point mutation

Serine/threonine
kinase
Serine/threonine
kinase
Serine/threonine
kinase
G Protein

K-RAS

Point mutation

G Protein

N-RAS
DBL
OST
CRK
N-MYC
C-MYC

Point mutation
D N A rearrangement
D N A rearrangement
Constitutive activation
Gene amplification
Gene amplification

G Protein
GEF
GEF
SH2/SH3 adapter
Transcription factor
Transcription factor

MDM2
CCND1
FOS
JUN

Gene amplification
Gene amplification
Deregulated Activity
Deregulated Activity

E3 ubiquitin ligase
Cell cycle regulator
Transcription factor
Transcription factor

Squamous cell carcinoma

Colon, thyroid, & breast
cancer, fibrous tumours
Breast cancer
Neuroblastoma
Thyroid cancer
Colon carcinoma
Leukemia
(CML/ALL)
Sarcoma
Sarcoma
T-cell lymphoma
Colon, lung, pancreas
carcinomas
A M L , thyroid cancer,
melanoma
Melanoma
Lymphoma
osteosarcoma
Lung, breast carcinomas
Neuroblastoma; lung
Many neoplasms
Burkitt's lymphoma
Sarcoma
Breast cancer
Osteosarcoma
Sarcoma

G E F = Guanine Exchange Factor; A M L = acute myeloid leukemia; C M L = chronic
myelogenous leukemia; FGF = fibroblast growth factor; PDGF = platelet-derived growth factor.
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intrinsic GTP-ase activity and constitutive activation of Ras and its downstream proliferative
pathways (85).

1.3.4

Chromosomal Rearrangements
It is generally accepted that chromosomal rearrangements occur more frequently in

malignant cells than in normal ones, presumably due to the significant amount of genomic
instability found in many cancers (86). The most common mutation class among the known
cancer genes is a chromosomal translocation (74). Chromosome translocations result from
deoxyribonucleic acid (DNA) double-strand breakages in two or more chromosomes, followed
by reciprocal exchange of the chromosomal segments. Two patterns

of

chromosome

translocation have been observed in human cancers (Figure 1). The first pattern is observed in
many solid tumours and can result in gains and losses of large portions of chromosomal material.
These complex translocations appear to be random and are not tumour-specific (87). The second
pattern of chromosomal translocation (referred to as the simple type) is characterized by
distinctive rearrangements of chromosomal segments in disease-specific manners. These tumourspecific translocations are often felt to be causal events in the development of these tumours, and
are often found in sarcomas and leukemias and rarely in carcinomas (Table 2).
The overall pattern of specificity of translocations has two possible explanations: 1)
certain genomic regions (known as breakpoint cluster regions) are located in regions of open
chromatin in actively expressed genes and are therefore especially vulnerable to breaks, or 2)
breaks and translocations occur randomly throughout the genome, and only those which provide
a clonal advantage lead to disease (88). It is probable that a combination of both hypotheses is
correct.
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The exact mechanism(s) by which chromosomal translocations arise is still poorly
understood, but double-stranded D N A breaks are considered an important step in this process.
These may be induced by both exogenous and endogenous agents (86). Endogenous processes
associated with D N A double-strand breakage include intrachromosomal rearrangement as the
immunoglobulin or T cell receptor loci, meiotic recombination between homologous chromatids,
malfunctions of the D N A repair process and topoisomerase enzymes, and the production of
D N A damaging agents such as free radicals (86, 88). Exogenous insults known to induce D N A
double-strand breakage include ionizing radiation and chemotherapy (86).
There are two different mechanism by which a translocation can give rise to a malignant
cell: 1) the transcriptional activation of proto-oncogenes (as evidenced by the t(8;14)(q24;q32)
found in 85% of cases of Burkitt's lymphoma, placing the c-myc gene under the regulatory
control of the immunoglobulin heavy chain locus (89)); 2) deletion of a tumour suppressor gene
or fusion of two unrelated gene in frame, creating a novel fusion gene with oncogenic potential
(such as the bcr-abl fusion resulting from a t(9;22)(q34;qll) in chronic myelogenous leukemia
(90)). Fusion genes encode chimeric proteins with transforming activity. In general, both fusion
partners contribute to the transforming potential of the chimeric oncoprotein (75). For example,
the ETV6-PDGFR(3 fusion protein induces transformation through constitutive activation of the
tyrosine kinase domain of PDGFR(3, facilitated by the dimerization domain of ETV6.
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POSSIBLE RESULTS O F C H R O M O S O M A L T R A N S L O C A T I O N :

Breaks in heterochromatin

No observed effect

Deletion of gene 1 or gene 2

Potential disruption of
tumour suppressor

Stop codon created in gene 1 or gene 2

Truncated Protein

Out of frame fusion between genes 1 & 2

Non-functional protein

In-frame fusion between gene 1 & gene 2

Functional chimeric fusion
protein (e.g., ETV6NTRK3)

F I G U R E 1. Chromosomal translocations can result in
rearrangement through a number of different mechanisms.

a potentially

oncogenic

gene
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T A B L E 2. Recurrent Chromosomal Translocations in Soft-Tissue Sarcoma. Abbreviations:
DFSP, dermatofibrosarcoma protuberans; DSRCT, desmoplastic small round-cell tumour.
TUMOUR

CYTOGENETIC
EVENT

MOLECULAR
EVENT,..,

FREQUENCY

DIAGNOSTIC
UTILITY?
....

Alveolar Soft Part
Sarcoma

t(X;17)(pll;q21)

ASPL-TFE3

>90%

Yes

Angiomatoid Fibrous t(12;16)(ql3;pll)
Histiocytoma
Clear Cell Sarcoma
t(12;22)(ql3;ql2)

fusion
FUS-ATF1

fusion

?

Yes

EWS-ATF1

fusion

>75%

Yes

?

No

DFSP

t(17;22)(q22;ql3) COL1A1-

DSRCT

t(ll;22)( 13;ql2)

EWS-WT1 fusion

95%

Yes

Endometrial Stromal
Tumour

t(7;17)(pl5;q21)

JAZF1-JJAZ1

30%

Yes

Ewing's Sarcoma

t(ll;22)(q24;ql2)
t(21;22)(ql2;ql2)
t(2;22)(q33;ql2)
t(7;22)(p22;ql2)
t(17;22)(ql2;ql2)
t(12;15)(pl3;q25)

EWS-FLI1

>85%
10-15%
<1%
<1%
<1%
>90%

Yes
Yes
Yes
Yes
Yes
Yes

t(12;15)(pl3;q25)

ETV6-NTRK3

>90%

Yes

Iriflarnmatory
Myofibroblastic
Tumour
Liposarcoma
(Myxoid)

t(2;var)(p23;var)

ALK fusion genes

>50%

Yes

t(12;16)(ql3;pll)
t(12;22)(ql3;ql2)

TLS-CHOP
EWS-CHOP

95%
5%

Yes
Yes

Rhabdomyosarcoma
(Alveolar)

t(2;13)(q35;ql4)

PAX3-FKHR

>75%

Yes

t(l;13)(q36;ql4)
double minutes
t(X;18)(pll;qll)

PAX7-FKHR

10-20%

Yes

>90%

Yes

>85%

Yes

PDGFB

Congenital
Fibrosarcoma
Congenital Mesoblastic Nephroma

P

fusion

fusion
fusion

EWS-ERG fusion
EWS-FEV fusion
EWS-ETV1
EWS-E1AF

fusion
fusion

ETV6-NTRK3

fusion
fusion

fusion

fusion

Synovial Sarcoma

fusion
fusion
SYT-SSX1 or SYT-

SSX2 fusion

Extraskeletal Myxoid
Chondrosarcoma

t(9;22)(q22;ql2)

EWSR1-TEC
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Chromosomal translocations are specific to certain biologically distinct subtypes of
cancer. Moreover, balanced translocations tend to be found in leukemias as well as pediatric
sarcomas; conversely, epithelial carcinomas typically have intra-clonally diverse karyotypes
(such as deletions and unbalanced chromosome translocations), usually indicative of excessive
chromosome instability (88). However, a recent study by Mitelman et al. has proposed that
karyotypes of epithelial tumours are too complex to allow for a detailed characterization; this
excessive 'noise' has precluded identification of recurrent genetic lesions, and it is a combination
of small sample size and difficulty in obtaining completely characterized karyotypes in these
tumours that has biased the investigator against the importance of deregulated and rearranged
genes in these tumours (91).

Additionally, tissue-specific differences

in mechanisms of

tumourigenesis may also contribute to the paucity of important structural aberrations in solid
tumours (92).

For example, recombination is an essential step in the development

of

hematopoietic progenitor cells in which leukemias arise. This may allow for genes to be
activated by recombination-mediated translocations in leukemias, whereas they are activated
more often by amplification in solid tumours (92).

1.3.5

Fusion genes
Both hematologic malignancies and solid tumours express chimeric proteins from gene

fusions. In solid tumours, one of the genes involved often encodes for a transcription factor. The
fusion protein consequently functions as a chimeric transcription factor that is able to recognize
the same D N A sequences as the parent transcription factor. However, transcriptional activation
would be altered due to contributions from the domains of the partner gene (93). Two examples
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are the t(ll;22)(q24;ql2) EWS-FLI1

(94, 95) and t(21;22)(q22;ql2) EWS-ERG

(96) fusions

identified in Ewing sarcoma. Whereas EWS is a ubiquitously expressed gene of unknown
function, both FLU and ERG are members of the ETS family of transcription factors. The fusion
of EWS to either of these two genes juxtaposes the EWS transcriptional-activation domain with
the FLU or ERG ETS DNA-binding domain, while the EWS RNA-binding domain is lost (9496).
The classic example of the fusion oncogene is the Philadelphia chromosome (Ph )
1

identified by Rowley in virtually all patients with chronic myelogenous leukemia (97). Ph is the
1

derivative

Chromosome

22

that

results from

a t(9;22)(q34;qll)

rearrangement.

This

translocation fuses the c-ABL proto-oncogene on Chromosome 9 with the breakpoint cluster
region (BCR) gene on Chromosome 22. Expression of the B C R - A B L fusion protein results in
increased A B L kinase activity and in the malignant transformation of hematopoietic cells (98,
99). Interestingly, the t(9;22) is also found in up to 20% of cases of adult acute lymphoblastic
leukemia (ALL) and the majority of cases of pediatric A L L (100). In these cases, the breakpoint
in the bcr gene differs from that found in C M L , resulting in a 185 kDa bcr-abl fusion protein (as
opposed to the 210 kDa product in CML) (100); both fusion proteins have transforming ability.
Interestingly, certain genes such as M L L (mixed-lineage

leukemia) and ETV6 are

promiscuous, and form chimeric fusions with a large number of partners (101). The M L L gene
fuses with over 30 diverse partner genes (102). ETV6 is widely expressed in hematopoietic and
non-hematopoietic

tissues (103,

104), although ETV6 rearrangements generally occur in

hematopoietic malignancies (Table 3). ETV6 is involved in fusion oncogenes with many 5' and
3' partners; the majority of these breakpoints occur after ETV6 exon 5. Two exceptions to this
are E T V 6 - T T L (exon 1 breakpoint) (105) and ETV6-CDX2 (with the E T V 6 breakpoint after
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exon 2) (106). These proteins would lack the ETV6 helix-loop-helix domain involved in
breakpoints after exon 5, and if in fact are tumourigenic, would presumably involve the ETV6
promoter. To date, NTRK3 is the only non-hematopoietic fusion partner identified for ETV6.
Gene fusions produce tumour-specific molecules as the chimeric R N A and protein
product occur only in cells with the translocation and are (presumably) malignant. Accordingly,
these

unique

molecules

are

potential

tumour-specific

therapeutic

targets

that

would

correspondingly reduce treatment side effects (107). The most popular and seemingly easiest
approach is targeting of the fusion protein with small molecules. The most well known example
of this is the anti-kinase drug STI571 (Gleevec), targeted against the kinase activity of the A B L
portion of B C R - A B L (108).

1.3.6

The Laboratory Mouse as a Model System for Cancer
In vivo models of cancer development are needed for a comprehensive understanding of

the biology of cancer (120). Our understanding of the mechanisms by which cancer initiates and
progresses has been advanced by the development of mouse models of tumourigenesis (121).
Analysis of transgenic mice in which oncogenes are overexpressed has been complemented by
the creation of mice carrying germline mutations in tumour suppressor genes. The generation of
mice predisposed to cancer has allowed scientists to establish direct causal links between the
mutation of individual genes and specific cellular changes that lead to cancer. Further, these
models provide the investigator with a in vivo system for studying both tumour development, as
well as the design of directed therapeutic modalities. Mice with reduced E R B B receptor function
show strikingly similar disease patterns to treatment side effects in patients receiving
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T A B L E 3. The ETV6 locus is involved in a range of chromosomal translocations. More than 40
different fusion partners have been reported; selected ones are presented below. Abbreviations:
T K = Tyrosine Kinase, S A M = Pointed Domain, ORF = Open Reading Frame, C M M L =
Chronic Myelomonocytic Leukemia, M P D = Myeloproliferative Disease, aCML = atypical
Chronic Myelogenous Leukemia, CFS = Congenital Fibrosarcoma, C M N = congenital
mesoblastic nephroma, A M L = Acute Myelogenous Leukemia, M D S = Myelodysplastic
syndrome.

TRANSLOCATION

FUSION GENE

STRUCTURE

DISEASE

REF

t(9;12)(q34;pl3)

ETV6-ABL

SAM-TK

CMML

(109)

t(5;12)(q33;pl3)

ETV6-PDGFR/3

SAM-TK

CMML

(103)

t(3;12)(q26;pl3)

ETV6MDS1/EVI1

S A M - unknown

MPD

(110)

t(4;12)(qll-ql2;pl3)

BTL - ETV6

B R X like SAM+DNA B D

AML

(111)

t(9;12)(p24;pl3)

ETV6-JAK2

SAM-TK

A L L , aCML

(112)

t(12;15)(pl3;q25)

ETV6 - NTRK3

SAM-TK

A M L , CFS,
CMN

(2)

t(12;22)(pl3;q22)

ETV6 - MN1

SAMglutamine repeat

MPD,
meningioma

(113)

t(12;13)(pl3;ql2)

ETV6 - CDX2

No ETV6 domain
- homeobox

AML

(106)

t(6;12)(q23;pl3)

ETV6-STL

No functional
significance

ALL

(114)

t(5;12)(q31;pl3)

ACS2 - ETV6

No functional
significance

A M L , MDS

(115)

t(l;12)(q25;pl3)

ETV6-ARG

SAM-TK

AML

(116)

t(12;21)(pl3;q22)

ETV6 - AML1

S A M - runt

ALL

(117)

t(l;12)(p36;pl3)

ETV6-MDS2

unknown

MDS

(118)

t(12;13)(pl3;ql4)

ETV6-TTL

Both transcripts
expressed

ALL

(105)

t(9;12)(q22;pl2)

ETV6-SYK

SAM-TK

MDS

(119)
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ERBB-targeted drugs (122), suggesting that genetically engineered mouse models can serve as
valuable tools to predict targeted therapy toxicity and identify mutations that predispose
individuals to side effects.
The

development

of appropriate mouse models would significantly enhance our

understanding of translocation-bearing sarcomas (123). To date, it has proven difficult to
recapitulate the human disease using animal models. The most successful model so far is the
FUS-DDIT3 (also known as TLS-CHOP) fusion gene found in myxoid liposarcoma (124). This
fusion functions as an aberrant transcription factor involved in adipocyte differentiation and
growth arrest (125). In this traditional transgenic (random insertion) model, mice from two
independent founder lines developed transplantable tumours of white fat that morphologically
resemble human liposarcoma. Interestingly, tumours only develop in fat tissues, despite the
expression of the Tls-Chop transgene in most tissues (124). These finding are consistent with the
theory that the transforming effect of the fusion gene is restricted to very specific cell lineages,
due to content-dependent activity of the fusion gene (123).

1.4

T

H

E

ETV6-NTRK3

C H I M E R I C

O N C O P R O T E I N

"Sarcomas are relatively rare malignant tumours derived from mesenchymal tissues - nonepithelial tissues derived from the embryonic mesodermal layer" (123). However, pediatric
sarcomas are responsible for considerably higher morbidity and mortality than those affecting
adults. It has become apparent that specific molecular alterations associated with particular
tumour subtypes are more important diagnostically and prognostically than earlier classifications
based on the site of the tumour (126). Sarcomas can be stratified into two groups, based on
cytogenetic and molecular rearrangements. One group consists of genetically complex sarcomas,
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more typically affecting older patients than the second group. These complex chromosomal
rearrangements, without any recurrent reciprocal translocations, present a great challenge to the
cancer researcher (123). The second group is characterized by relatively simple karyotypes, often
involving disease-specific chromosomal translocations such as the well-studied

PAX3-FKHR

fusion in alveolar rhabdomyosarcoma (127), and the ETV6-NTRK3 gene fusion that is the subject
of this thesis.
The ETV6-NTRK3 gene fusion was first identified by cloning of the t(12;15)(pl3;q25)
translocation in congenital (or infantile) fibrosarcoma (2), a mesenchymal malignancy of very
young children (see below). This rearrangement fuses the N-terminal S A M domain of ETV6 to
the C-terminal PTK domain of NTRK3 (also known as TrkC), generating a fusion protein that is
similar in structure to other ETV6 chimeric PTKs (Figure 2). NTRK3 is the transmembrane
surface receptor for neurotrophin-3 and is primarily expressed in the central nervous system
where it is involved in growth, development, and cell survival of neuronal cells (reviewed in
(128). The ETV6-NTRK3 (EN) fusion protein has potent in vivo and in vitro transforming
activity in several cell lineages including fibroblasts (129), hematopoietic cells (130), and breast
epithelial cells (131). E N induces phenotypic transformation, soft agar colony formation, and
nude mouse tumours when expressed in NIH3T3 as well as Scg6 and Eph4 breast epithelial cells
(131). Transformation of each cell type requires an active P T K domain as well as an intact S A M
oligomerization domain. Mutations of the A T P binding site or any of the three activation loop
tyrosines of the NTRK3 PTK completely abolish transformation activity, as do deletions of the
S A M domain (129). These findings are consistent with the notion that E N self-association
through its S A M domain leads to P T K activation and stimulation of downstream signaling
pathways required for transformation.

A9
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DNA binding~|—

COOH

V112
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F I G U R E 2. Schematic diagram of the E T V 6 - N T R K 3 (EN) fusion protein. E N contains the S A M dimerization domain of E T V 6
fused to the protein tyrosine kinase (PTK) domain of N T R K 3 . Note that E N does not contain the transmembrane domain or SHC and
K F G binding sites of wild-type N T R K 3 .

32

1.5 ETV6
ETV6 (ETS, E-26 transforming specific, variant gene 6) is a member of the ETS family
of transcriptional regulators, and is thought to play a role in early hematopoiesis and
angiogenesis (104,

132-136). The Etv6

gene is widely expressed throughout embryonic

development and in the adult (132). Murine gene targeting experiments have shown that ETV6~'~
are embryonic lethal, with defective yolk sac angiogenesis and intra-embryonic apoptosis of
mesenchymal and neural cells (104). ETV6, formerly abbreviated T E L (translocation ETS
leukemia), encodes the sterile alpha motif in exons 3 and 4 and the ETS D N A binding domain in
exons 6 to 8 (132) (Figure 2). ETV6 preferentially binds to the sequence T(G/T)(A/C)GGAAGT
(137) and functions as a transcriptional repressor via interactions with the mSin3A, N-CoR, and
SMRT co-repressors, as well as histone deacetylase (138, 139). E T V 6 represses the matrix
metalloproteinase Stromelysin-1

(140)

and has been shown to induce apoptosis through

repression of Bcl-XL (141). ETV6 can inhibit Ras-dependent colony growth in soft agar and
hinder proliferation in a range of cell types (140, 142). Further, loss of heterozygosity at
chromosome 12pl3 (ETV6) is found in many types of malignancies, including leukemias and
tumors of the breast and ovary (103, 143-146). Clearly E T V 6 may play a role as a tumour
suppressor.

1.5.1

The ETV6 Gene as a Target of Chromosomal Translocations
For

reasons

that remain unclear ETV6

is frequently

targeted by chromosomal

translocations in human malignancies, particularly leukemias, resulting in the expression of
oncogenic ETV6 gene fusions (Table 3). Chimeric oncoproteins often contain the S A M (sterile
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alpha motif; also known as 'pointed'or helix-loop-helix, HLH) oligomerization domain of ETV6
fused to either a D N A binding transcription factor such as A M L 1 (117, 147), or more commonly
to a PTK domain such as that of PDGFRp (103), A B L (109, 148), JAK2 (112, 149, 150), A R G
(116, 151), or FGFR3 (152)). These chimeric proteins have predominantly been discovered in
human leukemias, and expression appears to be sub-type specific (153). The well-characterized
ETV6-CBFA2 (TEL-AML1) fusion is often accompanied by deletion of the normal ETV6 allele
on Chromosome 12 (154). The fusion of E T V 6 to NTRK3 in congenital fibrosarcoma (CFS) is
the first report of this ETS gene being involved in a human solid tumour (2).

1.6 NTRK3
The development and survival of the mammalian nervous system is highly dependent on
the existence of soluble neurotrophic factors (155). These neurotrophins recognize two different
classes of receptors, the N T R K family of protein tyrosine kinases and the low-affinity p75 death
receptor, a member of the tumour necrosis factor (TNF) receptor superfamily. The N T R K family
of protein tyrosine kinases includes NTRK1, NTRK2, and NTRK3, which were formerly called
T R K A , T R K B , and T R K C , respectively. NTRK1 is the N G F receptor, NTRK2 serves to bind
brain-derived neurotrophic factor (BDNF), and NTRK3 is the primary receptor for neurotrophin3 (NT-3) (156,

157). NT-3 can also bind to and activate NTRK1 and NTRK2 at high

concentrations (155). N T R K family members are very similar at the amino acid level; in fact,
their protein tyrosine kinase (PTK) domains are over 70% homologous (158). N T R K family
members undergo ligand-induced dimerization and autophosphorylation that

subsequently

activate signal transduction cascades (159). The NTRK2 and NTRK3 genes have been shown to
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engage in alternative splicing that results in non-catalytic receptor isoforms whose functions
remain unknown.
NTRK3 encodes the transmembrane surface receptor for neurotrophin-3 (NT-3) and
mediates many aspects of growth and development in the central nervous system (155, 160, 161).
There are two human NTRK3 splice variants: active NTRK3 consists of 825 amino acids but a
non-functional variant contains a 14 amino-acid insert occurring after NTRK3 arginine 701
(162). Both variants are equally proficient in binding NT-3 and in autophosphorylation; however,
only NTRK3 lacking the insert can mediate signal transduction (163).
NTRK3 is activated by cell surface ligand-mediated oligomerization, which facilitates
autophosphorylation of NTRK3 cytoplasmic tyrosine residues and subsequent kinase activation
(155, 158, 164). Recruitment of N T R K effectors to the plasma membrane initiates signaling
events that promote growth, differentiation, and survival. Phosphorylated NTRK3 tyrosine 516
binds the SHC (Src-homology and collagen) adapter protein via the SH2 domain of the latter
(163, 165), and is also the site of association with the regulatory (p85) subunit of PI3K
(phosphoinositol-3' kinase) (165, 166). Subsequently, SHC activates the Ras-MAPK signaling
cascade, while p85 activates the pllO catalytic subunit of PI3K and the A K T survival pathway.
Phosphorylated NTRK3 tyrosine-820 is the binding site for phospholipase-Cy (PLCyl) (165,
167). Additionally, the sue 1-associated neurotrophin factor target (SNT) protein has been shown
to bind to an NTRK3 juxtamembrane K F G sequence (lysine - phenylalanine - glycine; NTRK3
residues 461-463) and become tyrosine phosphorylated (168, 169). Other molecules are known
to associate with activated NTRK3 and potentially be involved in NTRK3 signaling: these
include the SH2 domain-containing protein SH2B(3, and the rat homologue for an adapter
molecule containing a Pleckstrin homology domain and an SH2 domain (rAPS) (170).
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1.6.1

NTRK Expression in Other Human Tumours
A number of reports highlight a potentially more general role for N T R K receptors in

oncogenesis. NTRK1

(TRKA) sequences were originally isolated from a colon carcinoma biopsy

as part of an oncogene encoding the amino terminal portion of tropomyosin (TPM3) fused to a
truncated tyrosine kinase receptor. TPM3-NTRK1

fusions

were subsequently detected in

papillary thyroid carcinomas (171), and altered N T R K signaling has been implicated in other
neoplasms (reviewed in (172)) including pancreatic adenocarcinoma (173). Reuther et al. have
recently identified an activating NTRK1 mutation in a case of A M L (174), and others have
described potential roles for N T R K signaling in prostatic cancer cell survival (175) and invasion
(176), as well as in breast cancer cell proliferation (177). Recent reports describe NTRK3
expression in 44 / 51 human soft tissue sarcomas (178), and NTRK3 mutations that potentially
activate the P T K in colorectal carcinomas (8). Expression of either NTRK1 or NTRK3 is a
marker of favorable prognosis in neuroblastomas (179) and medulloblastomas (180). Therefore
N T R K proteins appear to have oncogenic activity in several lineages, and their abnormal
expression (i.e., in a non-neuronal tissue) may result in increased N T R K signaling in an
environment lacking regulatory mechanisms. Elucidation of pathways activated by E N may
provide novel insights into how N T R K signaling contributes to oncogenesis.

