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Abstract

The development of targeted therapeutics using small-molecule inhibitors
was pioneered in hematologic malignancies and has revolutionized the
treatment of subsets of cancers. Further experience with these inhibitors has
led to the identification of select mutations that may respond to specific
inhibitors. This dissertation presents data about one of these mutant
proteins, PTPN11. PTPN11 is a tyrosine phosphatase implicated in the
pathogenesis of JMML, AML, and other malignancies. Activating mutations
of PTPN11 are known to increase proliferative signaling and cell survival,
but the signaling upstream of PTPN11 is not well understood. It is important
to understand this upstream signaling, because PPTN11 is an activator of
multiple downstream proliferative pathways that may compensate in
response to targeted inhibitors. There is an increasing body of literature that
suggests a link between the multi-kinase inhibitor dasatinib and mutated

PTPN11.

Our lab has developed ex vivo functional assays with small-molecule kinase
inhibitors and RNAI targeting to screen primary patient samples for specific

pathway dependence. Using these assays, we found that mononuclear white
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blood cells from a patient with recurrent PTPN11-mutant JMML were
sensitive to dasatinib. The sample also showed significantly reduced viability
in the presence of siRNA targeting the TNK2 gene product. However, there

was no known link between PTPN11 mutations and dasatinib sensitivity or

between PTPN11 and the kinase TNK2.

This dissertation presents novel evidence that PTPN11 is activated by an
upstream kinase, TNK2. PTPN11-mutant JMML and AML primary patient
cells have displayed significant sensitivity to TNK2 inhibition by dasatinib.
My research has revealed that PTPN11 and TNK2 interact directly, allowing
for TNK2-dependent phosphorylation of PTPN11. There is a subsequent
PTPN11-dependent dephosphorylation of TNK2, suggesting a tightly coupled
regulatory signaling loop. Consequent to increased PTPN11 phosphorylation,
co-expression of TNK2 and mutant PTPN11 synergistically increases MAP
kinase proliferative signaling and mouse bone marrow colony formation.
These increases can be significantly blocked with chemical inhibition of
TNKZ2. Clinically, a patient with recurrent JMML who was treated with
dasatinib had a therapeutic response. Collectively, these data indicate TNK2

as a promising target for PTPN11-mutant cancers.
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Chapter 1 : Background

1-1: Introduction

Leukemaia cells are liquid tumors that arise in the bone marrow, where
normal hematopoiesis occurs!. Cell intrinsic factors like mutations in proteins
that control cell proliferation or cell death can drive blood cells to proliferate
uncontrollably, filling up the marrow and spilling out to the rest of the body;
into other hematopoietic organs like the liver and spleen2. Infiltration of the
marrow leads to both overcrowding and microenvironmental signaling to
1mpair normal hematopoiesis. This results in cytopenias in neutrophils,
erythrocytes and platelets leading to immune dysfunctions, anemia, and

bleeding. Further, other organ infiltration can lead to pain and organ failure.

Conventional therapies using cytotoxic chemotherapy have shown great

benefit in the treatment and cure of many hematologic malignancies [2, 3]. In

1 Henry William Fuller was the first to publish a case report describing the diagnosis
of leukemia in a live patient in 1846, though others before him had identified and
named the disease from post-mortem specimens [1]

2 Specifically, activating mutations in proto-oncogenes transform them into
oncogenes, which drive tumorigenesis. A class of proteins known to negatively
regulate cell proliferation and survival called tumor suppressors can acquire loss-of-
function mutations, which lead to unregulated cell proliferation and mutagenesis.
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the early 2000’s targeted therapies revolutionized treatment with the use of
the small-molecule inhibitor imatinib, proving the efficacy of targeting
specific driver mutations [4]. While conventional and targeted therapies have
some success (in some cases, complete success) in curing patients, more work

needs to be done to identify treatment strategies for subsets of these patients.

My work has focused on leukemia driven by mutations in PTPN11 or
tyrosine-protein phosphatase non-receptor type 11, (also known as Src
homology 2 domain-containing phosphatase 2, or SHP2), a tyrosine
phosphatase that normally has a positive effect on cellular proliferation.
Somatic monoallelic activating mutations in this gene lead to aberrant
proliferative signaling in hematopoietic stem cells, resulting in leukemia [5].
Although select mutations increase inherent PTPN11 activity, its activity can
be further enhanced through phosphorylation of its C-terminal tyrosine
residues [6]. This dissertation describes a kinase upstream of PTPN11,
TNKZ2, which when targeted by an inhibitory drug, imparts increased
susceptibility to killing in PTPN11-mutant leukemia cells. TNK2 increases
PTPN11 phosphorylation—thereby activating it—and is part of a regulation

loop whereby PTPN11 activity negatively regulates TNK2.