1.7 EXPRESSION OF E N FUSION TRANSCRIPT IN HUMAN MALIGNANCIES
Congenital

Fibrosarcoma

Congenital fibrosarcoma (CFS) is a pediatric spindle cell tumour of the soft tissues that
occurs almost exclusively before two years of age. Although these tumours display histologic
features of malignancy and frequently recur, they have a relatively good prognosis and only
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rarely metastasize (181). CFS is difficult to distinguish histologically

from adult-type

fibrosarcoma, which has a worse prognosis and often metastasizes (181). Moreover, CFS can
resemble

several benign but cellular fibroblastic lesions of infancy, including infantile

fibromatosis and myofibromatosis (182). ETV6-NTRK3

transcripts were absent in adult-type

fibrosarcoma, infantile fibromatosis, and myofibromatosis as well as other histologically similar
spindle cell neoplasms (1). Expression of the ETV6-NTRK3

gene fusion hence appears to be

specific for CFS among childhood soft tissue tumours and is a useful diagnostic tool for these
tumours (126).

Congenital Mesoblastic

Nephroma

Several groups have also identified the E N fusion in another pediatric solid tumour, the
cellular variant of congenital mesoblastic nephroma (CMN) (183-185). ETV6-NTRK3

transcripts

are not present in so-called classical C M N , but are observed in the mixed form of this disease
(183, 184)). The salient clinical features of cellular C M N , including its excellent prognosis and
occurrence in very young children, overlap with those of CFS, and a relationship between CFS
and congenital

mesoblastic

nephroma has been

proposed based on morphologic and

ultrastructural similarities (186). The presence of ETV6-NTRK3
that cellular congenital mesoblastic

transcripts support the concept

nephroma is histogenetically

related to CFS (187).

Interestingly, in several studies, virtually all cases of CFS and cellular C M N cases expressing the
ETV6-NTRK3

gene fusion also demonstrated an extra copy of Chromosome 11 (183, 184). One

possible explanation is that trisomy 11 provides an additional copy of the insulin-like growth
factor 2 gene (IGF2), which is localized to chromosome llpl5.5 and has been shown to bind the
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IGF-I receptor, provoking an anti-apoptotic signaling cascade (188). The relevance of this
finding is discussed in detail below.

Secretory Breast

Carcinoma

Tognon et al. recently reported that expression of the ETV6-NTRK3

gene fusion occurs in

human secretory breast carcinoma (SBC), a rare subtype of infiltrating ductal carcinoma (IDC)
(131). SBC was originally described in children but is now known to occur in the adult
population as well. SBC is generally considered to have a favorable prognosis (189,

190).

Although recurrences and nodal metastases have been observed in both male and female cases
(191), distant metastases are extremely rare (192). Therefore the prognosis for SBC was initially
thought to be excellent compared to typical IDC, with an up to 100% five year survival rate (193,
194). However, more recent studies have suggested that the favorable outcome is age related,
and that in older patients the prognosis is similar to typical IDC (195). The ETV6-NTRK3

gene

fusion appears to be specific for secretory breast carcinoma, and was not detected in any cases of
EDC (131). Further, the E N chimeric protein can transform normal mouse mammary epithelial
cells, strongly implicating this oncoprotein as a primary genetic lesion in the development of
secretory breast carcinoma (131).

Acute Myelogenous

Leukemia

A variant of the ETV6-NTRK3

gene fusion has been reported in a single case of acute

myelogenous leukemia in an adult patient (out of 100 cases studied) (196). This chimeric
transcript consists of exons 1-4 of ETV6 fused to exons 13-18 of NTRK3, thereby differing from
the originally described fusion transcript by lacking ETV6 exon 5. This variant, which can
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presumably still dimerize resulting in constitutive PTK activity, has been shown to transform
murine hematopoietic cells and induce similar signaling transduction cascades (130, 197). It is
possible that this so-called 'Tel-TrkC )' variant may exist as a second form of
(L

ETV6-NTRK3

that

is specific for acute myeloid leukemia. Neither variant was detected in a screen of 13 pediatric
A M L and 58 acute lymphoblastic leukemia cases (198). However, full-length E N cDNA is able
to confer IL-3 independence to murine hematopoietic cells (Martin and Sorensen, unpublished
results) (130), and so the involvement of E N in hematologic malignancies may be worthy of
further investigation.
E N is the first translocation-associated fusion protein to be identified in mesenchymal,
epithelial, and hematopoietic malignancies. This calls into question the prevailing view that
fusion genes show strict tumour specificity. In fact, several other chimeras have been reported in
distinct tumour subtypes. The chimeric protein TPM3-ALK,
been

documented

in

both

anaplastic

large

myofibroblastic tumours (200), while CTLC-ALK

cell

resulting from a t(l;2)(q25;p23), has

lymphoma

(199)

and inflammatory

was demonstrated in large cell lymphoma (201)

and inflammatory myofibroblastic tumour (202). This divergence is not limited to chimeric
PTKs, as FUS-ERG,

originally described in acute myeloid leukemia (203), encodes a chimeric

transcription factor and has recently been detected in Ewing tumours (204). Moreover, the
ASPL-TFE3 chimeric transcription factor of alveolar soft part sarcoma (205) is also expressed in
forms of renal cell carcinoma (206).

1.8

E N SIGNAL TRANSDUCTION
The ETV6-NTRK3 oncoprotein is similar to other chimeric PTKs such as B C R - A B L

(207), ETV6-PDGFR(3 (208), ETV6-JAK2 (149), E T V 6 - A B L (109), and N P M - A L K (209) in
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that it functions as a constitutively active tyrosine kinase. E N is capable of homodimerization (or
heterodimerization with endogenous ETV6) via the E T V 6 S A M domain (129). This domain
therefore mediates ligand-independent dimerization and subsequent P T K activation (129, 130,
210). E N expression leads to constitutive elevation of cyclin D l mRNA and protein levels, and
EN-induced cyclin D l expression correlates with increased cell cycle progression in fibroblasts
(210) and breast epithelial cells (Tognon and Sorensen, unpublished results). Moreover, E N
expression leads to constitutive activation of two of the major effector pathways of wild-type
NTRK3, namely the Ras-MAPK mitogenic pathway and the PI3K pathway leading to activation
of the A K T cell survival factor (210). These effects occur even under serum-free conditions.
Phenotypic transformation, soft agar colony formation, and tumourigenesis in nude mice by E N
are blocked by inhibition of either Mekl

or PI3K (210). However, we failed to detect

interactions between E N and adapter molecules known to link NTRK3 to Ras-MAPK and PI3KA K T pathways such as SHC, GRB2, SH2Bp\ or the PI3K p85 subunit (129), as well as A B L ,
SRC, and SHJP2 (unpublished data). Wild-type NTRK3 proteins utilize juxtamembrane tyrosine
Y485 to interact with several of these adapters, but this residue is not present in the E N
oncoprotein due to the position of the fusion point (129). As will be described below, evidence
suggests that the adapter molecule linking E N to Ras-MAPK and PI3K-AKT is insulin receptor
substrate-1 (IRS-1).
The unique ability of E N to activate both Ras-MAPK and PI3K-AKT pathways may be
crucial to its oncogenic activity (Figure 3). While each pathway has been shown to individually
contribute to oncogenic signaling, there is increasing evidence for a synergistic effect of these
two pathways in transformation (31, 35). Stimulation of both pathways simultaneously may
allow for appropriate activation of either pathway, without induction of an anti-tumourigenic
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(apoptotic) response. For instance, it has been shown that continuous Ras activity will induce
cell cycle arrest or apoptosis unless the PI3K-AKT survival pathway is activated concomitantly
(reviewed in (25)). Further, these pathways may be acting in concert to continuously activate
cyclin DI and drive cell cycle progression (210). While our studies indicate that EN-induced
constitutive elevation of cyclin as well as increased cell cycle progression is mediated
predominantly by the Ras-MAPK pathway, the PI3K-AKT also appears to play a role in these
processes (210).

1.8.1

Role of the Insulin-Like Growth Factor 1 Receptor Signaling Axis in E N
Transformation

Accumulating literature points to a critical role for the IGF1R axis in cellular transformation
(211, 212). Moreover, up-regulation of the IGF1R pathway has been observed in a number of
pediatric and adult neoplasms, either through over-expression of the ligands (IGF1 or 2) or
activation of the IGF1R itself (211, 213, 214). It has been demonstrated that there is elevated
expression of the IGF2 gene in CFS and C M N tumours (215), and that the IGF1R pathway must
be intact for E N transformation (215). E N fails to transform mouse embryo fibroblasts derived
from mice with a targeted disruption of the IGF1R gene, but re-introduction of IGF1R into these
cells restores E N transformation activity (215). E N is therefore similar to other dominantlyacting oncoproteins such as activated Ras, c-Src, SV40 large T antigen, and over-expressed
receptor PTKs in failing to transform IGF1R null cells (reviewed in (213)), including the
childhood tumour associated oncoproteins EWS-FLI1 and PAX3-FKHR of Ewing tumour and

IGFs

F I G U R E 3. Outline of E N signal transduction. E N undergoes multimerization in order to become phosphorylated and active. This
results in constitutive activation of both the Ras-MAPK proliferation and P I 3 K - A K T survival pathway, through an interaction with
IRS-1. We hypothesize that IGF1R localizes the signaling complexes at the cell membrane.
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alveolar rhabdomyosarcoma, respectively (216, 217). Furthermore, IRS-1, the major IGF1R
substrate, is constitutively tyrosine phosphorylated in EN-transformed cells, and physically
associates with E N (215). E N / IRS-1 complexes bind both Grb2 and the PI3K p85 regulatory
subunit. This strongly suggests that IRS-1 is functioning as the adapter molecule linking E N to
Ras-MAPK and PI3K-AKT signaling pathways, respectively (215).
A large number of theories have been put forth to explain how IGF1R is functioning in
oncogenesis, including either enhancement of mitogenesis or suppression of apoptosis (reviewed
in (188)). However, no theory fully explains the phenomenon, and the mechanism by which loss
of IGF1R blocks transformation surprisingly remains unclear (212). It is currently postulated that
IGF1R is complementing E N transformation at least in part by contributing to anchorageindependent growth of transformed cells, although the mechanisms involved remain unclear.

1.8.2

Role of the TGFp Pathway
4

Transforming growth factor-(3 (TGF-(3) is a member of a family of structurally
homologous dimeric proteins (TGF-|3l-5) (218, 219). TGF-P elicits a variety of biological
activities including growth stimulation and arrest, stimulation of extracellular matrix formation,
stimulation of angiogenesis, immunosuppression, induction of apoptosis, and induction of
differentiation of several cell lineages (218, 219). TGF-|3 factors initiate signaling by assembling
receptor complexes that activate S M A D transcription factors (220). TGF-f3 was originally
identified on the basis of its ability to induce anchorage-independent growth (phenotypic
transformation) of fibroblasts (221). However, in most epithelial, endothelial, and hematopoietic
cells, TGF-(3 is a potent inhibitor of cell proliferation, by stimulating production of the cyclindependent protein kinase inhibitors plS "" , p21
11

018

CIP1

, and p27

KIP1

(222, 223). In cancer cells, it is
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thought that alterations in the TGF-(3 pathway confer resistance to growth inhibition by TGF-p\
thus allowing uncontrolled proliferation of cells (222). TGF-P is also thought to be involved in
local invasion and metastasis (224), angiogenesis (225), host immunosuppression (226), as well
as tumour suppression in both mouse and human studies (222).
NIH3T3 cells expressing ETV6-NTRK3 show increased levels of TGF-(3l and -p2
mRNA, as compared with vector controls (Tognon and Sorensen, unpublished results). Further,
as documented for a number of EWS-containing fusion protein (227, 228), TGF-(3RII appears to
be down regulated in EN-expressing cells (229)). Expression of TGF-|3 has been shown to be upregulated in some prostate tumours, despite its growth-inhibitory effect on normal epithelial and
carcinoma cells of the prostate. It is hypothesized that these carcinoma cells down-regulate the
receptor to avoid the effects of autocrine TGF-(3l (230). These tumours then lose the inhibitory
effect of TGF-(3 on proliferation (i.e. gain proliferation). The production and secretion of TGF-|3
by certain cancer cells may suppress the activities of infiltrating immune cells, thereby helping
the tumour escape host immune surveillance (226). Accordingly, T G F - P l may play an immunemodulatory role in tumourigenesis. Based on these findings, the Sorensen laboratory is currently
investigating the role of the TGF-p family in ETV6-NTRK3 signaling.

1.8.3

Higher Order Polymer Formation of the E N Oncoprotein
It was initially hypothesized that, similar to other chimeric PTKs, SAM-mediated

dimerization of E N leads to constitutive activation of the P T K and downstream signaling
cascades. However, replacement of the E N S A M domain was with the inducible FK506 binding
protein (FKBP) dimerization system, FKBP-NTRK3 chimeras failed to transform NTH3T3 cells
even though transient P T K activation was observed (231). It was recently shown that the E T V 6
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S A M domain has two potential interacting surfaces rather than one, raising the possibility that
this domain can mediate protein polymerization as opposed to dimerization (232, 233). In fact,
Kim et al. demonstrated that the isolated ETV6 S A M domain forms an insoluble homopolymer
in bacterial cells, and self-associates in a head-to-tail fashion to crystallize as an extended helical
polymer (232). Mutation of key amino acids in each E N S A M binding interface completely
blocked the ability of E N to polymerize, to activate its PTK, and to transform NIH3T3 cells
(231). Furthermore, while E N formed large polymeric structures in cells, mutant E N proteins
existed only as monomers. When isolated S A M domains were co-expressed in E N transformed
cells, a dominant negative effect on E N polymer size and transformation was observed.
Although a number of possibilities can be put forth to explain these observations, it is interesting
to speculate that polymerization facilitates optimal positioning of P T K domains for crossphosphorylation of E N molecules. For example, perhaps the P T K phosphorylation partners in the
E N polymer need to be located one helical turn apart for proper positioning as substrates for each
other. Therefore higher order polymerization may be

a critical

requirement for the

transformation activity of E N and potentially other ETV6-PTK fusion proteins.

1.9

AIMS & O B J E C T I V E S
The ETV6-NTRK3 fusion has been demonstrated to be involved in a group of relatively

rare diseases. However, studies into the relatively rare tumour retinoblastoma have given
considerable insight into our understanding of tumour suppressors. Mechanisms discovered by
such rare diseases can be more clearly characterized than mechanisms involved in common
diseases. These findings can then be extrapolated to studies of these clearly defined mechanisms
in more common conditions. Further, there is considerable evidence to support the role of N T R K
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receptors in human malignancy. This fusion is only one mechanism for the activation of the
kinase domain of the NTRK3 receptor, and therefore this research has direct relevance to any
oncogenic activation of NTRK3. Moreover, E N is a model system to elucidate the pathways
involved in oncogenic N T R K dysregulation.
As presented earlier, oncogenic fusion are typically very cell-type specific. E N is unique
among chimeric fusion proteins in that it has been identified in mesenchymal, epithelial, and
hematopoietic

malignancies. Studies into EN-induced signaling may reveal

mechanisms

responsible for this lack of specificity. Despite extensive characterization of the signaling
pathways induced by E N , the precise mechanism of activation of these pathways (e.g.,
characterization of binding partners) is not yet known. Further, while extremely difficult to
recapitulate for sarcomas, animal models that mimic human disease have given considerable
insight into mechanisms of tumourigenesis. Complete understanding of the oncogenic process
mediated by E N will be important to the development of novel treatment strategies that target
these tumours in vivo. We hypothesize that E N is a potent oncoprotein capable of transforming
multiple cell lineages. Further, an interaction between the carboxy-terminus of E N and IRS-1 is
essential for this transforming activity. Therefore, the studies presented in this thesis were
undertaken with the following aims:

1) To determine the mechanism of IRS-1 binding to E N .
2) To identify additional amino acid residues involved in activation of downstream
signaling pathways.
3) To develop an animal model of ETV6-NTRK3 induced tumourigenesis using
transgenic technology.
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CHAPTER II
MATERIALS AND METHODS
2.1

C E L L CULTURE-BASED TRANSFORMATION STUDIES

2.1.1

C E L L LINES
NIH3T3 cells, derived from murine embryonic fibroblasts, were obtained for long-term

culture from Dr. Robert Kay at Terry Fox Laboratories in Vancouver, Canada. These fibroblasts,
as well as all other cell lines described below, were cultured at 37 °C using standard methods
(234). The cells were grown in Dulbecco's Modified Eagle Medium (DMEM) containing 9%
calf serum (CS), high glucose, sodium pyruvate, and pyridoxine hydrochloride (GibcoBRL), and
supplemented with antibiotic-antimycotic (GibcoBRL). Stocks from each cell line were
preserved by freezing the cells, in media with 10% D M S O (Fisher), in liquid nitrogen. BOSC 23
packaging cells were used to produce mature ecotropic viruses from the various

ETV6-NTRK3

constructs cloned into the retroviral vector, MSCVpac (described further in Section 2.1.3).
BOSC 23 cells were cultured at 37 °C using standard methods (234), in D M E M containing 10%
fetal calf serum (FCS). Confluent flasks were split no lower than 1:5 prior to transfection.
Transient transfection experiments were performed in FfEK 293T cells, a human embryonic
kidney cell line. HEK293T cells were obtained from A T C C and grown in 10% FBS / D M E M .

2.1.2

GENERATION OF F U L L - L E N G T H ETV6-NTRK3

AND MUTANT CDNA
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2.1.2.1 Full-Length E N cDNA. The cDNA encoding full-length ETV6-NTRK3 and kinasedead-EN (K380N) was inserted into the retroviral vector MSCVpuro or MSCVneo at the EcoRI
site as described (129).

2.1.2.2 Truncated Constructs.
The cDNA encoding EN-A614 and EN-A624 were produced via amplification of residues
1-614 of ETV6-NTRK3 using primers containing Hpal I EcoRI restriction sites (5' primer: 5'
TGCAGTTAACGTTCCTGATCTCTCTCGCTGTG
CTGAATTCCTAGATCTCCTTGATGTTCAACC

3';
3';

A614
A624

3'
3'

primer:

5'

primer:

5'

C G C G G A T C C C T A G G C C T T C C C C A A A G C A T G G A G ) . The PCR product was digested with
Hpal I EcoRI and cloned into MSCVpuro. Full-length clones were screened by D N A sequencing
using

ETV6 primers TEL352 and TEL701 (Table 4; (117)), NTRK3 primers Trkl and Trk3, and

M S C V 5' and 3' primers (Table 4). All sequencing was performed on an ABI 3100 genetic
analyzer (Applied Biosystems) using the BigDye terminator reaction, and analyzed using DNASTAR™ software.

2.1.2.3 Site-Directed Mutagenesis
The QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) was employed to create
various tyrosine point mutants at the C-terminus of E N (Table 4). All SDM-PCRs were carried
out as follows: 95°C for 30 s, followed by 12 cycles of 95°C for 30 sec, 55°C for 1 min, and
68°C for 10 min 15 sec. D N A sequencing was used to confirm all the point mutations; sequences
using standard primer T7 or NTRK3 primer PS2 (Table 4) were obtained and analyzed as
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described above. Double site-directed mutants (Y615F+Y628Q, T625A / P626A) were made by
performing two separate site-directed mutagenesis experiments for each amino acid.

2.1.3

TRANSDUCTION OF GENES USING T H E RETROVIRAL V E C T O R MSCVpac

2.1.3.1 Cloning ETV6-NTRK3

constructs into MSCVpac

The murine stem cell virus (MSCV) vector, MSCVpac, was derived from the murine
embryonic stem cell virus and the L N retroviral vectors (235) (236). Upon transfection into a
packaging cell line, MSCVpac transiently expresses (or integrates and stably expresses) a
transcript containing the extended viral packaging signal, the puromycin N-acetyl transferase
(pac) resistance gene, and a gene of interest inserted into its multiple cloning site. The vectors
achieve stable, high-level gene expression through a specifically designed 5' long terminal repeat.
The entire ORFs of ETV6-NTRK3,

along with the 11 mutated constructs, were subcloned into

MSCVpac at the .EcoRI site. Clones were screened using 5gZII-digestion (NEB), as well as
M S C V - F / Trk2 PCR-amplification to ensure the proper orientation of the ETV6-NTRK3

cDNA

(Table 4). Recombinant viruses were produced using BOSC 23 packaging cells.

2.1.3.2 Transfection of BOSC 23 packaging cell line
The BOSC 23 cell line packages retroviral R N A genomes into infectious, replicationincompetent retroviral particles. MSCVpac does not contain the gag, pol, and env genes
necessary for viral particle formation and replication: these genes are stably integrated into the
BOSC 23 genome (237-239). Introduction of MSCVpac into the packaging cell line results in
production of high-titer, replication-incompetent infectious virus particles.
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Calcium-chloride (CaCb) mediated transfection was used to introduce the recombinant
vectors into the BOSC 23 cells (240). Packaging cells from a 10-cm dish were used to seed 6well plates. On the day of the transfection, the media from each well was replaced by 1 mL of
D M E M containing 9% FCS and 25 p,M of chloroquine diphosphate (Sigma). 2 u.g of D N A ,
mixed with 200 uL of 250 m M CaCl (Fisher) and 200 uL of 2X Hank's Balanced Salt solution
2

(GibcoBRL), was added to the media. The cells were returned to the incubator for 8 to 10 hours.
The supernatant was replaced with fresh D M E M / 9% FCS at 8 - 10 hours and at 30 - 36 hours
post- transfection. The supernatant containing mature viruses was collected at 45 - 50 hours. This
solution was filtered (22 ^im filter) prior to being used directly for infection or stored at -70°C.

2.1.3.3 Infection of NIH3T3 cells
NIH3T3 cells were infected with recombinant retroviruses in order to establish cell lines
stably expressing ETV6-NTRK3 and various mutants. NIH3T3 cells were seeded at low density
on to 6-well plates. On the day of infection, the medium was replaced with 0.5 mL of D M E M /
10% CS containing 20 [ig/mL hexadimethrine bromide (Sigma). 0.5 mL of viral supernatant was
added, and the cells were incubated overnight. The medium was then replaced with 2 mL of
fresh D M E M / 10% CS. 36 hours after the start of infection, the cells were placed under
antibiotic selection (2 ^ig/mL of puromycin (Sigma) for 4 days), then cultured to sub-confluency
and confirmed for protein expression.

2.1.3.4 Co-Immunoprecipitation Experiments.
cDNAs encoding E N , EN-A614 and EN-Y615F mutant constructs were C-terminally
tagged with V5-His tag using pcDNA3.1/V5-His-TOPO (Invitrogen). Different combinations of
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H A - and V5-tagged constructs were transiently co-transfected in HEK293T cells using FuGENE
6 transfection reagent (Roche). HA-tagged phospho-tyrosine binding (PTB) domain of IRS-1
(HA-IRS-1C, a generous gift of Mr. Matthew Martin) was transiently transfected in NIH3T3s
expressing

EN

or

EN-mutants.

Lysates

were

prepared

as

described

above,

and

immunoprecipitations (a-HA, a-V5) were performed on lysates collected 36 hours after
transfection, followed by a-V5 or a-HA western blotting.

2.1.4 A S S E S S M E N T O F T R A N S F O R M A T I O N
Retrovirally transduced cell lines were initially assessed for transformation based on
morphologic criteria. Transformation was associated with spindling, elaboration of cellular
processes, increased nuclear-to-cytoplasmic ratios and refractility, and focus formation with loss
of contact inhibition (241).

2.1.4.1 Soft Agar Assay
To assess the transformation ability of these transfected cells, the soft agar assay was
employed to assess anchorage-independent growth as described (215). Briefly, transfected
NIH3T3 were plated in triplicate at a density of approximately 8 X 10 cells per 35 mm dish
3

(Falcon). Each agar plate contains a bottom and top (cell) layer. Bottom layers were made up of
0.4% agar in 9% CS supplemented D M E M (GibcoBRL). Cells were re-suspended in a top layer
of 0.2% agar in 9% CS D M E M . Cells were fed every other day by adding two drops of serumcontaining media. After two weeks at 37 °C, the number of single cells and colonies per high
power field were counted. Colonies were defined as an aggregation of four or more cells, and
results were formulated as a percentage of colonies formed per total number of cells plated.
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Photomicrographs and pictures of the plates were taken 16 to 19 days after plating, and the plates
were observed for up to 28 days for macroscopic colony growth. As the data did not meet the
assumption for analysis of variance (normal distribution, random independent samples and equal
variance), a non-parametric test was utilized. Statistical significance of differences in the
respective groups was evaluated using the Mann-Whitney ranks test; P values < 0.05 were
considered to be of statistical significance.

2.1.4.2 Injection into SCID mice
Pathogen free male Fox Chase SCID (severe combined immune deficiency) mice (C.B-17),
five to six weeks old were obtained from Charles River Laboratories. One or two million NTH3T3
cells infected with control vector, ETV6-NTRK3, or mutant E N , were injected subcutaneously (s.c.)
at four sites per animal (three animals / group), for a total of 12 monitored sites for each cell line.
Animals were housed in laminar flow racks and microisolator cages under specific pathogen free
conditions and received autoclaved food and water. Once palpable tumours were established, tumour
volume measurements were taken every two to three days using calipers, until which time tumour
growth in the ETV6-NTRK3 group necessitated the termination • of the experiment. Statistical
significance of differences in tumour size in the respective groups was evaluated using the MannWhitney ranks test; P values < 0.05 were considered to be of statistical significance.

2.1.4.3 Anchorage-independent Multi-cellular Spheroid Cultures
For anchorage independent suspension cultures, ambient environmental conditions and
media were identical to adherent monolayer cultures. To establish suspension cultures, confluent
monolayers were trypsinized, resuspended as single cells, and replated on tissue culture dishes
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that had been coated with 1.4% agar. Suspended cells were cultured for four days before
spheroid formation was assessed.

2.1.5

PROTEIN ANALYSIS
Lysates were prepared from cell lines (as described above), and prepared for either

immunoprecipitation or as direct lysates for western blotting as described above in section 2.1.7.
Additionally, the following antibodies were used: Phospho-Mekl/2 (Ser217/221)(IB: 1:1000;
Cell Signaling); Phospho-AKT (Ser473, IB:

1:1000; Cell Signaling); 4G10 (IB:

1:10000;

Upstate Biotechnology); TrkC (C-14) (WB: 1:1000; IP: 5ul/IP; Santa Cruz Biotechnology);
cyclin Dl/2

(IB:

1:2000; Upstate Biotechnology);

Grb2 (WB: 1:5000, Transduction

Laboratories); G S T - E T V 6 - H L H (IB: 1:5000; IP: 2ixl/IP; a generous gift from Peter Marynen,
Flanders Interuniversity Institute for Biotechnology, University of Leuven, Leuven, Belgium);
IRS-1 (IP: 2 ug/IP; WB 1:1000, Upstate Biotechnology Inc., Lake Placid, NY); H A antibody
(HA. 11) (IB: 1:2000 dilution; IP: 5ul of 1/50 dilution/IP; BabCO); V5 (IB: 1:5000; Invitrogen).

2.1.6.

IMMUNOFLUORESCENCE
V5-tagged

constructs

of

ETV6-NTRK3,

A614,

and Y615F were

made

using

pcDNA3.1V5/His-TOPO cloning vector (Invitrogen). As the V5 portion was placed on the 3'
end of the various constructs, the stop codon was replaced with a glycine codon to allow for the
continued translation of V5. This was accomplished using the QuikChange™ Site-directed
mutagenesis kit (Stratagene)

according to the manufacturer's instructions. V5-tagged E N

constructs were cloned into MSCVpuro retroviral plasmid using the Kpnl I Pmel digest and Kpnl
cut / CEP treated MSCVpuro. Constructs, including vector control, were retrovirally infected into
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NIH3T3 cells and selected as described above. Prior to immunofluorescence experiments, equal
levels of V5-tagged proteins were confirmed by western analysis.
Cells were grown on Fisherbrand (Fisher) glass slides as described above until the
confluency reached approximately 50%. Cells were serum starved for a minimum of 24 hours in
duplicate, with one group subject to serum stimulation ( D M E M with 9% calf serum) for 30
minutes. The slides were then quickly rinsed with PBS and fixed in 4% paraformaldehyde (pH
7.4) (Sigma) in PBS for 10 minutes at room temperature, followed by permeabilization with
0.5% NP-40 (5 minutes at room temperature). The slides were then washed three times in PBS,
blocked with 5% skim milk powder (30 minutes at room temperature) and incubated overnight
with a-V5 antibody (Invitrogen, 1:1000). Cells were washed with PBS, incubated with
secondary antibody (Alexa 488, 1:1000) before being mounted with VectaShield™ containing
DAPI counterstain, and visualized using a Zeiss Axioplan epifluorescent microscope equipped
with a C O H U - C C D camera.

2.1.7

H O M O L O G Y MODELING OF KINASE DOMAIN O F E N
The entire NTRK3 portion of the E N fusion protein (containing the catalytic kinase

domain and juxtamembrane region) was submitted to SWISS-MODEL Protein Modeling Server
(242, 243) on the World Wide Web with the following parameter settings: (i) B L A S T search P
value <0.00001, (ii) global degree of sequence identity (SIM) >25%, and (iii) minimal projected
model length = 25 amino acid residues. Based on strongest alignment, proteins lir3A (244)),
IgagA (245)), lirk (246), lufA (247), and lrqq (248) were selected as the structure templates for
the query sequence, and all of them were catalytic domains of the tyrosine kinases.
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2.2

TRANSGENIC MICE
All mice were housed under specific pathogen-free conditions in the transgenic facility at

the Centre for Molecular Medicine and Therapeutics (CMMT) according to protocols approved
by the Animal Care Committee at the University of British Columbia. C57BL/6J and C B A mice
were from Jackson Laboratory (Bar Harbor, Maine).

2.1.1

VECTOR CONSTRUCTION AND CONFIRMATION OF EXPRESSION
As the E N fusion transcript had been demonstrated in mesenchymal and hematopoietic

cells, transgenic mice expressing E N cDNA were generated under the direction of two different
ubiquitously-expressing promoters, as described below.

pIRES2-EGFP-EN
The full-length E N open reading frame was excised from pBluescript-EN (129) by
digesting with EcoRI, and ligated into EcoRI -digested, Calf Intestinal Phosphatase (ClP)-treated
pIRES2-EGFP expression vector (Clontech, Palo Alto, CA) (249) to create pIRES2-EN (see
Figure 4). Prior to blastocyst injection, pIRES2-EN was linearized by digestion with Nsil to
generate a 4848 bp fragment containing the promoter, transgene, and reporter, as well as two
fragments of 72 bp and 2331 bp containing vector backbone, which were excluded from
injection to improve transgene expression.
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P-actin Promoter /
CMV-IE enhancer

1 ETV6p I R E S 2 - E G F P - E r | NTRK3

on
SV40
ori
Rabbit
P-globin
poly-A

poly A

EcoRI (3657)

EGFP

F I G U R E 4. Constructs used for transgenesis. Cloning E T V 6 - N T R K 3 into p C X and pIRES2E G F P vectors. Both constructs were created by ligating ZscoRI-cut transgene into .EcoRI, C I P treated vectors.

pCX-EN
Expression vector p C X - E G F P was obtained from Dr. Andras Nagy (Toronto, ON), with
permission from the creator (Dr. Jun-Ichi Miyazaki, Osaka University Medical School, Osaka,
Japan). This vector contains the chicken beta-actin promoter and cytomegalovirus immediateearly ( C M V - I E ) enhancer ( p C A G G S ) (250); expression from this vector i n transgenic mice had
been demonstrated in various tissues, including heart, kidney, brain, thymus, spleen, intestine,
testis, lung, muscle adipose tissue, and adrenal glands (250), (251). Due to concerns of toxicity
of the G F P protein, it was decided to remove this protein from one of the two transgenic
constructs. Accordingly, the E G F P reporter was removed from p C X - E G F P with an E c o R I digest.
E c o R I -prepared E N O R F was ligated into CIP-treated vector (Figure 4). Prior to zygote
injection, p C X - E N was linearized by digestion with Sail to generate a 6716 bp fragment.
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Each construct was confirmed by restriction digest, and sequence verified twice.
Linearized constructs were electrophoresed on an agarose gel, excised with a sterile scalpel, and
purified using a QIAquick gel extraction kit (QIAGEN), according to the manufacturer's
protocol. D N A was eluted in (filter-sterilized) 10 mM Tris pH 8.0, 0.1 m M E D T A , and stored at
- 70 °C until injection.

Confirmation

of

Expression

To verify expression of transgenic constructs, p C X - E N and pIRES2-EN, as well as
empty vectors, were transiently transfected into NIH3T3 cells. Cells were plated in 10 cm dishes
such that they were 90-95% confluent on the day of transfection. For each construct, 24 \ig
vector D N A was diluted in 1.5 ml of Opti-Mem (Gibco-BRL) without serum. Sixty ul of
LIPOFECTAMINE 2000 was diluted in 1.5 ml Opti-Mem and incubated at room temperature for
five minutes, before combining with the D N A mixture and incubating 20 minutes. D N A Lipofectamine complexes were added to the cultures and incubated for 24 hours. 48 hours posttransfection; cells were selected in neomycin (G418, Gibco, 900 |ig/ml for seven days).
Transfection of fibroblastic cell cultures was assessed by western analysis for ETV6-NTRK3
(described in detail below).
To assess the transformation ability of these transfected cells, soft agar assays were
performed as described above (Section 2.1.4.1).

2.2.2

CONSTRUCT INJECTION
All pronuclear microinjections were done on a F2 hybrid background (C57BL/6J x C B A

cross was designated F l ; F l x F l cross was designated F2). Each construct was injected into
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approximately 300 eggs, by Mrs. Anita Borowski, technician, Canadian Genetic Diseases
Network, Centre for Molecular Medicine and Therapeutics. Injected eggs were transplanted into
pseudopregnant females (females that had been mated with a vasectomized male) by oviduct
injection using standard procedure.

2.2.3

PREPARATION OF TAIL DNA FOR GENOTYPE ANALYSIS
For genotyping, approximately 1 cm tail clips were obtained from anesthetized mice, and

digested in 400 [i\ lysis buffer containing 1.2 mg/ml proteinase K, 50 m M Tris-HCl pH 8.0, 10
mM E D T A , 0.1% SDS, and 100 mM NaCl. Following digestion, an equal volume of 1.0 M TrisHCl Buffer pH 8.0 and phenol / chloroform / isoamyl alcohol (25:24:1) was added. Samples
were hand mixed, and centrifuged at 13, 000 rpm for three minutes. The aqueous phase was
removed and the phenol / chloroform / isoamyl alcohol step was repeated. An equal volume of
chloroform was added to the aqueous phase; samples were mixed, and centrifuged. The D N A
was precipitated by adding l/10

th

volume of 5 M Ammonium Acetate and an equal volume of

ice-cold isopropanol (approximately 500 |il). The D N A was pelleted by centrifugation, washed
several times with 70% EtOH, air-dried, and resuspended in 100 |Ltl T E buffer (10 m M Tris-Cl,
pH8.0, 1 m M EDTA).
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T A B L E 4. Primer sequences used in site-directed mutagenesis and sequence analysis.

PRIMER

COMMENTS

S E Q U E N C E (5'-3')

TEL352

ETV6 nt 352-373

GGT G A T G T G C T C T A T G A A C T C C

TEL541

ETV6 nt 541-560

CCT C C C A C C A T T G A A C T G TT

TEL541rev

ETV6 nt 541-560

AAC AGT TCA ATG GTG GGA G G

TEL701

£ 7 V 6 n t 701-720

AGA ACA ACC ACC AGG AGT CC

ETV6-F

ETV6 nt 905-924

AGCCCATCAACCTCTCTCAT

PS2

NTRK3 nt 2304-2324

GTA A T G CAC TCA A T G A C C TC

Trkl

NTRK3 nt 2414-2431

TCT C C T T G A TGT T C A A C C

Trk2

NTRK3 nt 1821-1838

CCG CAC ACT CCA T A G A A C

Trk3

NTRK3 nt 1601-1620

C C TCT T A A TGT G C T G C A C A T

NTRK3-R

NTRK3 nt 1073-1092 C T C G G C C A G G A A G A C CTT T C

Tel 971

ETV6 nt 971-995

A C C A C A T C A T G G TCT C T G TCT C C C

Trk 1059

NTRK3 1038 - 1059

C A G T T C T C G CTT C A G C A C G A T G

Delta614-F

E N amino acids 1-614

T G C A G T T A A CGT T C C T G A T C T C T C T C G C T G T G

Delta 614-R

E N amino acids 1-614

CTG A A T TCC T A G A T C T C C TTG A T G TTC A A C C

Y594F

CCC A A A G A G GTG TTC GAT GTC A T G CTG

Y615F

ATC A A G G A G A T C TTC A A A A T C CTC

Delta 624-R

C G C G G A T C C C T A G G C CTT C C C C A A A G C A T G G A G

P626A

GCT TTG G G G A A G GCC A C C G C A A T C T A C CTG G A C ATT

T625A/P626A

GCT T T G G G G A A G G C C G C C G C A A T C T A C C T G G A C A T T

I627E

GGG A A G GCC A C C C C A G A A T A C CTG G A C ATT

Y628Q-for

G G C C A C C C C A A T C C A G C T G G A C A T T CTT G G C

Y628Q-rev

GCC A A G A A T GTC C A G C T G G A T T G G GGT GGC C

M S C V 3'

CCC TTG A A C CTC CTC GTT C G A C C

M S C V 5'

G A G A C G TGC T A C TTC C A T T T G TC
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2.2.4

GENOTYPE ANALYSIS BY PCR
The genotype of E N transgenic mice was identified by PCR of tail genomic D N A by

using Tel541 and Trk2 primers (all E N primer sequences are described in Table 4) using the
following conditions: 94 °C for 5 min, followed by 35 cycles of 94 °C for 1 min, 60 °C for 1 min,
and 72 °C for 1 min, and a final extension of 72 °C for 10 min. E N positive mice were identified
by the presence of a 731-bp product when visualized following standard agarose gel
electrophoresis. To confirm integrity of genomic D N A , (^-microglobulin was amplified using
the following primers: 5' primer: 5' C A C C G G A G A A T G G G A A G C C G A A 3'; 3' primer: 5'
T C C A C A C A G A T G G A G C G T C C A G 3'.

2.2.5

PATHOLOGY OF TRANSGENIC TISSUES
When mice were found dead or moribund, necropsies were performed examining all

tissues. Thymus, lymph nodes, bone marrow, spleen and solid organs were analyzed
histologically. Specimens were fixed by immersion for 24 hours in 10% phosphate-buffered
formalin before embedding in paraffin. Sections of 35 \xm thickness were cut and placed on glass
slides. Tissue specimens were dehydrated, dewaxed and stained with Hematoxylin and Eosin
(H&E). Some larger lesions were additionally analyzed by F A C S or snap frozen in liquid
nitrogen for immunohistochemical and protein analysis.

2.2.6

RNA ISOLATION AND RT-PCR
Total R N A was extracted from cell lines and primary tissues using the acid-guanidinium-

phenol / chloroform method of Chomczynski and Sacchi (252). Briefly, cell pellets or
approximately ten 5 u,m-thick sections of primary tumour were resuspended and homogenized in
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1 ml of Trizol (Gibco-BRL, Life Technologies) and RNA then isolated from the aqueous phase.
Purity

and integrity

of

R N A was

assessed by

1% agarose

gel

electrophoresis

and

spectrophotometric analysis of the OD A 6o/A 8o ratio. Isolated mRNA was then treated with
2

deoxyribonuclease

I (Invitrogen)

to

2

remove

any contaminating cDNA

before

reverse

transcription using the Biosciences Titanium One Step RT-PCR kit (Clontech) using oligo(dT)
primers according to the manufacturer's recommendations.
Reverse transcriptase-polymerase chain reaction (RT-PCR) was used to screen for ETV6NTRK3 fusion transcripts using ETV6 and NTRK3 primers (Table 4) (185). PCR conditions
were as follows: 94 °C for 1.5 minutes, followed by 35 cycles of 94 °C for 45 seconds, 60 °C for
1 minute and 72 °C for 1 minute and a final extension of 72 °C for 10 minutes. The presence of
any contaminating D N A was accounted for by PCR on non-transcribed mRNA samples.
Amplified products were visualized by electrophoresis using 2% agarose gels stained with
ethidium bromide. All samples were confirmed for the presence of the breakpoint by Southern
blot analysis as described above using a D N A oligo (Tel 1033) spanning the breakpoint:

5'-

G G G A G A A T A G C A G A T G T G C A G C A C - 3 ' . The presence of amplifiable R N A in all samples
was

confirmed

by

RT-PCR

TGTGATGGTGGGAATGGGTCAG
or

hypoxanthine

using

either

13-Actin

(5'

primer:

3'; 3' primer: 5' T T T G A T G T C A C G C A C G A T T T C C

phosphoribosyltransferase

CCTGCTGGATTACATTAAAGCACTG

3';

(HPRT)

(278

279

G T C A A G G G C A T A T C C A A C A A C A A A C 3') (253) primers as a control.

primer:
primer:

5'
3')
5'
5'
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2.2.7

PROTEIN ANALYSIS
One ml of Lysis Buffer (1.5 mM M g C l (Fisher), 150 mM NaCl (Fisher), 50 mM Hepes
2

(Sigma), 10 m M NaF (Sigma), 10 m M N a P 0 (Sigma), 2 m M N a V 0

4

ethylene-diamine-tetraacetic

2

4

2

7

3

(Sigma), 2 m M

acid (EDTA) (Fisher), 2 m M N a M o 0 - 2 H 0 (Sigma), 10%
4

Glycerol (Fisher), 0.5% Nonidet P-40 (Fisher), Leupeptin (1:1000 dilution of 2 mg/ml stock
made in H 0 ) (Sigma), Aprotinin (1:1000 dilution of lOmg/mL stock made in H 0 ) (Sigma),
2

2

Phenylmethylsulfonyl Fluoride (PMSF) (1:200 dilution of a 100 m M solution made in dimethyl
sulfoxide) (Sigma)) was then added to the phosphate buffered saline-rinsed cells or tissues, and
incubated for 15 minutes on ice.

Lysates were then cleared at 12000 rpm for 10 minutes, at

which point the supernatant was transferred into a fresh tube.
For immunoprecipitation analysis, 1000 /xg of lysate was incubated with gentle agitation
for three hours at 4 °C with either NTRK3 antibody (5 pil) (C-14, Santa Cruz Biotechnology) or
a-ETV6:HLH (2 JU.1) (generous gift of Dr. P. Marynen) along with 10

of Protein A-Sepharose

(Pharmacia). The tubes were centrifuged at 2500 rpm for 5 minutes and the supernatant
discarded. The pellet was washed two to three times in wash buffer (0.1% Nonidet P-40), boiled
in Laemmli buffer and electrophoresed on a 7.5, 10 or 15% polyacrylamide gel overnight at 70 100 Volts according to standard methods (254).
Transfer of the proteins from the gel to Immobilon-P (Millipore) was accomplished with
the Bio-Rad Trans-Blot SD Semi-Dry Transfer cell at 25 volts for 60-90 minutes using Towbin
Transfer Buffer (25 m M Tris (Fisher), 192 m M glycine (Fisher), 20% methanol (Fisher). The
membranes were blocked with Blocking Buffer ( I X TBS, 1% BSA, 0.05% Tween-20) for one
hour at room temperature with gentle agitation. The membrane was then incubated with one of
the following antibodies: anti-TrkC (C14) (1 jug/ml, Santa Cruz Biotechnology), RC20-Horse
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Radish Peroxidase conjugated (1:2500) (Transduction Laboratories), 0 E T V 6 : H L H (1:5000).
Proteins were detected using HRP-conjugated secondary antibodies and E C L reagent, according
to established protocols (254).

2.2.8

FACS ANALYSIS
Freshly isolated tumour tissue was incubated with crude collagenase (0.25%, Invitrogen)

at 37 °C for several hours to disaggregate the tissue. Cell suspensions were passed through a 40
(j,M mesh filter to achieve an approximately single cell suspension. Cells were analyzed
immediately or resuspended in 10% dimethylsulphoxide in fetal bovine serum and stored in
liquid nitrogen before analysis. Flow cytometry was performed on a FACSCalibur

Flow

cytometry system with CellQuest and Modfit L T analytic software (Becton Dickinson, San Jose,
CA). For analysis of cell surface molecules, all samples were labeled with directly conjugated
fluorescent antibodies at 4 °C for 20 min. The samples were then washed and resuspended in
1.5% paraformaldehyde and analyzed within 24 hours. The following antibodies, all obtained
from B D Pharmingen (San Diego, C A , USA), were used for cell surface labeling: CD3, Thy-1.2,
and B220. The relevant labeled isotype control antibodies were included in all experiments.

2.2.9

T U M O U R TRANSPLANTATION ASSAY
To determine if the EN-expressing tumours were transplantable, tumours were harvested

from E N transgenic mice, finely minced with crossed scalpels and filtered through 30 ^im nylon
mesh to remove clumps. Cells were washed in PBS, resuspended in D M E M (Invitrogen Life
Technologies,

Burlington,

ON) without

serum, and injected

(10

6

cells/0.1

ml) both

intraperitoneally and into the lateral tail veins of seven to eight week old male severe combined
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immunodeficient mice (Fox-Chase, CB-17, bred in-house, Jack Bell Research Centre under the
direction of Dr. Martin Gleave). Mice were housed in microisolator cages and were provided
with autoclaved chow and acidified water. Animals were monitored daily for signs of distress
(hunching, labored breathing, lack of activity, scruffy coat) and were sacrificed at the first signs
of distress.

2.2.10 M O U S E C R O S S - B R E E D I N G
Transgenic mice were maintained as heterozygotes, and backcrossed to C57BL/6J mice.
To determine the relevance of a functional immune system in suppressing tumour formation, E N
heterozygotes were crossed to Rag-deficient mice (B6.129S7-Z?ag

fniMonyj^

T

h

e

j

a

c

k

s

o

n

Laboratory, Bar Harbor, Maine) (255). E N mice were also mated with mice that overexpress
A K T (PTEN heterozygote mice). Pten " (B6A29-Pten" )
+/

nlRps

mice were created by Dr. Ramon

Parsons (256) and obtained, with permission, from Dr. Frank Jirik (University of Calgary).
Pten " mice were maintained as heterozygotes, and genotyped as described (257).
+/

2.2.11 E N T A R G E T E D E S C E L L S
E N knock-in cells were created by targeting the CJ7 ES cell line using double drug
selection (neomycin and thymidine kinase), followed by a PCR / Southern blot screen to identify
correctly targeted clones (experiments performed by Dr. Zhe L i , Post-Doctoral fellow, Dr. Stuart
Orkin, Harvard Medical School). Targeted clones were maintained on a embryonic fibroblastic
feeder cell layer in D M E M supplemented with 20% heat-inactivated fetal bovine serum, 2 m M
L-glutamine, 6.25 ml in-house nucleoside mix, non-essential amino acids (GIBCO), 0.1 ^iM 2mercaptoethanol, and 100 units/ml of recombinant leukemia inhibitory factor (Sigma) at 37 °C in
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an atmosphere of 5% CO2 in air. Nucleoside mix consisted of 80 mg adenosine (Sigma A-4036),
85 mg guanosine (Sigma G-6264), 73 mg uridine (Sigma U-3003), 73 mg cytidine (Sigma C4654), 24 mg thymidine (Sigma T-1895) dissolved in 100 ml distilled water. For western
analysis, cells were grown on gelatinized plates (0.1%) for several passages to remove feeder
cell contamination.
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C H A P T E R

III

A HIGHLY CONSERVED NTRK3 C-TERMINAL
SEQUENCE IN THE ETV6-NTRK3 ONCOPROTEIN
BINDS THE PTB DOMAIN OF IRS-1

3.1 RESULTING PUBLICATION & CONTRIBUTION OF INDIVIDUAL AUTHORS
This chapter has been published:
Lannon, C. L . , Martin, M . J., Tognon, C. E . , Jin, W., Kim, S. J., Sorensen, P. H.B. (2004). A
highly conserved NTRK3 C-terminal sequence in the ETV6-NTRK3 oncoprotein binds the
phosphotyrosine binding domain of insulin receptor substrate-1: an essential interaction for
transformation. J Biol Chem 279(8): 6225-34.
The project described in this chapter was conceived and initiated by the Sorensen Lab, and
developed into an intellectual collaboration with the laboratory of Dr. Seong-Jin Kim during the
latter stages of experimentation and analyses. I generated the majority of the data, wrote the
paper, and saw the manuscript through to publication.