My research began by looking at a mutant-PTPN11 driven childhood

leukemia, Juvenile Myelomonocytic Leukemia (JMML), and has expanded to
24



include samples from patients with Acute Myeloid Leukemia (AML). JMML,
like many rare diseases, provides an important model for proof-of-principal
research that might then be applied to broader populations of patients with
more heterogeneous disease, like AML. Because other tumor types also
harbor PTPN11 mutations, it is my hope that targeting of TNK2 can be
effective for the treatment of a diverse population of patients. This
introduction will describe the background and rationale for targeting TNK2

in PTPN11 mutant leukemaias.

1-2: Cellular signaling is critical for normal hematopoietic cells and
leukemia transformation

The study of cellular signaling has led to landmark developments in targeted
therapies for leukemia. Cellular signaling pathways function to transduce
extracellular signals (via a receptor like a receptor tyrosine kinase) through a
diverse network of intracellular pathways. These signals can induce many
effects, including cellular growth, proliferation, senescence, or death [7].
Cellular signaling is dependent on post-translational protein modifications,
most commonly the addition or removal of a phosphate group from target

proteins [8, 9].
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Phosphate addition to a Serine, Threonine, or Tyrosine residue on a target
protein is catalyzed by protein kinases, which transfer a phosphate from a
high energy Adenosine Triphosphate (ATP) molecule. Phosphorylation is
generally an activating event, although there are exceptions [8, 9]. Enzymes
called phosphatases catalyze the hydrolysis reaction removing a phosphate,
which is typically an inhibitory or inactivating event [10]. This creates a
finely tunable system in which regulation can occur at many levels. For
example, cells can regulate the amount or rate of phosphorylation or
dephosphorylation independently, allowing them to integrate multiple input

systems simultaneously.

These signaling pathways are essential for cellular homeostasis, and
perturbations in rates of phosphorylation or dephosphorylation can cause
dramatic effects. In cancer, mutation or dysregulation of an activating
member of a proliferative signaling pathway (a proto-oncogene) can be a
driving event in tumorigenesis. Alternately, an inactivating mutation or
silencing of a regulatory member of a proliferative pathway (a tumor
suppressor or positive regulator of apoptosis) can lead to tumorigenesis as

well.

Defining the mechanisms of cellular signaling in cancer is essential for

determining pathways that drive cellular proliferation and survival, or
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pathways that prevent programmed cell death. Once we understand how
these pathways work, we can understand their dysfunctional state in cancer

and develop therapies to target them.

1-3: Tyrosine kinase inhibitors in treatment of hematologic
malignancies

The advent of targeted therapies came with experiments to target HER-2
transformed cells with a monoclonal antibody [11] which was developed into
the drug Herceptin for breast cancer3. This was a pioneering discovery,
because it illustrated that tumor cells could be eliminated by therapies that
specifically target the molecular drivers of cancer. Prior to this development,
the only available tumor therapies were cytotoxic chemotherapies and
radiation, which can cause debilitating side effects [3]. While Herceptin
targets a receptor on the surface of breast cancer cells, the most successful

targeted therapy to date is a tyrosine kinase inhibitor, imatinib mesylate.

3 Herceptin, also known as Trastuzimab was developed jointly by UCLA and
Genentech, and began testing in clinical trials in 1992 and was approved by the FDA
in 1998 [12]
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The drug imatinib mesylate (Gleevec) is an inhibitor of the Abelson kinase
ABL14. In Chronic myelogenous leukemia (CML), ABL1 is the C-terminal
portion of the fusion oncoprotein breakpoint cluster region/Abelson (BCR-
ABL), which is the result of a chromosomal translocation between
chromosomes 9 and 22. BCR-ABL causes increased proliferative signaling
through aberrant phosphorylation of downstream signaling pathways.
Inhibition of ABL1 kinase activity by imatinib successfully treats CML, and
patients are able to stay in remission with a daily dose of the drug with
minimal side effects [4]. Imatinib works by binding to the ATP pocket of the
ABL moiety of BCR-ABL, preventing its activity [13]. It has been shown to
selectively bind the inactive conformation of ABL1 kinase [13]. Drug
resistance does develop in a portion of these patients, most commonly due to
a “Gatekeeper” mutation that changes a key threonine residue, T315, to an
1soleucine, which eliminates an important hydrogen bonding site for imatinib
[14]. Dasatinib, a second generation Src-family kinase inhibitor, has a 325-
fold higher affinity for the ATP-binding pocket than imatinib and can bind
the active form of the kinase, but is not effective against the gatekeeper

mutation [14]. The newer drug ponatinib does have the ability to bind the

4 Imatinib mesylate or Gleevec, also known by the drug molecule name sti-571 was
developed by Novartis with Dr. Brian Druker. It entered clinical trials in 1998 and
was approved by the FDA for use in 2001 [4]
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gatekeeper mutant, though a number of patients develop alternate methods

of resistance [14].

These drugs were developed in a rational way to target proteins responsible
for oncogenic transformation. It is only through understanding of oncogenic
transformation that we can continue to develop new specific inhibitors. These
targeted inhibitors are particularly required to treat malignancies for which

conventional therapy is not successful.