The following

figures

were not generated

by myself, and are duly

acknowledged:

Figure 5. Cloning by Matthew Martin; experimental results generated by Cristina Tognon
Figure 11. Experimental Results from Matthew Martin
Figure 12. Experimental Results from Matthew Martin
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3.2

INTRODUCTION
The transforming properties of E N require both an active P T K domain and the S A M

oligomerization domain (129). E N expression leads to constitutive elevation of cyclin D l mRNA
and protein levels, and EN-induced cyclin D l expression correlates with increased cell cycle
progression (210). Moreover, the Sorensen lab found that E N expression in NIH3T3 cells leads
to constitutive activation of two of the major effector pathways of wild-type NTRK3, namely the
Ras-Rafl-Mekl-Erkl/2 M A P kinase (Ras-MAPK) mitogenic pathway and the phosphatidyl
inositol-3-kinase (PI3K) pathway leading to activation of the A K T survival factor (210).
Phenotypic transformation and soft agar colony formation by EN-expressing cells are blocked by
inhibition of either Mekl or PI3K. However, we failed to detect interactions between E N and
adapter molecules known to link NTRK3 to Ras-MAPK and PI3K-AKT pathways such as SHC,
GRB2, S H 2 B p \ or the p85 subunit of PI3K (129), as well as A B L , SRC, and SHTP2
(unpublished data). Wild-type N T R K proteins utilize juxtamembrane tyrosine residues (e.g.
NTRK3 Y485) to interact with several of these adapters including SHC (163), GRB2 (166), and
p85 (165, 166), but this residue is not present in the E N oncoprotein due to the position of the
fusion point (129). Recently, my colleagues observed that E N fails to transform mouse embryo
fibroblasts derived from mice with a targeted disruption of the insulin-like growth factor 1
receptor (IGF1R)

gene, but that re-introduction of IGF1R

into these cells restores E N

transformation activity (215). This led me to examine in more detail the relationship between
IGF1R signaling and E N transformation. The Sorensen laboratory has previously observed a
direct physical interaction between E N and the major IGF1R substrate, insulin receptor
substrate-1 (IRS-1) (215). IRS-1 is constitutively tyrosine phosphorylated in EN-transformed
cells, and that E N / IRS-1 complexes bind both Grb2 and the PI3K p85 regulatory subunit. This
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strongly suggests that IRS-1 is functioning as the adapter molecule linking E N to Ras-MAPK
and PI3K-AKT signaling (215). However, the mechanism by which IRS-1 interacts with E N
remains unknown.
IRS-1 along with IRS-2-4 are a family of tyrosine phosphorylated scaffold proteins that
are substrates for IGF1R and the insulin receptor (IR) (17). Although IRS proteins lack
enzymatic activity, they are thought to play key adapter roles in linking IGF1R and IR to
downstream pathways. Three different domains in IRS-1 have been identified as potentially
contributing

to

IGF1R

and IR binding: the

pleckstrin homology

(PH) domain, the

phosphotyrosine binding (PTB) domain, and the SHC and IRS-1 NPXY-binding (SAIN) domain
(258). P H domains bind phospholipids, thereby mediating the interaction of signaling proteins
such as IRS-1 with the plasma membrane (259). PTB domains in adapter proteins bind to
phosphorylated tyrosines within N P X Y motifs in interacting proteins such as cell surface
receptors (260), thus promoting receptor/adapter interactions. The SAIN domain of IRS-1
remains poorly characterized but has been postulated to contain other potential protein-protein
interaction motifs (258, 261). I now show that the distal C-terminal sequence of E N , which is
highly conserved among NTRK3 proteins across species, interacts specifically with the PTB
domain of IRS-1; further, this interaction is essential for E N transformation activity. Moreover,
the transformation activity of E N can be inhibited by a dominant-negative IRS-1 construct while
IRS-1 over-expression in EN-transformed cells enhances the tumourigenic activity of this
oncoprotein.
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3.3

RESULTS

The PTB domain of IRS-1 mediates its association with EN.

Morrison

et

al.

previously

demonstrated

that

IRS-1

is

constitutively

tyrosine

phosphorylated in EN-transformed cells and that E N associates with IRS-1 in vivo (215).
Further, IRS-1 functions as the adapter protein linking E N to the Ras-MAPK and PI3K-AKT
cascades that are essential for E N transformation (215). To further characterize the E N / IRS-1
interaction, we created a series of HA-tagged IRS-1 constructs expressing specific portions of
the protein (Figure 5A). These constructs were transiently transfected into FTEK293T cells along
with V5-tagged E N . Expression of each construct was confirmed by a - H A immunoprecipitation
followed by a - H A immunoblotting (Figure 5B). V5-EN expression was confirmed by a-V5
immunoprecipitation followed by a-V5 immunoblotting (Figure 5C). To determine the region of
IRS-1 responsible for binding to E N , lysates were immunoprecipitated with either a-V5 or aH A antibodies, followed by immunoblotting with a-HA or a-V5 antibodies. H A tagged -EN, IRS-1 full-length (FL), -IRS1C, TRS-ID and -IRS-1E were all able to pull down V5-EN (Figure
5B) V5-tagged E N was able to immunoprecipitate HA-tagged E N as well as all IRS-1 constructs
containing the phosphotyrosine binding (PTB) domain (HA-IRS-1C, HA-IRS-1D, and HA-IRS1E (Figure 5C). Only the fragment consisting of the IRS-1 PH domain alone was incapable of
associating with V5-EN, indicating that the PTB domain of IRS-1 is required for its interaction
with E N (Figure 5C).

Generation of C-terminal EN mutants.

PTB domains are generally thought to bind phosphorylated tyrosine residues on target
interacting proteins within NPXpY motifs, where pY is a phosphorylated tyrosine and X is any
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FIGURE 5. ETV6-NTRK3 (EN) fusion binds to the phosphotyrosine (PTB) domain of IRS1. (A) Schematic diagram describing the five HA-tagged IRS-1 constructs. (B) Immunoblots of
H A immunoprecipitations from HEK293T cells co-transfected with V5-tagged E N and either 1)
H A alone 2) HA-tagged E N or 3) one of the five HA-tagged IRS-1 constructs. Blots were probed
with anti-HA and anti-V5 to detect immunoprecipitated HA-tagged IRS-1 constructs and coimmunoprecipitated V5-tagged E N protein, respectively. V5-tagged E N was used as a positive
control. (C) Immunoblots of V5 immunoprecipitations from HEK293T cells co-transfected with
V5-tagged E N and 1) H A alone, 2) HA-tagged E N , or 3) one of the five HA-tagged IRS-1
constructs. Blots were probed with anti-HA and anti-V5 antibodies to detect coimmunoprecipitated HA-tagged IRS-1 constructs and immunoprecipitated V5-EN, respectively.
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amino acid (reviewed in (260)). E N sequences were searched for tyrosine residues, particularly
within NPXpY motifs, that might mediate the E N / IRS-1 interaction. In wild-type NTRK3
signaling, the juxtamembrane NPQpY516 sequence binds SNT (169) and SHC (163). This
sequence is lost in E N due to the position of the fusion point (2, 129), and previous studies
confirmed that E N does not bind She (129). Of the 19 remaining tyrosines in E N (GenBank
Accession Number AF041811), none are within classical NPXpY motifs (data not shown). None
of the seven tyrosines within the ETV6 portion are likely to mediate the E N / IRS-1 interaction,
as replacement of the entire E T V 6 sequence with the inducible F K B P dimerization domain (262)
still results in activation of the Ras-MAPK and PI3K-AKT cascades (unpublished data). The
other twelve tyrosines reside within the NTRK3 portion of the fusion protein, nine of which are
conserved among human N T R K family members (NTRK1-3) (GenBank Accession Numbers
NP_002520, NP_006171, and Q16288, respectively). If any of these tyrosines mediate the E N /
IRS-1 PTB interaction, then their mutation should block E N transformation. Therefore, tyrosine
to phenylalanine (Y to F) substitutions of each tyrosine were made and the resulting E N mutants
transfected into NIH3T3 cells and assessed for soft agar colony formation as described (129,
210). As reported previously (129, 215), mutation of the three P T K activation loop tyrosines
Y513, Y517, and Y518 completely blocked colony formation while mutation of Y560, Y594,
and Y628 (the PLCyl binding site of EN) had no inhibitory effects on colony formation
whatsoever (data not shown). Of the remaining tyrosines, only mutation of Y615 reduced soft
agar colony formation (see below in Figure 8A). Y615 lies within a sequence of distal Cterminal NTRK3 amino acids that are highly conserved across vertebrate species (Figure 6B).
Moreover, there is substantial sequence dissimilarity from either NTRK1 or NTRK2 (Figure 6A),
suggesting that this region may be important for NTRK3-specific signaling. We therefore
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created a deletion mutant, EN-A614, lacking the last 19 amino acids of E N (including Y615).
Levels of expression of EN-A614 and the EN-Y615F mutant were similar to that of E N , and both
became tyrosine phosphorylated in NIH3T3 cells (Figure 6C).
A

B

NTRK Family Members
NTRK3

PQQRLNIKEIYKILHALGKATPIYLDILG

NTRK2

.HT.K...N.HTL.QN.A..S.V

NTRK1

.HS..DVHAR.Q..AQ.P.V

V . .

Vertebrate Species
human
pig
mouse
rat
chicken

PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG

Y615

Y628

kDa

72.668.0

IgG
IP: C C - E T V 6 ;

RC20

(P-Tyr) Western

F I G U R E 6. Generation of E T V 6 - N T R K 3 (EN), EN-A614, and EN-Y615F expressing cells
and assessment of transformation. (A) Sequence alignment of the C-terminal 30 amino acids
of the three members of the N T R K family of protein tyrosine kinases: NTRK1, NTRK2, and
NTRK3. Residues identical to the NTRK3 sequence are indicated by (.). Numbers delineate
amino acid boundaries of each protein segment. This region of NTRK3 is considerably different
from other members of the N T R K family, suggesting it may contain unique signaling residues.
(B) Sequence alignment of the same C-terminal 30 amino acids of NTRK3 between four
different vertebrate species. (*) indicates the position of tyrosine 615 (Y615) of EN.
Conservation of this region suggests that it may contain essential residues for unique NTRK3
signaling. (—) indicates a potential region for IRS-1 PTB binding. (C) Retroviral gene transfer
was used to produce E N - and E N mutant-expressing NIH3T3 cells. To confirm protein
expression, whole cell lysates were subjected to immunoprecipitation with a-ETV6 antibodies
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followed by western blotting with anti-phosphotyrosine antibodies. Arrows highlight the 73/68
kDa doublet of E N and EN-Y615F and the predicted 70/66 kDa doublet of EN-A614. Note that
both EN-A614 and EN-Y615F are also tyrosine phosphorylated.

EN-A614 fails to associate with IRS-1.

To determine whether these E N mutants could associate with IRS-1, NIH3T3 fibroblasts
were retrovirally infected with E N , EN-A614, EN-Y615F, or vector (MSCV) alone. Lysates
prepared from serum-starved cells were subjected to immunoprecipitation using a-ETV6
antibodies followed by immunoblotting with a-phosphotyrosine antibodies. Consistent with our
previous findings (215), E N cells demonstrated a tyrosine phosphorylated band of -180 kDa (see
Figure 7A; top panel), which was confirmed to represent IRS-1 by re-probing with a-IRS-1
antibodies (data not shown). Levels of this band were consistently lower in immunoprecipitates
from EN-Y615F cells (Figure 7A; top panel), and completely absent (either phosphorylated or
non-phosphorylated) in those from EN-A614 or vector (MSCV) control lysates (Figure 7A; top
panel). Immunoprecipitation from the same lysates with a-IRS-1 antibodies followed by
immunoblotting with a-phosphotyrosine antibodies demonstrated that total IRS-1 tyrosine
phosphorylation was correspondingly absent or reduced in EN-A614 or EN-Y615F cells,
respectively (Figure 7A; middle panel). To confirm that equal levels of IRS-1 were present in
each cell line, lysates were analyzed by western blotting using an a-IRS-1 antibody (Figure 7A;
bottom panel). To further demonstrate that EN-A614 does not interact with IRS-1, HEK293T
cells were transiently transfected with HA-tagged IRS-1 and either V5-tagged E N , kinase-dead
E N (K380N), or EN-A614 constructs. Lysates were immunoprecipitated with a-V5 antibodies,
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F I G U R E 7. IRS-1 is not constitutively tyrosine phosphorylated in EN-A614 expressing
NIH3T3 cells. (A) N I H 3 T 3 cells infected with M S C V control, E N , EN-A614, and E N - Y 6 1 5 F
retroviral constructs were grown in 100 mm dishes to 75% confluence and then serum-deprived
for 18 hours in 0.5% serum. Whole cell lysates were prepared, immunoprecipitated with an a E T V 6 antibody, separated by S D S - P A G E , and probed with anti-phosphotyrosine antibodies (PTyr). The top panel shows a differentially tyrosine phosphorylated band at approximately 180
kDa, which was confirmed to be IRS-1 by re-probing with a-IRS-1 antibodies (data not shown).
To confirm the presence of IRS-1 in each lysate, 50 [ig of whole cell lysate was separated by
S D S - P A G E and probed with an a-IRS-1 antibody (bottom panel). (B) H E K 2 9 3 T cells were
transiently transfected with H A - I R S - 1 and either V5-tagged E N , E N - A 6 1 4 mutant, or kinasedead E N (K380N), lysed, and immunoprecipitated with a - V 5 antibody. A s expected, both the
E N and E N - A 6 1 4 fusion proteins were tyrosine phosphorylated, whereas the kinase-dead mutant
( V 5 - K 3 8 0 N ) was not. E N interacted with and phosphorylated IRS-1, while kinase-dead E N did
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not. Interestingly, EN-A614 was not able to immunoprecipitate IRS-1 (middle panel). Expression
of V5-tagged constructs (data not shown) and equal levels of IRS-1 expression (bottom panel)
were confirmed with a-V5 and a-HA immunoblots.

followed by western blot analysis with a-phosphotyrosine antibodies. As shown in Figure 7B, a
tyrosine phosphorylated band of -180 kDa was only pulled down in E N lysates, the identity of
which was confirmed to be IRS-1 by re-probing with a-HA (Figure 7B) or a-IRS-1 antibodies
(data not shown). Equal expression of IRS-1 was confirmed by western blotting of lysates using
a-HA antibodies (Figure 7B). These data indicate that the distal 19 C-terminal amino acids of
E N are essential for the interaction of E N with IRS-1 and for the increased total IRS-1 tyrosine
phosphorylation observed in EN-transformed cells.

EN-A614 and EN-Y615F

are defective in their transformation

activity.

To determine whether EN-A614 and EN-Y615F retain E N transformation activity,
NIH3T3 cells stably expressing each construct were assessed morphologically. EN-A614
expressing cells exhibited a non-transformed phenotype that was identical to controls cells (data
not shown). EN-Y615F cells showed partial morphologic transformation, with increased
spindling, elaboration of cellular processes,

increased nuclear-to-cytoplasmic ratios and

refractility, and evidence of focus formation. To further characterize the transforming ability of
these mutants, cells were plated in soft agar to determine their ability to grow under anchorage
independent conditions. Both EN-A614 and EN-Y615F expressing cells formed only occasional
macroscopic soft agar colonies at rates that were significantly reduced compared to cells
expressing similar levels of E N (EN versus EN-A614 cells, p< 0.001; E N versus EN-Y615F cells,
p<0.001; Figure 8A). We next investigated the transformation activity of EN-A614 and E N -
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Y615F mutants in vivo. NIH3T3 cells expressing similar levels of each E N construct (data not
shown) were injected subcutaneously into SCID mice and observed for tumour formation over a
period of 20 days, at which time the size of tumours in E N positive control mice necessitated the
termination of the experiment (Figure 8B). After 20 days, there were no detectable tumours in
any of the 12 injection sites in either EN-A614 or the empty vector (MSCV) control. Fibroblasts
expressing EN-Y615F were able to form small tumours in SCID mice, averaging 1127 mm at
20 days, compared with 4086 mm for E N (p<0.01). Therefore EN-A614 and to a lesser extent
3

the EN-Y615F mutant are defective in E N transformation, even though these proteins remain
tyrosine phosphorylated. Taken together, these data indicate that the distal 19 C-terminal amino
acids of E N mediating IRS-1 binding are essential for E N transformation activity.

Mekl/2

and AKT activation

are blocked

in EN-A614

expressing

NIH3T3

cells.

If IRS-1 links E N to serum-independent constitutive activation of the Ras-MAPK and
PI3K-AKT pathways and to constitutive over-expression of cyclin D l (210, 215), then mutants
lacking the IRS-1 binding region should fail to activate these cascades. To assess this the
activation states of Mekl/2 and A K T , as well as cyclin D l levels were assessed in NIH3T3 cells
expressing E N , EN-A614, EN-Y615F, and vector alone. Levels of phosphorylated (activated)
Mekl/2 and A K T as well as cyclin D l were markedly reduced in EN-A614 expressing cells after
serum starvation compared to cells expressing E N (see Figure 9). These patterns were
reproducible over numerous independent experiments, and strongly indicate a role for IRS-1
binding in constitutive activation of Ras-MAPK and PI3K-AKT pathways in EN-transformed
cells.
Interestingly, EN-Y615F was able to activate Mekl/2 and to elevate cyclin D l / 2 to
almost the same degree as E N , while A K T activation was consistently moderately lower than in
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50%

F I G U R E 8. Assessment of the transformation ability of EN-A614 and EN-Y615F. A , anchorageindependent growth was assessed by the ability of cells to form macroscopic colonies (greater than
0.1 mm in size) when plated in soft agar. Histogram comparing colony formation of NIH3T3 cells
infected with vector alone (MSCV) or constructs containing E N , EN-A614, or EN-Y615F. Results
are expressed as the ratio of colonies formed per number of cells seeded. Each cell line was assessed
in triplicate in 35 mm wells, and each experiment was performed at least six times. Statistical
analysis was performed using the Mann-Whitney ranks test: P-value comparing E N and EN-A614 (*)
cells (p< 0.001); P-value comparing E N and EN-Y615F (**) cells (p<0.001). B, NIH3T3s expressing
M S C V (vector control (—)), E N (•), EN-A614 (•), and EN-Y615F (•) were injected subcutaneously
into SCTD mice (2 x 10 cells / injection site x 4 sites/mouse). Mice were euthanized after 20 days.
Growth curves shown are representative tumour volumes for each of the cell lines tested, as measured
using a caliper. Statistical analysis was performed using the Mann-Whitney ranks test: P-value
comparing E N and EN-Y615F cells (p<0.01).
6
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E N cells (Figure 9). This slight discrepancy suggested that EN-Y615F might retain signaling to
Ras-MAPK via other pathways. For example, it is possible that EN-Y615F (and EN) also
activate Ras-MAPK through the PLCy-PKC pathway by binding P L C y l at E N tyrosine 628
(129). However, cells expressing either EN-Y628Q (an E N mutant which is unable to bind
PLCyl (129)) or an EN-Y615F/Y628Q double mutant were both were comparable to E N in
Mekl/2 activation and cyclin D l expression (Figure 9). This strongly rules against PLCyl
binding and subsequent P K C activation as a major contributor to Ras-MAPK pathway activation
in E N and EN-Y615F expressing cells. Consistent with this, non-PLCyl binding EN-Y628Q
mutants retain full E N transformation activity (129). Another possibility suggested by the above
findings is that E N (and therefore EN-Y615F) can also link to the Ras-MAPK cascade by
activation of She, which is well documented to function as an adapter between N T R K receptors
and the Ras-MAPK pathway (166). However, as in previous studies (129, 210), we failed to
detect interactions of E N or the above mutants with She, nor was there evidence of She tyrosine
phosphorylation in cells expressing these chimeras (data not shown). Therefore She is unlikely to
play a major role in Ras-MAPK activation by E N . Taken together, our findings demonstrate that
the last 19 C-terminal amino acids of E N are essential for its ability to constitutively activate
Ras-MAPK and PI3K-AKT pathways and to induce cyclin D l over-expression, but that this is
not due solely to the presence of an intact Y615 residue. Therefore the failure of EN-A614 and
EN-Y615F to fully transform cells is likely due to defects in IRS-1 mediated activation of these
transformation associated pathways.

EN-A614

fails to recruit Grb2 and p85 via

IRS-1.

Upon insulin or IGF stimulation of their respective receptors, IRS-1 becomes tyrosine
phosphorylated and recruits SH2-containing proteins such as Grb2 and the PI3K p85 regulatory
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F I G U R E 9. Differential M e k l , cyclin D l and A K T activation in E N - and E N mutantexpressing NIH3T3s. NIH3T3s infected with vector control (MSCV), E N , EN-A614, and E N Y615F expressing constructs were grown in 35 mm dishes to 75% confluence and then serumdeprived in 0.5% serum D M E M for 18 hours. Cells were then stimulated with (+) or without (-)
9% serum for 1 hour. Whole cell lysates were collected and used for western blot analysis with
antibodies to activated A K T (p-AKT), activated Mekl/2 (p-Mek), or cyclin Dl/2. Western
blotting using a total Mek antibody was used to demonstrate equal protein loading.

subunit, in turn activating downstream Ras-MAPK, PI3K-AKT and other pathways (263).
Previous studies showed that tyrosine phosphorylated IRS-1 within E N / IRS-1 complexes
recruits both Grb2 and the p85 subunit (215). Therefore the levels of Grb2 and p85 associated
with

IRS-1

in

cells

expressing

EN,

EN-Y615F,

and

EN-A614

were

analyzed.

Immunoprecipitation from lysates of E N - and mutant-EN-expressing cells were performed under
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serum-starved

conditions

using

IRS-1

antibodies.

Similar

levels

of

IRS-1

were

immunoprecipitated from each cell line (Figure 10, top panel). As expected, in E N expressing
cells IRS-1 was constitutively tyrosine phosphorylated and its association with both Grb2 and
p85 was readily detected (Figure 10). However, EN-Y615F cell lysates showed reduced IRS-1
tyrosine phosphorylation and diminished recruitment of Grb2 and p85, while in EN-A614 cell
lysates there was no apparent association between IRS-1 and Grb2 and p85. These data strongly
suggest a direct correlation between E N associated IRS-1 tyrosine phosphorylation and the
ability of IRS-1 to recruit Grb2 and p85, and suggest that the capacity of EN-Y615F to activate
Ras-MAPK and PI3K-AKT compared to EN-A614 is likely due to the fact that it retains limited
ability to bind IRS-1.
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F I G U R E 10. EN-A614 does not associate with p85 or Grb2 via IRS-1. Whole cell lysates
were prepared, immunoprecipitated with an a-IRS-1 antibody, separated by SDS-PAGE, and
probed with an anti-phosphotyrosine antibody (P-Tyr), as well as antibodies to p85 and Grb2.
E N expression is associated with constitutive IRS-1 phosphorylation, and subsequent
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recruitment of p85 and Grb2. EN-A614-expressing cells do not show constitutive IRS-1
phosphorylation, and are unable to recruit Grb2 and p85. EN-Y615F expression leads to reduced
tyrosine phosphorylation of IRS-1 (compared to EN), and consequently is associated with lower
levels of Grb2 and p85. To confirm equal protein loading, lysates were probed with an a-Grb2
antibody.

Co-expression

of IRS-1 C reduces EN-mediated

transformation.

Since E N was shown to specifically interact with the PTB domain of IRS-1, we
postulated that overexpression of an IRS-1 fragment containing this domain (IRS-1C) should be
able to block the E N / IRS-1 interaction and thus E N transformation in a dominant negative
fashion. Retroviral gene transfer was used to co-express E N along with either HA-IRS-1C or
empty

vector

in

NIH3T3

fibroblasts.

Levels

of

E N expression

were confirmed by

immunoprecipitation with 0C-NTRK3 antibodies, and expression of HA-IRS-1C was confirmed
by a - H A western blotting (data not shown). Lysates from the same cells were then subjected to
immunoprecipitation with an a-IRS-1 antibody that recognizes the C-terminus (but does not
bind IRS-1C). Significantly less IRS-1 associated with E N in cells co-expressing E N and IRS-1C
compared to cells expressing E N alone, despite higher levels of E N in the co-expressing cells
(data not shown). All lines were shown to contain equal amounts of endogenous IRS-1 (data not
shown). These cells were then assessed for their ability to form colonies in soft agar. Cells coexpressing both E N and the IRS-1C showed a significant reduction in colony formation
compared with cells expressing E N alone (p<0.0001; Figure 11). Together, these data indicate
that IRS-1C can function as a dominant negative regulator of EN-mediated transformation by
reducing the interaction with endogenous IRS-1.
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IRS-1 overexpression potentiates EN-mediated

transformation.

The above findings underscore the importance of IRS-1 in EN-mediated transformation.
This led us to assess the influence of IRS-1 expression levels on E N transformation activity. To
study this we retrovirally overexpressed IRS-1 in EN-transformed fibroblasts. We used a
different murine fibroblast cell line for these studies, namely murine R+ cells. These cells are
derived from insulin-like growth factor receptor 1 (IGF1R) null R- cells ((264, 265)) that have
been engineered to re-express IGF1R (215).

MSCV

MSCV / IRS-1C

EN

IRS-1C / EN

F I G U R E 1 1 . Co-expression of I R S - 1 C (PTB/PH domains) disrupts E N / IRS-1 complexes.
Anchorage-independent growth of NIH 3T3s expressing E N and/or IRS-1C constructs was
assessed by the ability to form macroscopic colonies in soft agar. Each cell line was assessed in
triplicate in 35 mm wells, and the experiment was repeated five times. Cells expressing both
HA-IRS-1C and E N show a significantly lower rate of colony formation than those expressing
E N alone (p<0.0001), as assessed by Mann-Whitney ranks test.
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We chose R+ cells as we had previously showed that while they are transformed by E N ,
transformation activity is lower than in NIH3T3 cells (215). IRS-1 infected R+ cells were shown
by a-IRS-1 western blot analysis to have significantly higher (at least 3-fold) levels of IRS-1
compared to levels of endogenous IRS-1 in vector alone R+ cells (M. Martin, personal
communication). Soft agar colony assays were used to assess transformation activity. R+ and
R+/IRS-1 cells showed little or no colony formation as expected (Figure 12). Consistent with
previous results (215), R+/EN cells formed macroscopic colonies at a lower rate than typically
observed for EN-transformed NIH3T3 cells (compare to Figure 11). However, in the presence of
IRS-1 overexpression, EN-mediated anchorage-independent growth was greatly increased (80%)
(p<0.0001; Figure 12). Furthermore, the rate of colony formation was greatly accelerated and
colonies were larger in R+ cells expressing both E N and IRS-1 constructs compared to E N alone
(data not shown), which was reproducible over numerous experiments. These findings not only
confirm the crucial role of IRS-1 in E N transformation, but also suggest that actual IRS-1 protein
levels might influence E N transformation activity.
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p< 0.0001

1

0.9-,

MSCV

IRS-1

EN

=

EN/IRS-1

F I G U R E 12. Overexpression of IRS-1 potentiates E N transformation. The R+ fibroblast cell
line was retrovirally transfected with expression constructs of E N and/or full-length IRS-1.
Anchorage-independent growth was assessed by the ability to form macroscopic colonies in soft
agar, as described in materials and methods. Flistogram comparing R+ control (MSCV) cells
with those overexpressing EN, IRS-1, or both E N and IRS-1. Results are expressed as the ratio
between colonies and number of cells plated. Each cell line was assessed in triplicate in 35 mm
wells, and the experiment was repeated five times. Differences were found to be statistically
significant using the Mann-Whitney ranks test (p<0.0001).
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3.4

DISCUSSION

The t(12;15)-associated ETV6-NTRK3 oncoprotein is similar to other chimeric PTKs
such as B C R - A B L (266), ETV6-PDGFR(3 (103), ETV6-JAK2 (149), and N P M - A L K (209) in
that it functions as a constitutively active tyrosine kinase. Activation of the E N P T K is linked to
induction of downstream signaling pathways of wild-type NTRK3 including Ras-MAPK and
PI3K-AKT, leading to elevated cyclin DI expression and aberrant cell cycle progression (210).
Rather than utilizing known NTRK3 adapters to link to these pathways, E N does so through an
interaction with the IGF1R substrate IRS-1, and E N transformation is associated with
constitutive IRS-1 tyrosine phosphorylation (215). Here we demonstrate that the E N / IRS-1
interaction occurs via the PTB domain of IRS-1 binding to the C-terminus of E N . Specifically,
the last 19 amino acids of E N are essential for this interaction. A mutant E N protein lacking the
distal C-terminal 19 amino acids (EN-A614), though still tyrosine phosphorylated when
expressed in NIH3T3 cells, does not bind IRS-1 and is non-transforming. In contrast to E N
expressing cells which are characterized by strong constitutive IRS-1 tyrosine phosphorylation
even when serum-starved, those expressing EN-A614 show a complete block in total and E N associated IRS-1 tyrosine phosphorylation under these conditions. Moreover, Mekl/2 and A K T
activation as well as cyclin DI elevation, hallmarks of E N transformation (129, 210), were
markedly reduced in EN-A614 expressing cells after serum starvation compared to cells
expressing E N . This directly correlated with the ability of IRS-1 to recruit Grb2 and the p85
subunit of PI3K, which link E N to the Ras-MAPK and PI3K-AKT pathway, respectively (210,
215). In EN-expressing cells, IRS-1 bound both Grb2 and p85, while this was not evident in cells
expressing the EN-A614 mutant. These observations indicate that the interaction of the C -

86

terminus of E N with IRS-1 is essential for activation of signaling pathways underlying E N mediated oncogenesis.
Numerous reports highlight a potentially more general role for N T R K receptors in
oncogenesis. NTRK1

(TRKA) sequences were originally isolated from a colon carcinoma biopsy

as part of an oncogene encoding the amino terminal portion of tropomyosin (TPM3) fused to a
truncated tyrosine kinase receptor (267). TPM3-NTRK1 fusions were subsequently detected in
papillary thyroid carcinomas (171), and altered N T R K signaling has been implicated in other
neoplasms (reviewed in (172)) including pancreatic adenocarcinoma (173), acute myeloid
leukemia (174), prostatic cancer (175, 176), breast cancer (177), and human soft tissue sarcomas
(178). Recently, potentially activating mutations in the NTRK3 P T K domain were reported in
colon carcinoma (8). Therefore NTRK molecules appear to contribute to oncogenesis in a
number of lineages, and it will be important to determine whether IRS-1 binding to wild-type or
activated N T R K molecules has a more general role in the oncogenic activity of these receptors.
In keeping with this possibility, IRS-1 was recently shown to associate with the NTRK1 protein
(268).
Tyrosine phosphorylated IJRS-1 proteins are known to efficiently bind a number of SH2
domain-containing proteins involved in activation of downstream signaling pathways, including
PI3-kinase p85, Grb2, SHP-2, Nek and Crk (reviewed in (269)). There is increasing interest in
the potential role of IRS-1 in oncogenesis. Over-expression of IRS-1 in NIH3T3 fibroblasts leads
to increased activation of the Ras-MAPK cascade and cell transformation (270, 271). IRS-1
overexpression also contributes to the progression of hepatocellular carcinoma, possibly by
inhibiting transforming growth factor [31-mediated apoptosis (272). Although the LNCaP
prostate cancer cell line does not express IRS-1 or has very low levels of IRS-2, introduction of
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either protein in combination with IGF1R converts these cells to a more aggressive phenotype
(273). A recent study examining endogenous IRS-1 shows that it is constitutively tyrosine
phosphorylated in a wide range of human tumour samples, suggesting that IRS-1 activation may
be a common phenomenon in tumours (274). Moreover, a relationship between IRS-1 activation
and fusion oncoproteins has already been established. TRK-T1 (268) and B C R - A B L (275) have
both been shown to bind IRS-1 and to be associated increased IRS-1 tyrosine phosphorylation.
Therefore IRS-1 activation may be a more general mechanism for transformation mediated by
fusion oncogenes. We found that an approximately three-fold elevation in IRS-1 levels can lead
to a dramatic increase in the transformation potential of the E N oncoprotein. We hypothesize
that this leads to an increased number of IRS-1 molecules to be phosphorylated by E N , thus
providing an increased number of docking sites for maximal activation of the Ras-MAPK and
PI3K-AKT cascades. Conversely, a dominant negative IRS-1 construct partially blocked E N
transformation in our studies, further suggesting that stoichiometric relationships between E N
and IRS-1 are important in E N transformation.
In this study we found that the phosphotyrosine binding (PTB) domain of IRS-1 mediates
its association with E N . PTB domains were initially described to preferentially bind to proteins
with a phosphorylated NPXpY motif (where X is any amino acid and pY is phosphotyrosine)
(261, 276-278). The NTRK3 portion of E N does not contain the N P Q Y sequence which may be
used by wild-type NTRK3 to bind IRS-1, due to the position of the fusion point (2). No other
classical N P X Y motifs are found in the E N protein. However, close inspection of the C-terminal
19 amino acids of E N necessary for the IRS-1 interaction reveals several similarities to those
associated with classical N P X Y motifs (Figure 6B). First, amino acids 625-628 within these Cterminal 19 residues of E N represent a TPIY sequence. While this varies from a classical N P X Y
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sequence, threonine (T) has structural similarities to asparagine (N). Therefore the TPIY
sequence may structurally mimic an N P X Y motif. Second, it is known that the PTB-binding
N P X Y motifs of several proteins including IGF1R, the IL-4 receptor and N T R K A contain
hydrophobic residues immediately N-terminal to their N P X Y motifs (reviewed in (260)). In E N ,
residues 620-624 N-terminal to the TPIY motif are A L G K A (Figure 6B), all of which are
potentially hydrophobic, including lysine (K). This region of E N may represent an NPXY-like
motif that binds the IRS-1 PTB domain. An obvious flaw in this model is the fact that when the
tyrosine residue within the TPIY motif (Y628 - the PLCyl-binding tyrosine residue of EN) is
mutated, resulting EN-Y628Q mutants still retain full transformation activity (129,

215).

However, studies have shown that PTB domains can bind non-phosphorylated N P X Y motifs
with high affinity or even independently of the N P X Y consensus sequence, suggesting that there
is greater plasticity in PTB-binding motifs than previously appreciated (reviewed in (260)).
Cells expressing the EN-Y615F mutant showed reduced soft agar colony formation and
tumourigenic activity. EN-Y615F bound less tyrosine phosphorylated IRS-1 than E N , and that
total IRS-1 tyrosine phosphorylation was decreased compared to EN-expressing cells. Moreover,
this correlated with reduced binding of Grb2 and the PI3K p85 subunit to IRS-1. Although
tyrosine residue 615 (Y615) is proximal to the TPIY motif, it lies within the C-terminal 19
amino acids deleted in the non-IRS-1 binding EN-A614 mutant. It is possible that Y615
stabilizes IRS-1 binding, or that the Y615F mutation somehow affects the three-dimensional
structure of E N leading to reduced binding of IRS-1 to EN-Y615F. Interestingly, while A K T
phosphorylation was moderately decreased compared to EN-expressing cells, the EN-Y615F
mutant still induced Ras-MAPK activation and cyclin D l expression at levels that were almost
equivalent to E N (Figure 9). The Sorensen laboratory previously showed that both the Ras-
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M A P K or PI3K-AKT pathways are required for E N transformation, and that it is the former that
regulates cyclin D l expression (210). Therefore the observed decrease in transformation activity
in EN-Y615F cells could be accounted for by the decrease in PI3K-AKT activation even though
cyclin D l elevation is retained. However, the fact that one of the two transformation-associated
pathways was attenuated in EN-Y615F cells to a greater degree than the other suggests
additional complexities in how IRS-1 links E N to these cascades. These findings do not support
a role for IRS-1 independent links to the Ras-MAPK cascade by the PLCy-PKC pathway or
through the She adapter protein, although contributions by other pathways cannot be ruled out.
The most likely explanation for the observed discrepancy is that the absolute level of IRS-1
binding

differentially

regulates

activation

of

downstream

pathways

mediating

EN

transformation. In this scenario, perhaps sufficient IRS-1 and subsequently Grb2 is associated
with EN-Y615F to attain near maximal Ras-MAPK activation, but the amount of p85 subunit
binding to the EN-Y615F/IRS-1 complex is below the threshold level required for full A K T
activation. This model is corroborated by our finding that increasing IRS-1 levels in NIH3T3
cells can dramatically increase the transformation potential of E N , suggesting that IRS-1 levels
may be rate-limiting for E N transformation.
If, as our studies suggest, IRS-1 plays a pivotal role in E N transformation (and potentially
that of activated NTRK3 in other tumours), then blocking the E N / IRS-1 interaction offers an
interesting avenue for potential cancer therapeutics. Over-expression of the dual specificity
phosphatase P T E N reduces the overall level of IRS-1 phosphorylation and induces growth arrest
in the MCF-7 breast cancer cell line (279). An IRS-1 molecule in which all 18 tyrosines were
mutated to phenylalanine, thus negating tyrosine phosphorylation, can act in a dominant negative
fashion to reduce anchorage-independent growth of breast cancer cells (274). Expression of an
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N-terminal portion of IRS-1 blocks the tumourigenic phenotype of human hepatocellular
carcinoma (272). A recent report shows that over-expression of the IRS-1 PH/PTB domains
blocks binding of IRS-1 to the human JC virus T-antigen and prevents subsequent cellular
transformation by this protein (280). In our study a truncated PH/PTB IRS-1 fragment disrupted
the E N / IRS-1 interaction and reduced EN-mediated transformation. Therefore agents blocking
the interaction between the C-terminus of E N and the IRS-1 adapter may provide a novel
approach for treatment of EN-expressing tumours.
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C H A P T E R IV

THE C-TERMINUS OF ETV6-NTRK3 IS ESSENTIAL
FOR TRANSFORMING ACTIVITY
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4.1

INTRODUCTION
The kinase domain is the most conserved domain among tyrosine kinase receptors, and

an intact PTK domain is absolutely required for receptor signaling. Mutations of a single lysine
in

the A T P binding site, prevents

A T P binding to the

active

site, blocks receptor

autophosphorylation, and subsequently completely inactivates receptor biologic function (10).
Further, the tyrosine kinase domain of the RTKs

is subject to autoinhibition in the

unphosphorylated basal state via steric interactions involving the activation loop. A mutation in
the activation loop designed to relieve autoinhibition, asparagine to alanine, substantially
increases the ability of the unphosphorylated kinase of the insulin receptor to bind A T P (281).

The carboxy-terminal tail sequences are among the most divergent sequences between
known RTKs (282). However, the carboxy-terminal domain of the receptor is thought to play an
important role in regulating kinase activity (10, 36). This region typically contains several
tyrosine residues, which are phosphorylated by the active kinase. In fact, the receptor itself is
quite often the major tyrosine phosphorylated species following ligand binding (10). The
presence of specific amino acid residues in this domain is integral to the activation of specific
downstream signaling effectors (10).
We have demonstrated that an E N protein mutated at both Y615F and Y628Q (ENY615F+Y628Q, Chapter III) still activates (phosphorylates) Mekl/2 and increases levels of
cyclin D I . However, previous research in the Sorensen laboratory has suggested that the Y628
may be associated with IRS-1 binding. Morrison et al. showed that in NLH3T3s expressing E N Y628Q, binding to IRS-1 (as measured by ability to co-immunoprecipitate) is decreased
compared to E N (215). Interestingly, tyrosine phosphorylation of IRS-1 is not concomitantly
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decreased in Y628Q-expressing cells. This suggests that there may be multiple tyrosine residues
involved in the putative EN-IRS-1 interaction, and that the Y628 residue is one of these sites.
The A614 and Y615F mutations identified and discussed in the previous chapter abrogate
and diminish IRS-1 binding (and subsequent transformation) through an unknown mechanism.
We therefore hypothesized that there may be residues within the region of the protein truncated
by the A614 mutation (see Figure 13) that are essential for the transforming ability of E N .

4.2

RESULTS

Can TPIY sequence function

as an NPXY-like

motif?

We have demonstrated that an interaction between E N and and the PTB domain of LRS-1
is essential for transformation (215, 283). It was proposed in Chapter III that the TPIY sequence
at position 625-628 of E N resembles the N P X Y motif that binds PTB domains. Threonine (T)
has some structural similarities to asparagine (N), and therefore the TPIY sequence may
structurally mimic an N P X Y motif. Wai et al. previously demonstrated that mutation of the
tyrosine at position 628 (Y628, the PLCyl -binding site) is dispensable for transformation (129).
However, it is known that PTB domains can bind non-phosphorylated N P X Y motifs with high
affinity (reviewed in (260)). Several studies into PTB binding have demonstrated that alanine
mutants of the asparagine (N) and proline (P) residues of the N P X Y motif either greatly decrease
or completely abolish binding (261, 277). We therefore made alanine mutants of the residues as
well as a glutamic acid (E) mutation of the isoleucine (I) at position 627 (primers used listed in
Table 4, Materials and Methods), and retrovirally transfected fibroblasts to express these mutants
(see Figure 13 for the position of all mutations created for this Chapter). The PTB domain of
IRS-1 favors a small, hydrophobic amino acid (such as alanine) at the pY-1 position for high
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affinity binding; substitution of alanine with glutamic acid results in a significant reduction in
IRS-1 binding (284, 285). Therefore, isoleucine to glutamic acid mutation at position 627 (pY-1),
may function as a low affinity mutant. NIH3T3s infected with virus for the single T625A mutant
did not survive drug selection, presumably due to low viral titres. However, He et al. showed
that a double alanine mutant (both asparagine and proline residues) exhibit the same reduction in
PTB binding as either single mutant (277), and therefore there was no attempt to remake this
single mutant.

T625 P626

human
pig
rat
chicken

PQQRLNIKE 3YKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG
PQQRLNIKEIYKILHALGKATPIYLDILG

FIGURE 13. The C-terminal 29 amino acids of EN, indicating the position and sequence of
EN mutants. We hypothesize the TPIY sequence may function as an N P X Y (Phosphotyrosine
Binding, PTB) motif. The A624 construct is truncated at the position of the arrow, and is
therefore missing the most distal nine amino acids.

NIH3T3s

over

expressing

all

of

the

TPIY

mutants

exhibited morphological

characteristics of transformation (Figure 14), including refractility, spindling, and a high nuclearto-cytoplasmic ratio, and closely resembled EN-expressing cells. Empty vector (MSCV) and
A614 cells are non-transformed, and were used as a negative control (Figure 14). To further
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assess the role of these mutants in transformation, NIH3T3s expressing these mutants were
assessed by both the soft agar assay and injection into immunocompromised mice. Both the
P626A and the T625A+P626A markedly reduced soft agar colony formation, while as expected
an I627E mutation had no effect (data not shown). As both the P626A and T625A+P6262A
mutants behaved similarly in the soft agar assay, only the P626A mutant was assessed for growth
in immunocompromised mice. To confirm the findings of Wai et al. that the PLCyl binding site
(Y628) was dispensable for transformation (129), the Y628Q mutant was included in this study.
Equal levels of each construct (EN, P626A, Y628Q) were assessed prior to injection into four
sites per mouse, with one million cells per injection site (Figure 15). This method allows the
investigator to use a minimal number of mice (three per cell line), while achieving required
statistical power. Cells containing M S C V (empty vector) control were also injected. As
previously published, E N expressing cells readily formed tumours, and the Y628Q mutant had
no statistically significant effect on growth. The P626A mutant drastically reduced tumour
formation in this assay, forming tumours averaging 1437 mm after 23 days, compared with
3

2866 mm in the E N positive control group (p< 0.05) and 2196 mm in the Y628Q group (Figure
15).

vector

A614

I627E

F I G U R E 14. N I H 3T3s expressing TPIY ('NPXY') mutants display transformed morphology. NIH3T3s were retrovirally
infected with E N , mutant E N , or empty vector and assessed for morphologic criteria of transformation as described in Materials and
Methods. Photomicrographs taken using a lOx objective.
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PLCy

IP: ct-Tel
WB: P-Tyr

F I G U R E 15. EN-P626A reduces tumour growth in SCID mice. Equal levels of
phosphorylated protein were confirmed prior to injection into immunocompromised mice (top).
Bottom panel shows reduced growth of EN-P626A cells, compared to E N (p<0.05). The
difference between Y628Q and E N was not found to be statistically significant.
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Y628Q is not the second tyrosine site crucial for

transformation

Studies with the PDGFR(3 have shown that the contributions of the PLCyl-binding
tyrosine could only been observed after elimination of the substantially stronger PI3K signal
transduction cascade (286, 287). These studies have suggested that PLCy activation by the
PDGFRP may be negatively regulated (288), and that RTKs may selectively activate PI3K and
PLCy signaling pathways, either individually or collectively (289). Previously, it had been
shown that less Y628Q mutant co-immunoprecipitated with IRS-1 (compared with EN),
suggesting that this site may play a role in IRS-1 binding (215). Since the Y615F mutant has
already been shown to be diminish IRS-1 binding, we therefore wished to assess a double mutant,
Y615F+Y628Q for both IRS-1 binding and transforming ability, as well as a deletion mutant that
eliminates this proposed IRS-1 binding site (EN-A624). This deletion mutant would effectively
eliminate this region, and subsequently eliminate IRS-1 binding (and potentially transformation)
if the hypothesis is true.
To determine whether EN-A624 and EN-Y615F+Y628Q retain E N transformation
activity, NIH3T3 cells stably expressing each construct were assessed morphologically. Both
EN-A624

and EN-Y615F+Y628Q expressing

cells exhibited

evidence

of morphologic

transformation, with increased spindling, elaboration of cellular processes, increased nuclear-tocytoplasmic ratios and refractility, and evidence of focus formation (data not shown). As
expected, an interaction with PLCy with this mutant was not detectable (as the known binding
site had been eliminated). Interestingly, deletion of the distal nine amino acids (A624) had no
effect on colony formation in two separate sequence-verified preparations of this mutant.
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I 'a

1.

MSCV

EN

Delta 624

Y615F + Y628Q*

Y628Q

F I G U R E 16. EN-A624 mutant does not affect colony growth in soft agar assay. The A624
mutant (missing the TPIY residues) forms a similar amount of colonies in soft agar as E N .
*Y615F+Y628Q double mutant was able to form colonies in soft agar, but these colonies were
visibly much smaller than colonies formed by other cell lines (investigated further in Figure 17).

As colonies formed by the Y615F+Y628Q double mutant appeared smaller than those of
EN-expressing cells, we next assessed colony size quantitatively. The soft agar was employed as
described, and the diameter of the first 60 random colonies was measured with an ocular
micrometer. After 15 days on culture, colonies from E N and Y628Q expressing cells measured
0.34 and 0.27 ^m, respectively. Y615F colonies had reached 0.27 u.m, while Y615F+Y628Q
double mutant expressing cells only 0.17 \im, suggesting that in combination with the Y615F
mutations, Y628Q mutations decreased colony size more than either single mutation alone
(Y615F+Y628Q versus either Y615F or Y628Q, p<0.005).

100

0.40

0.30

^

0.20

0.10

0.00
MSCV

EN

Y628Q

Y615F+Y628Q

Y615F

F I G U R E 17. Y615F+Y628Q double mutant reduces colony size in soft agar. NIH3T3s
infected with various constructs were plated in soft agar, and then assessed for colony size by
measuring colony diameter from 60 random colonies. Y615F+Y628Q double mutant formed
significantly smaller colonies than other mutants and EN-expressing cells. Note, Y615F mutant
showed reduction in colony formation as previously discussed; the colonies that did form,
however, were of similar size to those found in E N .

We

next investigated transformation activity of EN-A624 and EN-Y615F+Y628Q

mutants in vivo. NIH3T3 cells expressing similar levels of each E N construct (Figure 18) were
injected subcutaneously into SCID mice and observed for tumour formation over a period of 22
days, at which time the size of tumours in EN-A624 and E N positive control mice necessitated
the termination of the experiment (Figure 18). After 22 days, fibroblasts expressing E N and E N -
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A624 were able to form large tumours averaging 2745 mm and 2596 mm , respectively (no
3

3

statistical significance on this difference); empty vector (MSCV) control achieved barely
palpable small growths averaging 57 mm . Interestingly, fibroblasts expressing Y615F+Y628Q
were able to form small tumours in SCID mice, averaging 841 mm (p<0.05 for E N versus
3

Y615F+Y628Q at all time points measured) (Figure 18).

EN C-terminal

mutants block anchorage-independent

growth

Spheroids are multi-cellular structures of intermediate complexity between in vivo
tumours and monolayer cultures and, as such, may demonstrate biologic characteristics that are
more closely related to those of primary tumours (290, 291). To study growth under nonadherent conditions, sub-confluent, retrovirally-infected monolayer cultures were trypsinized and
placed as single cell suspensions in medium overlayed on agar-coated dishes (preventing
attachment to plastic), and their growth characteristics monitored morphologically. Within one
hour of replating, the single cells began to form loose clumps that continued to grow in density
over time (including vector control). However, by 48 hours spheroid formation was beginning to
disappear in the non-transformed cell lines, and had completely disappeared by 96 hours,
presumably through induction of apoptosis. Conversely, in dishes with transformed cell lines
(EN, A624, and I627E in particular), almost no single cells remained and irregular shaped
clumps were evolving into tight spheroidal structures (see Figure 19). This ability to form multicellular aggregates was highly dependent on seeding density, with at least 10 cells plated in a
6

10cm dish required for induction of spheroid formation in the transformed cell lines. Nonetheless,
this assay is particularly useful for assessing anchorage independent growth rapidly, and results
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F I G U R E 18. Y615F+Y628Q mutant, but not the A624 mutant, decrease tumour formation in an immunocompromised mouse
injection model. Prior to injection, NIH3T3s expressing the four constructs under study were analyzed by IP / western to confirm
equal levels of phosphorylated protein prior to injection (left panel). Two million NIH 3T3s expressing E N and mutant E N at equal
levels were injected sub-cutaneously into nude mice. E N and A624 expressing cells formed tumours at approximately the same rate.
Interestingly, Y615F+Y628Q-expression resulted in decreased tumour formation compared to E N (p<0.05) (right panel).

F I G U R E 19. E N C-terminal mutants block anchorage-independent growth (spheroid formation). NIH3T3s expressing E N and
mutants (at relatively equal levels, data not shown) were plated on plates coated with 1.4% agarose. Photomicrographs were taken at
low power (lOx objective) four days after plating, and are representative of three experiments. Cells expressing M S C V and A614 were
not able to form colonies. Cells expressing Y615F, Y628Q, Y615F+Y628Q, P626A, and T625A+P626A form small aggregates of
cells of varying cell number. Interestingly, Y615F and T625A+P626A mutations create problems with cell adhesion.

©

104

correlate

well

with

colony

formation

in soft
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immunocompromised mice.

EN C-terminal

mutants bind IRS-1

We hypothesized that the TPIY sequence at the C-terminus of E N acted as a PTB-like
manner to bind IRS-1, and the impaired transforming ability of mutants of the residues was a
result of altered ability to bind IRS-1. To assess this, NIH3T3s expressing E N and various
mutants with the HA-tagged PTB domain of IRS-1 were transiently transfected (HA-IRS-1C,
described in Chapter III). Lysates from these cells were immunoprecipitated with a-HA
antibodies, and probed for the E N doublet with phosphotyrosine antibodies. HA-tagged IRS-1C
was able to immunoprecipitate E N proteins from all samples, except from M S C V or A614
(Figure 20). In addition, this demonstrates that the TPIY region is not responsible for IRS-1
binding, and mutations in this region affecting the transforming ability of E N must be affecting
other interactors directly or through altered conformation of the protein. Further this suggests
that IRS-1 must be either binding E N N-terminal to this region directly through an, as yet,
undiscovered mechanism, or indirectly through an unknown adapter protein.
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F I G U R E 20. E N C-terminal mutants interact with the IRS-1 P T B (phosphotyrosine
binding) domain. NEH 3T3s stably expressing E N and EN-mutants at approximately equal
levels (data not shown) were transiently transfected with HA-tagged PTB domain of IRS-1,
lysed, and subject to immunoprecipitation with anti-HA antibody. The PTB domain of IRS-1
was shown to interact with E N and all mutants except E N - A614. Western blotting for H A
detects equal expression of the PTB domain of IRS-1 in all samples.
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4.3

DISCUSSION
We proposed that the TPIY sequence in the C-terminus of E N functioned as an N P X Y -

like motif to mediate IRS-1 binding. Further, this interaction with IRS-1 was essential to the
transforming ability of E N . It would appear that our hypothesis regarding the TPIY site was
incorrect. While mutation of the threonine at residue 625 and proline at residue 626 each have a
profound effect on transformation, the A624 mutant (which truncated the protein N-terminal to
this TPIY sequence) was fully transforming, suggesting that these residues are not crucial for
transformation. Further, these C-terminal mutants retained their ability to bind IRS-1. Therefore,
while EN-induced transformation appears to be associated with IRS-1 binding, IRS-1 binding
does not guarantee transformation. These data do suggest that the C-terminus of E N is crucial for
transformation. The abrogated and diminished IRS-1 binding observed in the A614 and Y615F
mutants, respectively, is most likely due to binding N-terminal to amino acid 614. These mutants
must alter the protein conformation is such a manner than interactions N-terminal to this region
are unable to occur.
It is likely, therefore, that the interaction with IRS-1 involves residues N-terminal to
amino acid 614, as mutation of proposed sequences between residues 616-633 did not greatly
affect IRS-1 binding. The double mutant Y615F+Y628Q showed reduced association with IRS-1
(Figure 20), but this is most likely due to the effect of the Y615F mutation alone. No significant
difference in levels of associated IRS-1 could be consistently observed between Y615F and
Y615F+Y628Q mutants.
Previous findings from our laboratory have demonstrated that the Y628Q mutant coimmunoprecipitates poorly with IRS-1 (215). However, this study was not able to demonstrate a
difference in IRS-1 association between E N and EN-Y628Q. These discrepancies could be due
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to different antibodies used in these studies for immunoprecipitation of EN-associated proteins
(CX-ETV6 in this study versus a-NTRK3 used by Morrison et al.) (215). C-terminal binding or
conformational changes induced by the Y628Q mutation could be interfering with the ability of
the a-NTRK3 antibody to bind at the C-terminus of the protein. Alternatively, an interaction
with IRS-1 could be very transient (owing perhaps to the correct localization of the E N protein),
and the Y628 residue may be involved indirectly. These two possibilities could be addressed
using protein crystal structures or binding efficiency experiments.
It is interesting to observe that while the P626A and T625A+P626A mutants were still
able to induce hallmarks of morphological transformation (increased refractility, increased
nuclear to cytoplasmic ratio, spindling), these mutants had decreased growth in soft agar and
ability to form tumours in immunocompromised mice (P626A). These mutants must be inducing
a conformational change that is preventing transformation, perhaps by disrupting binding of an,
as yet, undetermined protein. Studies to address the downstream signaling consequences of these
mutations are currently in progress, and will provide valuable insight into the oncogenic
pathways induced by E N .
Traditional cell culture models of sarcomas and many other human solid tumors involve
growth of cells as adherent monolayers on plastic dishes in the presence of serum and other
growth factors. However, among the in vitro features that differentiate transformed cell cultures
from those of normal cells are their decreased growth factor requirements and their ability to
grow in an anchorage-independent environment (241). It is likely these properties correlate with
the clinical features of malignant tumors (ability to infiltrate surrounding tissues and to establish
distant metastases). Spheroids are multi-cellular structures of intermediate complexity between
in vivo tumors and monolayer cultures and, as such, may demonstrate biologic characteristics
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that are more closely related to those of primary tumors (291). Several studies have indicated
that anchorage-independent survival and proliferation of tumour cells are dependent on cell-cell
adhesion, which is mimicked when tumour cells form multi-cellular spheroids (reviewed in
(291). We therefore cultured cell lines expressing E N and E N mutants on agar-coated plates and
found differences in their ability to spontaneously form multi-cellular spheroids.
We have utilized the spheroid formation assay to rapidly assess transforming ability of
site-directed mutants. While this approach works well with most cell lines examined, there are
some notably discrepancies between ability to form spheroids and growth in soft agar (or in vivo
growth in an immunocompromised host). For example, EN-Y628Q formed colonies in soft agar
and grew in the SCID injection assay, but formed significantly smaller spheroids. Perhaps the
smaller sized spheroids are a reflection of the reduction in soft agar colony size (Figure 17) and
reduction in tumour volume in the SCID injection study. Further, EN-T625A+P6262A was not
able to form colonies in soft agar, but formed loose aggregates of cells in the spheroid assay,
suggesting that either different signaling pathways are responsible for growth in either assay or
that the spheroid assay imposes less stringent criteria than the soft agar assay.
It appears that anchorage-dependent growth is more dependent on the PI3K-Akt survival
than the Ras-MAPK proliferation pathway. Various mutants deficient in their ability to stimulate
Akt (Y615F, Y615F+Y628Q) exhibited decreased spheroid formation and ability to grow in soft
agar. This finding is consistent with other data from our laboratory. R-EN cells (fibroblasts
deficient for the IGF1R) cannot activate Akt and are unable to maintain long-term spheroid
formation; this can be rescued with overexpression of an activated Akt construct (myristoylated
Akt) (Matthew Martin and Poul Sorensen, unpublished results). Further, the PI3K inhibitor
LY294002 blocks spheroid formation and induces apoptosis in EN-expressing cells, but has no
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effect on monolayer cultures at the same concentration. The suppression of anoikis (apoptosis
resulting from loss of cell-matrix interactions) by NTRK2 through a PBK-Akt-dependent
mechanism has recently been reported (292). Further, it is likely that Akt-mediated signaling is
responsible for cohesive spheroid formation, as several mutants deficient in activation of this
pathway were only able to form loose aggregations.
In summary, this study has identified a number of residues important for the
transforming ability of E N . It is likely that C-terminal signaling is required for the oncogenic
signal transduction induced by E N . Future studies investigating the downstream effectors altered
by these mutants, as well as determination of the crystal structure of the kinase domain of
NTRK3, will enhance our understanding of these signaling events.

CHAPTER V

EN TRANSGENIC MICE DEVELOP LYMPHOMAS
AFTER A LONG LATENCY PERIOD

5.1 RESULTING PUBLICATION & CONTRIBUTION O F INDIVIDUAL AUTHORS
This chapter is currently in preparation for submission to International Journal of Cancer.

I acknowledge the following contributors to this work.
Pronuclear microinjections and oviduct injections were performed by Mrs. Anita Borowski,
technician, Canadian Genetic Diseases Network, Centre for Molecular Medicine and
Therapeutics.
Figure 27. Dr. Gregor Reid performed FACS analysis on prepared cell suspensions.
E N knock-in ES cells were created in the laboratory of Dr. Stuart Orkin, Harvard Medical
School.
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5.1

Introduction
The

development

of appropriate mouse models would significantly enhance our

understanding of translocation-bearing sarcomas (123). To date, it has proven difficult to
recapitulate the human disease using animal models. The most successful model so far is the
FUS-DDIT3

(also known as TLS-CHOP)

fusion gene found in myxoid liposarcoma (124). This

fusion functions as an aberrant transcription factor involved in adipocyte differentiation and
growth arrest (125). In this model, transgenic mice from two independent founder lines
developed transplantable tumours of white fat that morphologically resemble human liposarcoma.
Interestingly, tumours only develop in fat tissues, despite the expression of the

Tls-Chop

transgene in most tissues (124). These finding are consistent with the theory that the
transforming effect of the fusion gene is restricted to very specific cell lineages, due to contentdependent activity of the fusion gene (123).
Transgenic mice have been created to express the Pax3-Fkhr

fusion gene, which is

associated with a subtype of alveolar rhabdomyosarcoma (126). By targeting the Fkhr gene to
the Pax3 locus, the fusion gene was expressed in developing neural-crest and muscle precursors.
Although developmental anomalies including cardiac defects were observed, no tumours
developed in these animals or in chimeric mice after up to 1.5 years (293). Lack of tumour
development in these mice may be due to inadequate expression of PAX3-FKHR, or absence of
yet to be defined cooperating mutations in the pathogenesis of this disease (123).
To determine the mechanism of transformation of ETV6-NTRK3 (EN) in vivo, we
decided to create a transgenic mouse model. As the EN gene fusion has been identified in
epithelial, mesenchymal, and endothelial cell lineages, we generated transgenic mice expressing
full-length E N cDNA under the direction of the two ubiquitously-expressing promoters.
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Several groups have attempted various strategies to recreate chromosomal translocation
in an in vivo model, with varying efficiencies (294-296). As our initial transgenic model had not
developed a robust, early-onset tumour phenotype, we began to generate a second mouse model
of EN-expressing tumours using an embryonic stem (ES) cell-based transgenic approach (297) in
parallel with the above methodology. This technique uses homologous recombination to allow
the fusion of sequences with the endogenous gene in ES cells, creating a fusion gene that utilizes
the endogenous promoter to control expression, as would occur following chromosomal
translocation. This technique (known as a 'knock-in' fusion) has been well established for the
study of leukemia-related fusion genes (120, 298-300). We therefore began to create an in-frame
fusion of E N oncogene with exon 5 of mouse ETV6, resembling the rearrangement that occurs
clinically following a t(12;15)(pl3;q25) in EN-expressing tumours.

5.2

RESULTS

Confirmation

of Construct

Expression

Both constructs for transgenesis were sequenced verified twice to confirm intact, inframe inserts. To confirm expression of E/V-containing vectors, NIH 3T3s were transiently
transfected using Lipofectamine™ reagent with either pCX-EN

or pIRES2-£'A/ or parental vector

control. NIH3T3 cells transfected with EN exhibited evidence of a transformed phenotype
compared to empty vector control cells (Figure 21a). These transformed cells possessed a high
nucleus-to-cytoplasm ratio, their cell bodies refracted light, and their growth was not inhibited
by contact to other fibroblasts. NIH3T3 cells infected with vector alone were indistinguishable
from wild-type NIH3T3 cells (data not shown). Western analysis of E N transfected cells
revealed the presence of the 73/68 kDa phosphorylated doublet distinguishable as E N , with no
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detectable protein in the empty vector lysates (Figure 21b). Protein expression is much lower in
the transiently transfected constructs than the retrovirally infected control (MSCV-EN), most
likely due to differences between the two transfection systems. To fully assess the transforming
ability of these constructs, cells transiently transfected with EN-containing and empty vector as
well as cells retrovirally-expressing E N were tested for their ability to grow under anchorageindependent conditions, as measured by the soft agar assay. Only cells expressing E N from the
retroviral vector were able to grow in soft agar, suggesting that the transient transfection system
does not permit sufficiently high expression for this assay (Figure 22). Transiently transfected N Ras and myristoylated A K T were also not able to form colonies in soft agar (data not shown),
supporting this hypothesis.
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pCX-EGFP

pCX-EN
•* \- ^ wSJ

go**

1
pIRES-EGFP

7,1

pIRES-EN

IP: a-TrkC
F I G U R E 21. E N constructs for transgenesis are able to induce morphological
transformation in NIH3T3s. NIH3T3 cells were transiently transfected with either empty or
EN-containing vector to verify expression. (A) Cells transfected with empty vector (pCX and
pIRES-EGFP) display a flattened, contact-inhibited, non-transformed phenotype, while cells
with EN-containing vectors display a transformed phenotype with increased refractility, loss of
contact inhibition and focus formation in monolayer culture. (20x objective) (B) Cells from
above were lysed and assessed for E N protein by immunoprecipitation and western blotting. The
68/73 kDa E N characteristic doublet was observed in p C X - E N and pIRES-EN only at levels
substantially lower than retrovirally infected control cells (MSCV-EN), presumably due to
inherent differences in transfection efficiency between transient transfection and retroviral
infection.
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F I G U R E 22. EN-constructs for pronuclear injection are not able to form colonies in soft
agar. Typical results of three separate infection experiments are shown for NIH3T3 cells
transiently expressing empty vectors (pCX and pIRES2-EGFP), E N (pCX-EN and pIRES-EN),
Harvey-Ras, and retrovirally infected positive control (MSCV-EN). Only positive control cells
were able to form colonies, presumably due to higher levels of transgene expression associated
with the retroviral expression system. Photomicrographs were taken using a lOx objective.
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Generation of

ETV6-NTRK3

Transgenic Mice

To examine the direct consequences of E N expression in vivo, the cDNA of the human
E N chimeric protein was cloned downstream of the C M V or beta-actin / C M V - I E promoters to
direct expression to all tissues (see Figure 4, Chapter II) and injected into C57BL/6

x CBA

fertilized eggs (Table 5). Fifteen founders containing the E N transgene were identified by
PCR/Southern analysis on genomic DNA, and each of the founders transmitted the E N transgene
to the progeny, except founder 2027-3 which died before any mating could be performed. To
generate larger cohorts of E N transgenic mice for analyses, each of the founder mice were mated
to C57BL/6 mice and a strain established.

T A B L E 5 . Summary of fertilized eggs injected and subsequent generation of founder strains.
pCAGGS is a combined chicken P-actin promoter with C M V enhancer (250).
r Promoter

Construct

# Fertilized
Eggs Injected

Pups Born
Alive (Dead)

Number of Founders
(Dead)

pCX-EN

pCAGGS

303

34(1)

9

pIRES2-EGFPEN

CMV

303

39 (3)

5(1)

ETV6-NTRK3

Transgene is Expressed in Multiple Tissues

To examine in more detail the expression pattern of E N transgenic mice, both a message
and protein screen on various tissues isolated from five to six mice from each founder strain was
performed. Total mRNA and protein lysate were prepared from freshly isolated brain, heart,
lungs, thymus, liver, stomach, spleen, intestine, pancreas, kidney, bone marrow, skin, and muscle
from mice aged three to six months. Of the 14 founder strains, six strains showed variable E N
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message expression by RT-PCR. Message expression was identified in a number of different
tissues: spleen, thymus, intestine, heart, kidney, pancreas, and bone marrow (results of a typical
experiment shown in Figure 23). Distribution of transcription varied from line to line, with one
mouse exhibiting E N transcription in five organs (line # 2029-4) (heart, lung, kidney, pancreas,
and bone marrow). We were not able to document corresponding protein expression in these
tissues, as evaluated by western analysis using ETV6 and NTRK3 antibodies (data not shown),
presumably due to the low levels of E N protein in these tissues. Based on the extent of E N
transcription, and the associated phenotype observed within the strains under study (see Table 6),
we limited subsequent studies to two strains: 2015-7 and 2029-4. Both of these strains were
derived from fertilized eggs injected with the pfRES2-EN construct.

F I G U R E 23. E N Transcription is detected in various tissues from E N transgenic mice, as
shown by R T - P C R . R N A was extracted from various tissues and treated with DNase I to
remove contaminating genomic DNA. cDNA was synthesized and amplified using primer sets
flanking the fusion breakpoint. PCR products were electrophoresed on a 1.5% agarose gel,
transferred to Nylon membrane, and labeled with an internal oligo to the PCR product to confirm
(see above). A) Shows RT-PCR results for one mouse from 2029-4 strain; B) RT-PCR results
from one mouse from 2015-7 strain. Note the tissue variation of transcription from different
strains. Further, there was also transcriptional variation between mice from the same strain (i.e.,
not all mice from 2029-4 strain displayed transcription in all five tissues (see Table 6). A clinical
case of congenital fibrosarcoma (CFS) was used as a positive control.
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T A B L E 6. Site of transcription in 6 / 14 founder strains, indicating any detectable pathology.
Based on widest range of detected expression and prevalence of pathology, we focused on two
strains for the remainder of this study: 2015-7 and 2029-4.

MOUSE STRAIN

TISSUES EXPRESSING
(RT-PCR)

PATHOLOGY

2010-1

spleen, liver

2010-5
2012-5
2015-7

thymus, heart
intestine
bone marrow, intestine

2029-4

heart, kidney, lung, pancreas,
muscle
liver

lymphoid hyperplasia
(spleen & Peyers' patches)
Not detected
Not detected
atypical lymphoid infiltrates;
leukemia / lymphoma
lymphoblastic lymphoma,
fibrosarcoma
Not detected

2029-5

Incidence of Spontaneous Neoplasms in EN Transgenic Mice
To determine whether E N transgene expression could lead to an increase in tumour
development, mice of the two transgenic strains under study (as well as littermate controls) were
kept under observations for two years for clinical symptoms of disease (ruffled fur, failure to
nest, listlessness, hunched back, loss of appetite, or gross evidence of tumour). Numerous mice
died in both the 2015-7 and 2029-4 strains, most of them between ten and eighteen months,
either due to tumour burden, chronic skin infection endemic to the animal facility or
undetermined causes. Tumours were observed in approximately 30% of the sick and dead
transgenic mice. Symptomatic mice were killed; spleen, thymus, liver, mesenteric lymph node,
and bone marrow were examined. Splenomegaly was always apparent, accompanied by
abdominal lymphadenopathy and occasional leukemic infiltrates of the liver and lung.
Statistical significance of tumour formation was determined using Fisher's exact test, as
it is more suitable for small sample sizes that the Chi-squared test. To date, the incidence of
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tumours in the 2015-7 strain is 32% in the transgenics versus 0% in the non-transgenics (p=0.005,
see Table 7). This data has 100% sensitivity (i.e., proportion of mice that are transgenic and
develop tumours, 10 / 10) and a specificity of 56% (e.g., proportion of mice without tumours that
are not transgenic, 27 / 48). Due to the 32% incidence of disease in the transgenic group, the E N
transgene has more strength as a negative predictor as a positive predictor. Said another way, the
proportion of mice without the E N transgene who don't have tumours is 100%, but the
proportion of mice with E N who actually have tumours is 32%.
The 2029-4 strain has an incidence of tumours of 29% in the transgenics versus 3% in the
non-transgenics (p<0.005, see Table 8). This data has 91% sensitivity (i.e., proportion of mice
that are transgenic and develop tumours, 10 / 11) and a specificity of 57% (e.g., proportion of
mice without tumours that are not transgenic, 33 / 58). Consistent with results found with the
2015-7 strain, due to the 29% incidence of disease in the transgenic group, the E N transgene has
more strength as a negative predictor than as a positive predictor. That is, the proportion of mice
without the E N transgene who don't have tumours is 97%, but the proportion of mice with E N
who actually have tumours is 29%. Another 15% of mice die annually of causes unrelated to
neoplasia (skin infection, malocclusion, anal prolapse, etc.), regardless of genotype.
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T A B L E 7. Incidence of tumours in the 2015-7 strain by 19 months of age: 32% in the
transgenics versus 0% in the non-transgenics (p=0.005).

Tumour

No Tumour

Total

Transgenic

10

21

31

Non-Transgenic

0

27

27

T A B L E 8. Incidence of tumours in the 2029-4 strain by 19 months of age: 29% in the
transgenics versus 3% in the non-transgenics (p<0.005).

Tumour

No Tumour

Total

Transgenic

10

25

35

Non-Transgenic

1

33

34

Abdominal and Splenic Lymphomas
Both 2015-7 and 2029-4 strains develop aggressive lymphomas after a considerable
latency period, compared with an absence of tumours in the non-transgenic littermate control
group. These lesions usually presented as a massive swelling in the abdomen. Upon necropsy,
large masses in the intestinal lymph nodes or the spleen were noted, with involvement of the
liver, abdominal lymph nodes, lungs, and bone marrow in advanced stages. Lymphoid organs of
littermate control mice stained with Hematoxylin and Eosin were normal. Conversely,
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approximately 30% transgenic mice had either a large-cell or lymphoblastic lymphoma (Table 9
and Table 10). The normal splenic architecture was replenished (in some cases completely) with
lymphomatous infiltrates. RT-PCR analysis showed E N transcription in hematopoietic tissues
and organs infiltrated with lymphoma cells. Histological analysis typically revealed aggressive,
cellular proliferations with a high mitotic rate (Figure 24). In occasional tumours, detection of
E N protein was also possible, at levels comparable to clinical samples rather than cell culture
controls (see Figure 24b).

T A B L E 9. Distribution of tumours in the 2015-7 strain. ND=Not Detected by IP / Western analysis.

MOUSE

TRANSGENIC

RT-PCR

PROTEIN

TUMOUR
SITE

PATHOLOGY

2015-7-3-7

Y

Y

ND

Blood,
Marrow,
spleen
abdominal

Leukemia /
Lymphoma

2015-7-4-1

Y

Y

Y

2015-7-4-3

Y

Y

ND

2015-7-4-4

Y

Y

ND

2015-7-7-5

Y

Y

ND

2015-7-8-5

Y

Y

ND

2015-7-8-1-1-2

Y

2015-7-8-1-1-4

Y

2015-7-7-8

Y

2015-7-7-7

Y

Not
performed
Not
performed
Not
performed
Not
performed

Not
performed
Not
performed
Not
performed
Not
performed

D A T E OF
TUMOUR
INCIDENCE
19 months

Large Cell
Lymphoma
Lymphoma

19 months

Lymphoma

17 months

Lymphoma

14 months

abdominal

Lymphoma

19 months

abdominal

Lymphoma

18 months

liver

Lymphoma

15 months

abdominal

Lymphoma

14 months

Intestine,
liver, spleen

Lymphoma

14 months

Intestine,
spleen
Abdominal,
liver
Intestine,
spleen

15 months

T A B L E 10. Distribution of tumours in the 2029-4 strain. ND=Not Detected by IP / Western analysis.

MOUSE

TRANSGENIC

RT-PCR

PROTEIN

TUMOUR
SITE

PATHOLOGY

2029-4-4-8

Y

Y

Y

Shoulder

fibrosarcoma

D A T E OF
TUMOUR
INCIDENCE
16 months

2029-4-4-9

Y

Y

ND

Abdominal

Lymphoma

19 months

2029-4-2-6

Y

Y

ND

Lymphoma

19 months

2029-4-3-4

Y

Y

ND

Lymphoma

19 months

2029-4-4-9-6-3

Y

Y

ND

Abdominal,
thymus
Intestine,
spleen
Spleen

Lymphoma

19 months

2029-4-2-12

Y

Y

ND

Lymphoma

13 months

2029-4-4-9-3-4

Y

18 months

Y

abdominal

Lymphoma

19 months

2029-4-4-9-1-8

Y

abdominal

Lymphoma

19 months

2029-4-4-9-4-6

Y

abdominal

Lymphoma

17 months

2029-4-3-3

N

Not
performed
Not
performed
Not
performed
Not
performed
ND

Lymphoma

2029-4-4-9-1-4

Not
performed
Not
performed
Not
performed
Not
performed
N

Intestine,
spleen
Abdominal

Trunk

Rhabdomyosarc
oma

17 months

<9
f

#
f ?

X

#
<?

N

f

^

IP: a-ETV6; WB: P-Tyr
1000 |Lig input

F I G U R E 24. Large Cell Lymphoma from 2015-7 mouse expressing E N protein. (A) H & E stained section (lOx objective) of
spleen from E N transgenic showing extensive invasion and near complete replenishment of red pulp by lymphoma cells (top). Highpower magnification (40x objective) of lymphoma cells showing large lymphocytes with loose, open chromatin and prominent
nucleoli (bottom). (B) Tumour cells shown in (a) along with unaffected kidney and several controls were lysed and
immunoprecipitated with an a-ETV6 antibody, separated by SDS-PAGE and probed with an a-phosphotyrosine antibody. The E N
doublet was detected only in tumour tissue from the transgenic mouse. For comparison of levels, compare to EN-positive clinical case
of pediatric secretory breast carcinoma.

125

Preliminary

Immunophenotyping

Histological analysis of the lesions indicated that these masses were lymphomatosis;
specifically large cell and lymphoblastic lymphomas. To characterize these tumours further, we
analyzed tumour cells for expression of cell surface markers. Out of six mice analyzed, all
showed positive staining for either B or T cell markers, as indicated by positivity for either B220,
CD3, or Thy 1.2 staining (Figure 25). B220 (CD45R) is commonly used as a pan B-cell marker,
but has also been found on activated subsets of natural killer (NK) cells (301, 302). No obvious
differences can be seen between the 2015-7 and 2029-4 strains on this small data set. We cannot
rule out that some T-cell staining may be due to inflammatory infiltrates within the tumours.
Both types of lymphomas were negative for myeloid marker Mac-1 (data not shown). A single
tumour showed evidence of biphenotypic staining, with 30% of the tumour population positive
for both B220 and Thy 1.2. This suggests that E N transformation occurred at a very early stage of
lymphoid development. The ability of a transgene to induce lymphomas of varying origins has
been frequently reported, including a model of N P M - A L K (303, 304).

Fibrosarcoma
A single mouse in the 2029-4 strain developed a large, white mass on the right shoulder,
weighing 3.5g. There were no obvious metastases, nor any other abnormalities noted.
Histological

analysis

revealed spindle cell proliferation with dense cellularity, nuclear

pleomorphism and moderate mitotic activity forming occasional herringbone patterns. Cells
showed no obvious evidence of specific differentiation other than having the appearance of
possible fibroblastic origin. The tumour was positive immunohistochemically for vimentin, but
not for muscle specific actin, desmin, S100, histiocytic markers, or endothelial markers (data not
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shown),

and was therefore diagnosed fibrosarcoma, virtually indistinguishable from the

congenita] fibrosarcoma from which E N was originally identified (Figure 26). RT-PCR analysis
was positive for E N transcription, and E N protein was also detectable by IP / western analysis
(Figure 27).

Serial

Transplantation

of ETV6-NTRK3-positive

tumour cells into secondary

recipients

To determine whether tumours generated in E N transgenic mice were transplantable, we
employed the immunocompromised mouse injection assay (305, 306). Cryopreserved cells were
thawed rapidly and rinsed several times to remove any cell debris. One million E/V-positive
tumour cells derived from abdominal masses with lymphomatous features were injected both
intravenously and intraperitoneally into two immunocompromised mice. Mice were monitored
daily for clinical symptoms of disease, and sacrificed at the first signs of morbidity (17-20 days
post-injection). Upon necropsy, animals were found with large masses in the thoracic cavity and
lungs, with smaller lesions visible in the peritoneum. These lymphomas observed in the
secondary recipient animals were histologically and immunophenotypically identical to the
primary tumours (data not shown). Further, transcription of the EN transgene was documented
by RT-PCR in all recipient animals (data not shown).

Analysis

of Potentially

Cooperating

Events in EN-Induced

Tumourigenesis

To create an environment that may be more permissive to E N expression and subsequent
transformation, E N heterozygous mice were crossed into either Rag (Recombination Activating
Gene) -deficient

(immuno-compromised) or Pten

+A

(Phosphatase

and Tensin Homolog)

backgrounds. Rag-deficient null (RD" ) mice are totally deficient in both mature T cells and B
/_

F I G U R E 25. Lymphomas in E N transgenic mice are of T and B-cell origin.. Tumour cells confirmed for message expression of
EN were disaggregated into a single suspension and stained for surface expression of B (B220) and T ( C D 3 , Thy 1.2) cell markers.
Histological analysis showed original masses to contain little normal tissue. (A) Tumour population contains both B and T cells. (B)
Tumour cells show evidence of biphenotypic pattern.
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cells (255, 307); this lack of an immune system may allow E N expression to cause
tumours more quickly (308). Crosses with RD " and E N transgenic mice did not result in an
7

acceleration of disease, or a statistically significant number of tumours versus non-transgenic
controls; however, the data does suggest a higher incidence of tumours in the transgenic group.
For the 2015-7 strain, 14% (3/22 mice) of transgenic mice bred to RD" mice developed a
A

tumour phenotype, compared with 0% in the non-transgenic group (0/24 mice) (p = 0.10). While
not statistically significant, this data does have 100% sensitivity (i.e., all of the mice that have
tumours are transgenic). A determination of sample size required for significance indicates that
either of the following would provide statistical significance (p>0.05): 1) analyze one more EN "
+/

with the anticipation it contains a tumour (13.6% likelihood, given the results to date); 2) analyze
three more negative (EN "") animals and anticipate they do not have a tumour (100% likelihood,
/

given the results to date). For the 2029-4 strain, 14% (3/21 mice) of transgenic mice bred to RD "
7

mice developed a tumour phenotype, compared with 0% in the non-transgenic group (0/19 mice)
(p = 0.10). Sample size determination for this crossbreeding indicates that either seven nontransgenics at 19 months of age must be tumour-free, or two more E N " would need to develop
+/

tumours in order to attain statistical significance (i.e., p<0.05).
The

Sorensen laboratory have previously shown that E N expressing cells show

constitutive activation of Akt, and that pharmacologic blockade of this pathway abrogates
transformation (210). We therefore hypothesized that constitutive activation of the PI3K-Akt
pathway may allow for increased EN-induced transformation. P T E N (also known as M M A C 1 ,
mutated in multiple advanced cancers) is a protein tyrosine phosphatase that was originally
identified as a tumour suppressor in multiple organ systems (256, 309-311). P T E N is essential
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for embryonic development and PTEN " mice are embryonic lethal (312) (256). Heterozygous
7

mice, PTEN ", are characterized by tumours of the endometrium, liver, prostate, gastrointestinal
+/

tract (gut-associated lymphoid tissue), thyroid, and thymus (256). Further, cells from Pten " mice
+/

have elevated levels of phosphorylated Akt (257, 313). As elevated levels of phosphorylated Akt
is a biochemical hallmark of E N transformation, E N transgenic mice from both 2015-7 and
2029-4 strains were crossed with Pten " mice and monitored for any increases in morbidity or
+/

mortality.
For undetermined reasons, these crosses were very difficult to obtain. Four different
mating pairs were used over a 14 month period, and only eight litters were produced (each parent
was a confirmed successful breeder when matched with a B16 control). All litters were small in
number (less than five pups each). From a total of 26 pups born, there was only one confirmed
double positive (EN ~, PTEN ~). Based on Mendelian genetics, we would have expected at
+/

+/

least six double positive mice to have been born. Chi-squared analysis indicates these findings to
be significant (p<0.05).

Development of ETV6-NTRK3

Knock-in Mouse

As the murine syntenic region of human 12pl3 (Chromosome 6q) had not been
sequenced and submitted to a public database, I therefore sequenced more than 20kb of murine
Etv6 and began constructing the targeting vector to create a knock-in mouse. While working on
the final cloning step, we were contacted by Stuart Orkin, Harvard Medical School, regarding
the possibility of collaborating. Dr. Orkin's had successfully created an E T V 6 - A M L 1 knock-in
mouse, and were interested in using this system for an E N knock-in mouse; I provided the
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FIGURE 26. Histology of fibrosarcoma from E N transgenic Mouse is identical to clinical CFS. H & E staining of a clinical case

of CFS (A, C) and the fibrosarcoma that developed in a transgenic mouse (B, D) showing identical histological features. Low power
view (lOx objective, top) of cellular spindle cell lesions arranged in interdigitating fascicles in both tumours. High power
magnification (40x objective, bottom) shows undifferentiating spindle cells with overlapping nuclei and occasional mitotic figures
(circled), characteristic of this tumour.
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F I G U R E 29. E N expression is detectable at both the R N A and protein level in a single
fibrosarcoma. Top panel shows RT-PCR of ETV6-NTRK3 fusion transcripts from total R N A
treated with DNase I to remove contaminating cDNA. Amplification of the 110 base pair product
using the Tel 971 and Trk 1059 primers. Bottom panel shows the presence of the E N protein after
immunoprecipitation of a whole cell lysate prepared from the tumour tissue.
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NTRK3 cDNA to modify their existing construct. The following experiments were performed on
embryonic cells created by Dr. Zhe Li, post-doctoral fellow under Dr. Stuart Orkin.

Expression of Conditional ETV6-NTRK3 after Retroviral Cre Recombinase

Administration

Multiple independent-targeted ES clones carrying the NTRK3 knock-in cassette (NTRK3
cDNA, polyadenylation signal and neomycin resistance gene) were obtained following drug
selection, PCR and Southern blot screening process. To confirm conditional expression of the
knocked-in allele, ES cells were treated with adenoviral Cre and analyzed by RT-PCR. E N
message expression was documented in two independent ES cell lines, TN28.12 and TN28.19, as
well to a much lower degree in the targeted ES cells without Cre, indicating some 'leakiness' in
the conditional system. Western analysis on these clones documented the presence of the 73/68
kDa E N protein in both TN28.12 and TN28.19, and not in the targeted ES cells without Cre
(TN28) (see Figure 28).

Cre:

+

HlCS

QC

SC

QC

Z
H

Z
H

i-H

rl

z

u
Z
H

o
u
a

>

H
CO

W B : P-Tyr
IP: a-Tel
F I G U R E 28. Expression of E T V 6 - N T R K 3 in targeted murine E S cells. E N protein is
expressed only after infection of conditional MEFs with retroviral-Cre in two independent clones
(TN28.12 and TN28.19). Conversely, targeted ES cells without Cre administration do not express
the fusion (TN28). Retrovirally infected NIH3T3s were used as controls.
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Analysis of Transformation Effector Pathway Signaling in Cre-Infected ES Cells
The activation of the well-characterized E N effector pathways, M A P K and PI3K, was
assessed by preparing whole cell lysates from serum-starved ES cells, and immunoblotting with
phosphorylation state-specific anti-MEK and anti-Akt, and anti-cyclinDl/2 antibodies. ES cells
expressing E N (TN28.12 and TN28.19) unexpectedly contained equal or even decreased levels of
phosphorylated Akt, phosphorylated M E K , and cyclin D compared to non-expressing ES cells
(TN28) (Figure 29) or wild-type ES cells (data not shown). This data is very similar to the results
of Tuveson et al. (314), where mutant Ras expressing MEFs induced equal or lower levels of
E R K 1/2 and Akt activation than wild-type MEFs. In that study, the Ras-induced signaling
cascade (and subsequent morphologic changes) could only be confirmed through use of
pharmacological inhibitors of the M A P K and PI3K pathways (314).

Current Status of EN knock-in Mouse

Collaboration

Dr. Orkin's lab has successfully targeted ES cells and has obtained heterozygous mice that
are being mated with GatalCre mice (expression in germline and hematopoietic

cells).

Heterozygous E N animals (without excision) are born at normal ratio and look normal, but most
of the GatalCre; E N animals seem to die during gestation. To overcome this embryonic lethality,
E N heterozygotes are being crossed to a number of different conditional Cre-expressing mice.
Further, microarray analysis of EN-expressing and wild-type mouse embryonic fibroblasts (MEFs)
is also in progress.
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F I G U R E 29. E N expression in ES cells does not induce activation of A K T , M E K , or cyclin

DI. Targeted ES cells as well as retrovirally infected NIH 3T3 controls were serum starved for 24
hours, rinsed thoroughly, lysed and assessed for hallmarks of EN transformation. Creadministered (EN-expressing) ES cells TN28.12 and TN28.19 showed no evidence of activation
of AKT, MEK, and cyclin Dl/2. Probing for wild-type ETV6 confirms equal loading in all
samples.
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5.3

DISCUSSION
Animal models of human disease allow the investigator to analyze the genetic factors that

influence disease phenotype, as well as design rational intervention strategies. The utility of the
laboratory mouse as a model organism has expanded immensely during the past 20 years (315).
Moreover, transgenic and knockout technologies are continuously evolving; new mouse models
of cancer will undoubtedly continue to benefit our understanding of tumourigenesis.
In an attempt to model the tumourigenic process invoked by the ETV6-NTRK3
oncoprotein, transgenic mice overexpressing the E N fusion gene were generated. As we wished to
express E N in as many tissues as possible, we selected two ubiquitously-expressing promoters to
drive transgene expression. E N transcription was documented in various cell types. Interestingly,
transgene expression only led to tumour development when expressed in lymphocytes and
fibroblasts,

suggesting

the

cellular

environment

is

crucial

in

mediating

EN-induced

tumourigenesis.
Two strains of E N transgenic mice were selected for detailed characterization, based on
their variability of tissue expression and preliminary phenotype. Both of these strains displayed
remarkable consistency in phenotype, with a considerable latency period before disease induction.
This is presumably because non-transformed / normal cells will not tolerate excessively high
levels of E N protein expression, and expression above a certain threshold will likely induce
apoptosis. A recent transgenic model of N P M - A L K fusion demonstrated a prolonged onset of
disease concomitant with a lower-expressing founder line (304). Turner et al. proposed that
founders with high expression levels die in utero or very soon after birth (304).
Of course, there may be alternate explanations for the relative low levels of E N expression
and long latency period before disease induction. The C M V promoter / enhancer that is an
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essential component of both constructs used for transgenesis has been shown to be frequently
methylated, most probably as a mechanism to down-regulate expression of a viral genome (316).
Studies have demonstrated the in vivo methylation (and subsequent decrease in transcription) of
CMV-driven transgenes (317, 318). Additionally, fusion protein expression (an abnormal protein
for that cellular environment) is being driven by an artificial promoter, which may have a
multitude of unknown effects. This may include induction of apoptosis, as suggested by work
with other fusion proteins such as EWS-Flil (S. Baker, St. Jude Children's Research Hospital,
Memphis, T N , personal communication) or others (PHB Sorensen, personal communication).
The NTRK oncogene was originally isolated from colon carcinoma as a fusion with the
tropomyosin gene (TPM3), resulting in constitutive activation in the tyrosine kinase activity (319).
TPM3-NTRK1 fusions were subsequently detected in papillary thyroid carcinomas (171), and
altered N T R K signaling has been implicated in other neoplasms (reviewed in (172)) including
pancreatic adenocarcinoma (173), and an activating NTRK1 mutation in a case of A M L (174).
Thus, oncogenic NTRKs appear to be exclusively observed in human malignancies with nonneuronal origin. In this animal model, overexpression of the kinase domain of NTRK3 in
lymphoblasts (non-neuronal) has resulted in lymphomas of B- and T-cell origin. To our
knowledge, there are presently no animal models of wild-type NTRK3 overexpression.
The development of lymphomas in E N transgenic mice was surprising, although not
unexplainable. A recent study has suggested that transformation by an endogenous

K-Ras

oncogene is highly dependent on cellular context. Guerra et al. demonstrated in a knock-in mouse
model that although oncogenic Ras (K-Ras
expression

) was expressed in a wide range of cell types, only

in the lungs resulted in tumour formation (multifocal

lung adenomas and

adenocarcinomas) (320). It may be that, for undetermined reasons, a precursor lymphoid cell
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contains the correct cellular milieu to allow for E N transformation. The lengthy period of time for
disease induction is reminiscent of the EN fusion in a single case of the acute myeloid leukemia
(196). Moreover, the biology of "liquid" tumours (leukemias and lymphomas) is substantially
different that that of solid tumours (321, 322), and there may be substantial differences in the
pathways induced or inactivated. While E N is capable of transforming multiple cell lineages, the
specific mechanisms may vary between cell types. This may explain the paradox between the long
latency period observed in these mice, and the short (or absent) latency period of the congenital
fibroblastic tumours.
We had initially hypothesized that additional cooperating mutations may be required for
EN-induced tumourigenesis.

For instance, it has been demonstrated that ETV6-NTRK3

transformation requires an intact IGF1R (215). We therefore crossed both strains of mice to both
immunocompromised (Rag-deficient) mice and mice with constitutively activated Akt (PTEN
heterozygotes). Crosses with the Rag-deficient strain did not result in an increase.in disease
incidence or decrease the latency period significantly. The long latency period seen in this study
may suggest that other cooperating mutations may be required for maintenance or even initiation
of

EN-induced

tumourigenesis,

as

suggested by

other

studies

with

single

oncogene

overexpression (323-325). However, the majority of clinical cases of t(12;15) resulting in the E N
fusion are congenital or occurring in early childhood, suggesting against the accumulation of
additional 'hits.' This data suggest that levels of E N may be more crucial to its regulation and
expression than cooperating mutations.
Mating experiments between E N

+ A

and Pten " appear to suggest that double heterozygotes
+/

are lethal, given that 1/26 mice were of the desired genotype (Mendelian ratio expects 6.5 pups to
be both E N " and PTEN ". It should be noted that these crosses in general did not yield sizable
+/

+/
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litters, and other unknown factors may be involved or responsible for this. It is known that
expression of E N results in constitutive phosphorylation of Akt; Pten " mice also show hyper+/

activation of Akt. It may be possible that too much Akt could be toxic to the cell and induce cell
death. However, there is no published literature to support this hypothesis. Another possibility is
that embryonic cells in the developing mouse may not tolerate high levels of reactive oxygen
species (ROS). NIH3T3 cells transfected with E N have been shown to contain higher levels of
ROS than inactive kinase control (Tognon and Sorensen, unpublished results), and it is well
documented that fibroblasts are particularly adept at sustaining high levels of ROS without
inducing apoptosis (326-328). Embryonic cells in the developing mouse may not be able to
tolerate such high levels of ROS and, consequently, induce apoptosis. Finally, while the lipid
phosphatase activity of P T E N has garnered much attention due to its association with tumour
suppressor function, little is known about the protein phosphatase activities of PTEN. It is
possible that in the context of oncogenic stress, P T E N is dephosphorylating (and down-regulating)
a key component of the E N transformation cascade. In MCF7 cells, P T E N expression inhibited
M A P K phosphorylation and Akt activation by dephosphorylating IRS-1 (279). It may be,
therefore, that decreased P T E N levels (as would be seen in heterozygous mice) already contain
some activation of Ras-MAPK proliferation cascade which, when crossed to an EN-expressing
background, results in cell cycle arrest due to excessive activation of Ras-MAPK (discussed in
detail elsewhere in this thesis).
The E N fusion oncogene is unique in that it has been identified in fibroblastic (2),
hematopoietic (196), and epithelial malignancies (131), and in vitro data has shown this fusion is
capable of transforming cells of these lineages (129, 131) (Matthew Martin, unpublished results).
Further, using a retroviral bone marrow transplantation assay, Liu et al. demonstrated that a
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modified E N transcript (containing 14 amino acid kinase insert) causes a long-latency, pre-B-cell
lymphoblastic lymphoma (130). It may not, therefore, be surprising that overexpression of E N in
a transgenic mouse model induces lymphomas with a considerable latency period.
I

Loss of heterozygosity at chromosome 12pl3 (ETV6) is found in many types of
malignancies (reviewed in (140)). It has also been reported that several translocations involving
12pl3 also have the second ETV6 allele deleted (139). ETV6 has also been shown to inhibit the
invasiveness of Ras-transformed cells in vitro and in vivo (140, 329), suggesting that ETV6 may
function as a tumour suppressor. Ablation of a single ETV6 allele with this knock-in approach
may be more representative of the biology of E N expressing tumours, through disruption of this
tumour suppressor. Such a model has considerable advantages over other methods for recreating
chromosomal translocations (such as inducible expression, Cre-lox systems, 'hit-and-run'
strategies, multiple genetic manipulations or combinations thereof (294, 315, 330-332). We are
currently awaiting the creation of these mice by our collaborators.
A potential pitfall of a knock-in strategy is that it does not include the balanced
translocation and does not imitate the cell-type-specific, somatic aspects of a tumourigenic
translocation. The possibility that both expression products of a translocation can alter the disease
phenotype is well illustrated by work on mouse models of the P M L - R A R a (promyelocytic
leukemia-retinoic acid receptora) leukemogenic translocation (333). However, a large amount of
in vitro and in vivo evidence suggests that the reciprocal translocation product is not required for
EN-induced tumourigenesis (129, 210).
We have demonstrated that our collaborators have correctly targeted the Etv6 locus with
the knock-in (NTRK3) cDNA. Preliminary studies into the transforming ability of these E N expressing ES cells have not been able to demonstrate M A P K activation; in fact, there may be

140

some attenuation of M A P K activity in these cells relative to non-targeted cells. In contrast to the
ease of identifying such signaling events following E N expression in NIH3T3 (210, 283), it is
difficult to see evidence of Ras effector pathway activation in Cre-administered ES cells. As
suggested by Tuveson et al. for studies with knocked-in activated K-Ras, E N effector pathway
signaling that accompanies endogenous expression levels of E N may not be reliably assessed by
isolated analysis of phospho-Mek or phospho-Akt (314). Further to this point, we have not been
able to demonstrate elevation of phospho-Erk in NIH3T3s overexpressing E N , despite elevated
levels of phospho-MEK (210, 283). Alternately, there may be inherent differences between
analysis of proliferation in ES cells and NIH3T3s such that the proliferative advantage provided
by an oncogene may be insignificant to the levels of endogenous levels of proliferation in these
embryonic cells. Studies assessing the phosphorylation status of IRS-1, as well as IGF1R status,
should be performed to determine the role of this pathway in ES cells expressing E N .
In summary, we have shown that ubiquitous E N expression in a murine model results in B
and T cell lymphomas. Thus, the E N fusion is unique in that it has potent transforming abilities in
four cell lineages (fibroblastic, epithelial, myeloid, and lymphoid cells). However, the precise
mechanism in which E N operates in these different tumour types is not clear, and remains to be
determined.
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CHAPTER VI
SUMMARY AND FUTURE DIRECTIONS

6.1

GENERAL SUMMARY
The EN fusion gene is unique in that it has been identified in tumours derived from

varying cell lineages. E N expression provides an interesting model of tumourigenesis in that it has
transforming properties in multiple cell lineages. Originally identified in CFS, and subsequently
in C M N , it has since been identified in an adult patient with A M L , and pediatric and adult cases
of a ductal breast cancer called SBC. E N is a potent oncoprotein in vitro (129), and previous
studies have demonstrated that it constitutively activates both the Ras-MAPK and PBK-Akt
pathways (210) via an interaction with IRS-1 (215). However, the exact nature of the E N / IRS-1
interaction

remained unknown. We

now

demonstrate

that

E N specifically

binds

the

phosphotyrosine binding (PTB) domain of IRS-1 via an interaction at the C-terminus of E N . An
E N mutant lacking the C-terminal 19 amino acids does not bind IRS-1 and lacks transforming
ability. These findings indicate that E N / IRS-1 complex formation through the NTRK3 Cterminus is essential for E N transformation. It was hypothesized that a highly conserved motif
(TPIY) in the C-terminal tail of E N may function as a pseudo-consensus site for PTB binding
(NPXY); however, this did not prove to be true. To further characterize the transforming ability of
E N , we developed transgenic mice expressing E N under the direction of two ubiquitously
expressing promoters. Approximately 30% of transgenic mice in two different strains developed
lymphomas after a long latency period. Further, a single transgenic mouse developed a
fibrosarcoma with identical histology to CFS. In the following two sections, major observations
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observed in this thesis will be discussed in the context of potential avenues for further
experimentation.

6.2

E N SIGNAL TRANSDUCTION
These studies of the signaling mechanisms behind EN-induced transformation have shown

that IRS-1 interacts specifically with the C-terminus of E N . Various mutants lacking IRS-1
binding were non-transforming. It would therefore appear that IRS-1 is functioning as an adapter
protein that connects E N to the Ras-MAPK and PI3K pathways. The involvement of IRS-1 as an
adapter for other proteins has already been proven (17, 271, 334).
It is well established that N T R K molecules bind the adapters SHC and the p85 subunit of
PI3K via their SH2 domain, allowing for the activation of downstream effectors (165, 335).
Studies in the Sorensen laboratory are currently assessing whether the interaction with IRS-1 is a
novel mechanism for wild-type N T R K molecules to activate these pathways. Preliminary analysis
has suggested this interaction with IRS-1 is unique to E N (Martin and Sorensen, unpublished
results), presumably because NTRK3 molecules have binding sites for the adapters SHC and
GRB2, which may circumvent the need for this connection found in an abnormal fusion protein.
We had hypothesized that the TPIY sequences (residues 625-628) found in the distal part
of the C-terminus of E N was a novel PTB interaction motif, due to its similarity to the canonical
N P X Y sequence; however, this did not turn out to be true. Further, IRS-1 binding must occur
through an interaction N-terminal to the A614 truncation. We hypothesize that the deletion mutant
is folding back upon itself in such a manner that it is either blocking the specific binding site or
affecting the three-dimensional structure such that an improper conformation is attained.
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Comparative modeling is useful for relating patterns observed among a small number of
structures to the generalized functions of a large protein family (for reviews, see (336, 337)).
Recent improvements in comparative modeling make it practical for homology-based assignment
of biological function to unknown proteins and structure-based design of novel pharmaceuticals
(336 6798)). A number of different structure-prediction servers are available for this purpose.
SWISS-MODEL (242, 243) is a fully automated protein structure homology-modeling server,
accessible via the ExPASy web server, or from the program Deep View (Swiss Pdb-Viewer), and
was utilized to create a model of the NTRK3 portion of E N .
The amino acid sequence of the kinase portion of E N was submitted to the SWISSM O D E L Protein Modeling Server (338) with fixed parameter settings given by the Server to
screen the structure templates further. The Server gave predictions of 3D structures for five
proteins: four of which were the structures of the activated and inactivated catalytic domain of the
insulin receptor kinase, and one of which was the structure of the activated M U S K tyrosine kinase
(Table 11).

T A B L E 11. Protein crystal structures used as templates for homology modeling. PDB = Protein
Data Bank (http://www.expasy.org/swissmod/SWISS-MODEL.html). APS = adapter protein with
pleckstrin homology (PH) and src homology 2 (SH2) domains.

PDB C O D E

PROTEIN

llufA

Musk Tyrosine Kinase
Insulin Receptor Kinase in Complex
with the Sh2 Domain of APS
Insulin Receptor Kinase in Complex
with an inhibitor
Phosphorylated Insulin Receptor
Tyrosine Kinase
Tyrosine Kinase Domain of the
Human Insulin Receptor

irqq
IgagA
lir3A
lirk

HOMOLOGY TO
NTRK3 KINASE
50.77%
39.76%

REFERENCE

39.16%

(245)

39.16%

(244)

39.16%

(246)

(247)
(248)
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As seen with other kinases (such as insulin receptor and Src), when E N is inactive the
activation loop threads through the active site, preventing binding of A T P and possibly protein
substrates (see Figure 30). The inactive form of the E N catalytic domain is modeled after four
different structures, and consequently the structure is most likely valid. When phosphorylated, the
activation loop 'flips' outwards and the active site is accessible. However, insight into possible
mechanisms of interaction and binding partners of this active kinase is highly speculative, as only
a single kinase was used for modeling of the active molecule. This model shows the C-terminus
and tyrosine 615 as part of a helix and consequently, is probably not a substrate-binding site. The
tyrosine side chains of amino acid 615 do project from this helix, and it may be possible that this
is available for interaction, but this is purely speculative. Higher resolution crystal structures are
required in order to make such inferences.
Sequence homology searching using the SWISS-MODEL

similarity tool

(BLASTP)

indicated the highest level of homology of N T R K portion of E N to the M U S K tyrosine receptor
kinase, a transmembrane protein expressed exclusively in skeletal muscle (339). R T K catalytic
activity can be regulated via several autoregulatory mechanisms, including autophosphorylation
of the kinase activation loop (including A T P and substrate binding) and autophosphorylation of
key tyrosine residues in the juxtamembrane region. M U S K kinase activity appears to be regulated
through both of these mechanisms (247). Due to the position of the E N fusion breakpoint, the
regulatory juxtamembrane tyrosine is missing (SHC binding site in wild-type NTRK3, tyrosine
485), suggesting that E N only utilizes the activation loop mode of inhibition. Perhaps the loss of
the juxtamembrane inhibition mechanism in the E N fusion is crucial to its ability to be involved in
many malignancies.

F I G U R E 30. Homology modeling of the N T R K 3 portion of E N . A ribbon diagram of the crystal structure of the NTRK3 portion of
E N , with P-strands shown in cyan and a-helices shown in red. The inactive protein is modeled on the left; active protein (showing an
accessible active site) on the right. As the most distal portion of the C-terminus is unique to NTRK3, no homologous sequence existed
to serve as a template. Consequently, the most distal ten amino acids of E N are missing from these models. Accordingly, caution
should be used when interpreting the structure of this area in particular. Tyrosine 615 (and side chain) is indicated in green at the C terminus of the protein.
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The structure model presented here for the catalytic domain of E N may be categorized as
moderately accurate as the model is based on a sequence identity of 30-50%, suitable for virtual
screening and docking of small ligands and defining antibody epitopes, but not prediction of
protein partners or docking of macromolecules (340, 341). Models of this quality (as defined by
sequence homology

between target

and template

sequences)

allow

for locating and

characterizing active sites. Therefore, the model presented here can serve as a rough guide for the
allocation of amino acid residues of importance for further investigations or for the further
refinement of the models of the E N catalytic domain. These studies (SPOT peptide array and
NMR structure / X-ray crystallization of the kinase portion of EN) are currently in progress.
To this end, studies into the three-dimensional structure of E N are currently in progress.
Nuclear magnetic resonance (NMR) spectroscopy and subsequently X-ray crystallography will
be performed on the kinase domain of E N . Ideally, these experiments will also be performed in
conjunction with the PTB domain of IRS-1 and the SH2 domain of P L C y l . Such a strategy will
determine the precise relationship between these proteins. While previous research in the
Sorensen laboratory has demonstrated that the PLCyl-binding site (Y628) is dispensable for
transformation (129), it is possible that signaling through this residue is responsible for the welldifferentiated morphology observed in these tumours. Both the SHC and PLC-y binding sites on
NTRK1 are required for maximal activation of M A P K (342). It may be that this site contributes
to, but is not essential for, the transformation signal cascade induced by E N . It would therefore
be plausible that E N binds two effectors at the C-terminus: PLC-y to induce differentiation and
IRS-1 to induce proliferation / survival signaling.
The three-dimensional structural approach outlined above assumes that the interaction
between E N and IRS-1 is direct. While this is a likely hypothesis, it is quite possible that there is
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an intermediary step (s) involved. This may explain the relatively low levels of IRS-1 protein
found in E N immunoprecipitates (and vice versa). The most efficient method to determine
whether this interaction is direct, is an in vitro translation experiment where the IRS-1 protein is
translated (from a T7 promoter-containing vector) and mixed with GST-fused E N (or E N
mutant). A pull-down for the GST-tagged proteins with glutathione beads, and western analysis
for the presence of IRS-1 would determine if this is a direct interaction. Alternately, due to
potential problems with translating a large protein such as IRS-1, the reverse experiment could
be performed or it may be possible to use only the PTB fragment of IRS-1 (TRS-1C) outlined in
Chapter III. Additionally, peptide (SPOT) array analysis of the tyrosine 615 is currently in
progress. This technique assesses substrate binding to a series of ordered amino acids adhered to
a cellulose membrane, and thereby identifies the peptide or consensus motif required for binding
(343, 344). Manipulation of amino acid residues both N - and C-terminal to this tyrosine may
provide insight into other residues involved in IRS-1 binding beside Y615.
To date, we have only identified two proteins that interact with EN: P L C y l and IRS-1. It
is conceivable that many other interactors may exist, and analysis of these interactors as well as
their downstream binding partners may provide clues to presently unknown facets of E N
tumourigenesis. One approach is mass spectrometric analysis of differential protein bands in
silver-stained gels. Preliminary experiments by this author have identified a number of targets
for further analysis. Immunoprecipitates from non-transforming EN-A614 and empty vector
were associated with higher levels of Heat Shock Protein (Hsp) 70 and (to a lesser extent) Hsp90
(data not shown) than those from wild-type E N . HSPs are chaperone proteins, and are involved
in protein folding, transport and complex formation, and are thought to play a role in cellular
stress recovery (345). Studies have suggested that HSPs are up-regulated by oncogenes (such as
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N P M - A L K and BCR-ABL), to permit accumulation of abnormal proteins (346, 347), but low
levels may also be associated with aberrant growth control and cell death (348). HSPs could
therefore be controlling a negative regulator of E N signaling; the low levels of HSP in E N expressing cells would thereby allow for the accumulation (and subsequent signal transduction)
of E N .
In addition, E N immunoprecipitates were found to contain highest levels of periplakin, a
cytolinker protein that has been shown to act as a scaffold and possible localization signal in
AKT-mediated signaling (349). Plakins are expressed in tissues that experience mechanical
stress, where they play a vital role in maintaining tissue integrity (350). Immunoprecipitates
from partially transforming EN-Y615F containing lower levels of periplakin, EN-A614
contained lower levels again and no periplakin was immunoprecipitated in samples from vector
control cells. While a strong association between periplakin and autoimmune disease has been
established, efforts to characterize the function of this protein (including a murine knockout
model) have been unsuccessful (351). Periplakin has been shown to interact with the pleckstrin
homology domain of A K T , and possibly serve as a localization signal in AKT-mediated
signaling (349). Perhaps periplakin functions to stabilize the Akt activation signal induced by EN.
Given that both HSPs and periplakin have been identified in E N immunoprecipitates, further
studies into their role in EN-mediated transformation are warranted. These studies would include
co-immunoprecipitation studies with E N expressing cells transfected with either protein, or an
interactor screen such as the yeast two-hybrid if various mutants of both proteins were to be
assayed simultaneously. This would allow for determination of the domains required for any
potential interaction.
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Two alternate approaches for identifying interacting proteins are the yeast two-hybrid
interactor screen and FRET (fluorescence resonance energy transfer) analysis. Previous attempts
with E N and a yeast two-hybrid cDNA library screen in the Sorensen laboratory have not been
fruitful, presumably due to overwhelming activation of the reporter by the Etv6 transcription
factor portion of E N . It may be possible to use this system to determine if the E N / IRS-1
interaction is direct by using the two proteins as 'bait' and 'prey', rather than screening a library.
FRET analysis relies on the non-radioactive transfer of energy from an excited donor
fluorophore to an acceptor fluorophore and can be used to study protein interactions as well as
changes in protein conformation, folding, and stability (352, 353). Imaging and FRET analysis
with confocal and fluorescence microscopy allows for real-time monitoring of protein-protein
interactions, and is especially informative for assessment of compartmentalization (354, 355). If,
as hypothesized, IRS-1 localizes E N to the cell membrane where it induces key signaling
cascades, FRET analysis would be a powerful tool to analyze this.
Based on two studies with various fusion tyrosine kinases (FTKs), including B C R - A B L ,
E T V 6 - A B L , ETV6-JAK2, ETV6-PDGFpR, N P M - A L K , FIIP1- PDGFpR and E N , E N is the
only F T K that does not activate STAT5 (130, 197). The phosphorylation of STAT (Signal
Transducers and Activators of Transcription) family members triggers nuclear translocation, and
activation of a number of nuclear targets involved in proliferation, differentiation, and apoptosis.
It may be that STAT5 activation of non-EN FTKs limits the oncogenic potential to a
leukemogenic process. Further, the ability of E N to transform multiple cell lineages would be
due to its ability to activate many signaling pathways, including Ras-MAPK, PI3K-Akt, and
TGF-(3 rather than the STAT pathway alone. Various Stat-deficient models exist, and analysis of
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E N transformation in these models should define the contributions of STATs, if any, in E N
transformation.
Recently, the adaptor protein GRB2 has been shown to bind the fusion E T V 6 - A B L via a
tyrosine residue in the ETV6 portion (356). Mutation of this interaction site blocked ETV6ABL-induced leukemogenesis in vitro and in vivo, similar to studies involving mutation of the
GRB2-binding site in B C R - A B L (98, 357). This tyrosine has also been shown to be responsible
for GRB2 association in ETV6-JAK2 (358). However, two independent investigators in our
laboratory were not able to detect Grb2 in immunoprecipitates of the E N fusion protein. Further,
there are obvious differences in the signaling cascades resulting from mutation of this tyrosine in
E T V 6 - A B L and ETV6-JAK2. In contrast to the inactive mutant Y314F in E T V 6 - A B L , mutation
of this site in ETV6- JAK2 showed impaired activation of Ras but no decrease in E R K / M A P K
activation (356, 358). This suggests that GRB2-dependent signals induced by oncogenic tyrosine
kinases differ depending on the cell type and the particular kinase involved.
Despite the extensive involvement of ETV6 fusion proteins in the development of cancer,
very little is known about the localization of these proteins. To further understand the oncogenic
mechanism of action of E N within the cell, we performed localization studies with V5-tagged
E N and non-transforming A614. These preliminary results suggest that E N is present throughout
the cell, while the A614 mutation restricts localization to the cytoplasm only (Figure 31). These
results show significant differences in localization between these two phenotypically different
mutants, and suggest that protein subcellular localization is important for transformationinducing interactions.
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FIGURE 31. EN-A614 mutant shows different cellular localization than EN. NIH3T3s
expressing either V 5 - E N or V5-A614 were fixed in paraformaldehyde, incubated with anti-V5
antibody and analyzed by immunofluorescence microscopy. NIH3T3s expressing either V 5 - E N
(top panels) or V5-A614 were probed with an a - V 5 antibody. These experiments show
expression of V 5 - E N throughout the cell (cytoplasm and nucleus), while there appears to be less
V5-A614 expression in the nucleus.

Caution should be exercised, however, when interpreting these preliminary results since
they conflict with previous attempts at identifying the subcellular localization of the E N protein,
which show localization of E N and kinase-dead mutant to the cytoplasm (Dr. Stevan Knezevich,
unpublished results). These previous studies were performed with antibodies to endogenous
protein (either wild-type E T V 6 or N T R K 3 ) and may be reacting with endogenous proteins.
Recently, a C-terminally tagged E N protein was found to be exclusively cytoplasmic, while
SAM

domain mutants (lacking polymerization ability) localized to both the nucleus and

cytoplasm (231). Dimerization of w i l d type E T V 6 and E N has been documented (129), and is
presumed to occur in the nucleus given that wild-type E T V 6 functions as a transcription factor.

152

Recent reports have also suggested that wild-type ETV6 delocalizes from the cytoplasm to the
nucleus following sumoylation at lysine 99 (359), and it could also be in the cytoplasm that E N
heterodimerizes with wild-type ETV6. The present study, however, is not without limitations.
Both V5-EN and V5-A614 are C-terminally tagged. This thesis has provided ample evidence to
the importance of protein interactions at the C-terminus of E N , and the V5-tag may interfere
structurally with these interactors. Future localization studies should include multiple methods of
protein detection to avoid confounding artifactual results.
The localization of oncogenic fusion proteins is gathering increasing interest. Studies of
the N P M - A L K fusion indicate it is cytoplasmic, but it localizes to the nucleus upon dimerization
with the predominantly nuclear N P M shuttle protein (360). In the nucleus, N P M - A L K interacts
with NIPA (Nuclear Interacting Partner of Anaplastic Lymphoma Kinase), which subsequently
prevents the induction of apoptosis (360). N P M - A L K has also been shown to interact with IRS-1
(361), but mutation of the NPXY-binding site in N P M - A L K did not affect transformation,
indicating that either IRS-1 is not vital for transformation or that ERS-1 binding is through a nonN P X Y mechanism (as studies in this thesis have suggested). Finally, a single paper has recently
demonstrated the presence (and biological role) of IRS-1 in the nucleus (362). Clearly, further
study into the subcellular localization and spatial interactors of oncogenic fusion kinases is
warranted.
Clearly the most important experimental challenge

is to determine the

specific

mechanism by which E N interacts with IRS-1, and the consequences of this interaction. Given
that transformation by E N induces constitutive phosphorylation of IRS-1, it is possible that E N is
the kinase that phosphorylates IRS-1. We also hypothesize that IRS-1 localizes E N to the cell
membrane. Determination of the nature of the interaction between these two proteins is therefore
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paramount. There are a number of approaches possible, the most direct being a series of
truncation constructs as employed in Chapter III. These E N mutants would be initially screened
for their ability to interact with the PTB domain of IRS-1, and then with the entire protein.
Crystallization studies done in conjunction with the PTB domain of IRS-1 and the SH2 domain
of PLCyl will undoubtedly contribute to the nature of this interaction and suggest possibilities
for disruption, but will require considerable labour investment. Given that both B C R - A B L and
N P M - A L K have been shown to interact with IRS-1, there is considerable potential for
application of these results to other fusion tyrosine kinases.

6.3

M O D E L SYSTEMS FOR INVESTIGATING E N TUMOURIGENESIS
Random insertion transgenic strains can generally be established more quickly and less

expensively than those in which the transgene is targeted to a specific genetic site. When we first
initiated experiments to generate mice transgenic for EN, random insertion strategies were still in
favor, and conditionally targeted approaches were deemed too complicated for initial attempts at
in vivo modeling. Since then, concerns regarding abnormal temporal and spatial expression, as
well as endogenous levels of gene expression, have risen such that the random insertion strategy
may be less appropriate for studies of oncogenic fusion genes.
As we have observed E N expression in different tumour types, we have generated
transgenic mice by placing the cDNA of the E N fusion oncogene under the control of two
ubiquitous promoters. After a considerable latency period, 30% of these transgenic mice develop
neoplasms. The demonstration that E N expression induces lymphomas in a transgenic model is
the first data suggesting that E N can transform lymphoid cells, in addition to already published
reports of transformation activity in fibroblastic (129), myeloid (196), and epithelial cells (131).
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This oncoprotein is therefore very unique in its ability to transform several different cell lineages.
Only one other fusion oncoprotein is able to transform multiple cell lineages, TPM3-ALK, with
oncogenic activity in both mesenchymal (inflammatory myofibroblastic tumours) and lymphoid
(anaplastic lymphoma) cell types (200). There have been no published reports of t(12;15) in any
human lymphomas to date but gains of 15q (NTRK3 is positioned at 15q25) have been reported
(363-365). Therefore, further investigation into the presence of E N in clinical cases of
lymphoma is warranted in light of these results. Additionally, studies into the capability of E N to
transform lymphoid cells (such as Whitlock-Witte cultures (366)) should be carried out to
investigate the specific pathways induced upon E N expression.
An alternate hypothesis is that the induction of lymphomas by E N is a species-specific
phenomenon, and many not correlate well with human clinical samples, as demonstrated by
studies with the Ras oncoprotein. In humans, Ras is partly responsible for thyroid, lung and
colon cancer and causes 90% of pancreatic cancer (367). By contrast, the gene does not cause
pancreatic cancer, but rather breast and skin cancer in (random insertion) transgenic mice (368).
Hamad et al. showed (in a cell culture system) that Ras-induced tumourigenesis required
RalGEFs in human cells, but not in murine cells, suggesting species variation underlies
differential transformation requirements (368). These differential in vivo results may also be due
to the random insertion model employed, although this is extremely unlikely given that two
independent strains have very similar phenotypes and incidence of disease. Recent models of
Ras activating mutants expressed at endogenous levels have shown pancreatic neoplasia (369)
and metaplasia (in cooperation with a secondary mutation) (320).
The detection of E N protein in lymphomas from transgenic mice was extremely difficult.
Moreover, it has been noted that the detection of R N A transcripts in clinical samples has proven
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challenging (370), leading to speculation that that levels of ETV6-NTRK3 fusion transcripts
might be below the threshold of detection for clinical (paraffin-based) assays. It is intriguing to
note that although the ETV6-NTRK3 chimeric protein has very potent transforming ability when
expressed in immortalized murine fibroblasts (129), CFS, C M N and S B C are relatively nonaggressive clinically (126, 187). One possible explanation for this apparent contradiction is that
above a certain level, ETV6-NTRK3 expression in human cells may be incompatible with cell
survival. It is well-established that high (above endogenous) levels of Ras can induce either cell
cycle arrest or apoptosis (reviewed in (34)). Further to this point, we have not been able to
identify E N protein by immunohistochemistry in clinical samples and detection of protein in
tumours from transgenic mice by Western analysis has been difficult, suggesting low levels of
the protein. It is therefore possible that only cells that express low fusion transcript levels survive
and go on to form tumours, which may explain the low metastatic ability of EN-expressing
tumours. It may be that levels of E N protein in tumours arising in the transgenic mice are below
detectable levels.
We are currently collaborating with Dr. Stuart Orkin, Harvard Medical School, on a
targeted approach for E N tumourigenesis. While the knock-in strategy appears to be the
strongest to recapitulate EN-induced tumourigenesis, several limitations do exist with this
strategy. A knock-in strategy does not include the balanced translocation and does not imitate the
cell-type-specific, somatic aspects of a tumourigenic translocation. The possibility that both
expression products of a translocation can alter the disease phenotype is well illustrated by work
on mouse models of the P M L - R A R a (promyelocytic leukemia-retinoic acid receptor alpha)
leukemogenic translocation. Using conventional transgenesis, it was shown that expression of
the non-leukemogenic R A R a - P M L translocation product affects the phenotype of P M L - R A R a
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leukemias (333). However, a reciprocal gene fusion was not detected in the E N index cases (2)
and work to date with EN has indicated that the reciprocal translocation is not associated with the
transformed phenotype.
Dr. Orkin's lab has successfully created conditionally-expressing E N knock-in mice, and
is currently breeding these mice with strains expressing the Cre recombinase with varying spatial
and temporal patterns. Preliminary data from these breeding experiments has suggested that
hematologic expression of the E N fusion during embryogenesis induces lethality. Excision of
E N in the bone marrow through crosses with the Mx-Cre mouse (371) results in a very
aggressive myeloproliferative disease similar to the retroviral bone marrow studies of Liu et al.
(130).
To date, all clinical cases of congenital fibrosarcoma and cellular mesoblastic nephroma
have been associated with a trisomy 11 as well as the E N fusion (183). Neither the random
insertion model, nor the knock-in model under development, has addressed this. We postulate
the extra copy of Chromosome 11 provides additional IGFII, resulting in an up-regulation of the
IGF1R pathway. Moreover, E N is unable to transform cells deficient for IGF1R (215). Mouse
models of IGFII overexpression do exist (372-374), and cross-breeding with these strains may be
required to fully mimic these clinical lesions. Interestingly, preliminary analysis of secretory
breast carcinoma has not revealed the presence of trisomy 11, nor was there any mention of it in
the case report of E N in A M L (196). This suggests that E N may use alternate mechanisms in
these lineages to elicit transformation. Studies such as microarray and proteomics will address
the similarities and differences between various E N transformed cells.
Another group is also developing a transgenic model of E N expression (375). The
laboratory of Dr. Mel Greaves has created two E N constructs under the direction of the S C L /
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Tal-1 promoter, which restricts expression to the hematopoietic system (376). EN-expression
driven by the S C L / Tal-1 promoter resulted in embryonic lethality, with finding very similar to
those of the ETV6 knockout mouse (defective yolk sac angiogenesis) (104). Preliminary findings
from transgenic mice created from a second construct, encoding a transgene lacking exon 5 of
E N ('Tel-TrkC(L)'), develop leukemias and lymphomas of B cell origin. Interestingly, these
tumours did not contain detectable levels of E N protein; transgene expression was only
detectable by RT-PCR. These findings are remarkably similar to those presented in this thesis,
and support the hypothesis that E N expression above a certain threshold is not well tolerated in
vivo.

6.4

FINAL C O M M E N T S
While the number of patients with an E N expressing tumour is, to date, relatively low

compared to adult cancers such as breast, colon, and prostate, it is important to examine these
(and, for that matter, all childhood cancers) from the point of view of life years saved. A survivor
of childhood cancer has many more years to contribute to society than, for instance, the average
prostate cancer patient.
The EN gene fusion is only one mechanism by which NTRK3 can be activated in an
abnormal context, and studies into E N tumour biology may have broader reaching implications
than select subsets of childhood malignancy. The malignant consequences of abnormal and
mutant N T R K signaling are gaining increasing interest (8, 292). Overexpression of NTRK2 (or
its ligand BDNF) has been documented in pancreatic and prostate cancers, Wilms' tumour and
neuroblastomas, and is frequently associated with aggressive behavior and poor prognosis (377-
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380). It is likely that activation of N T R K molecules in a non-neural environment contributes to
uncontrolled proliferation and / or survival signals without appropriate feedback mechanisms for
regulating these signals. Further investigations, both in vivo and in vitro, into the mechanism of
NTRK-mediated transformation will contribute to the design of novel treatment modalities for
the lesions.
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