1-4: The Ras/MAPK pathway

Mitogen activated protein kinases (MAPK’s) are essential for cell signal
transduction from cell surface receptors to the cytoplasm to effect changes in
cellular signaling and transcription. MAPK proteins are necessary for the
regulation of cell cycle, differentiation, growth, senescence, and apoptosis.
MAPK proteins are a family of Ser/Thr kinases that are activated by serial
phosphorylation events [15]. There are many proteins in the MAPK
superfamily, but it is the Ras/Raf/MEK/ERK axis which is thought to control

expansion, survival and differentiation in hematopoietic progenitors [15].
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The Ras/MAPK pathway is initiated by activation of a membrane-associated
Ras protein. Ras proteins, encoded by the genes for H-Ras, N-Ras® and K-Ras
are small guanosine-nucleotide bound GTPases that cycle between an
inactive GDP-bound state and an active GTP-bound state [17] Activating
mutations in K-Ras and N-Ras are the most common forms of Ras in
hematopoietic malignancies, with H-Ras almost never appearing as an

oncogenic driver [18].

Activation of Ras is catalyzed by a guanosine nucleotide exchange factor (son
of sevenless 1, or SOS1), which increases the exchange rate of GDP for GTP,
driving the concentration of active Ras-GTP up. Active Ras recruits Raf to the
cell membrane, where Raf can be activated by phosphorylation by other

tyrosine kinases$. [20].

Activated Raf phosphorylates and activates MEK (MAPKK), which then
phosphorylates MAPK p44/42 (ERK 1/2, MAPK 1/3, or extracellular signal-
regulated kinase), perhaps through the formation of a RaffMEK/ERK
complex [19]. MEK1/2 also promotes expression of the anti-apoptotic protein

BCL-2 [21]. MAPK p44/42 activates a large number of downstream proteins,

5 H-Ras and K-Ras are named after rat sarcoma viruses that spawned their
discovery by Scolnick et al. in 1982 [16] N-Ras was subsequently discovered
and named for it prevalence in neuroblastoma cells [17]
6 Raf can be activated by by PAK and Src Family Kinases (SFKs) at this point [19].
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including transcription factors and protein kinases that exert a proliferative,

pro-differentiation, and anti-apoptotic effect?[18].

Activating mutations in the Ras/MAPK pathway are present in about 30% of
all cancers [23]. Mutations in Ras proteins are driving events in many solid
malignancies, most notably pancreatic, colon, melanoma, and lung tumors
[24]. Mutations in Raf proteins are well known in melanoma, with targeted
therapies currently in use against Raf [25]. Inactivating mutations in
negative regulators of Ras signaling can also lead to proliferative disorders,
especially in the case of neurofibramotosis, driven by inactivating mutations
in the GAP NF1 protein [26]. While targeted therapies exist against
downstream members of the pathway, Ras itself is considered to be

undruggable [26].

1-5: PTPN11 in the Ras/MAPK pathway

In normal cells, Ras/MAPK signaling is dependent on PTPN11. PTPN11 is a

ubiquitously expressed protein tyrosine phosphatase8. It resides in the

7 Targets regulated by MAPK p44/42 include: RSK, c-Myc, EIF4E, c-PLA2, C-Fos,
MNK, ELK1, BRF, and UBF [22].
8 PTPN11, a homolog of the Corkscrew protein in Drosophila, was first identified by
Freeman et al. in 1992 [27]. It was later shown to link PDGFR signaling to
Ras/MAPK activation by Bennett et al. in 1994 [28].
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cytoplasm where it acts downstream of receptor tyrosine kinases like FLT'3
FGFR, EGFR, PDGFRA and PDGFRB [28-31]. PTPN11 dephosphorylates
targets in many signaling pathways including Ras/MAPK, PI3K/Akt, focal
adhesion kinase (FAK), and JAK/Stat, as further described below. Unlike
many other tyrosine phosphatases, PTPN11 promotes cellular proliferation

[32].

>
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Figure 1-1: PTPN11 domains and mechanism of activation. Adapted from [6].

i. Activating mutations occur in SH2 and PTP domains. ii. PTPN11 is autoinhibited
through association of SH2 and PTP domains. Activating mutations relieve this
autoinhibtion. iii. Phosphorylation of C-terminal Tyrosine residues Y542 and Y580
help to relieve PTPN11’s autoinhibited conformation. Binding of scaffold protein
Gab2 to SH2 domains locks PTPN11 in the active position.
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Sprouty \’ Raf

CSK

\I Src @

Cell Proliferation
Figure 1-2: Detailed Shp2/Ras/MAPK signaling diagram. Adapted from [6].
PTPN11 removes phosphate residues from Ras-GAP, Sprouty, and CSK, which are
all negative regulators of Ras signaling. PTPN11 also acts as a scaffold for

proteins including SOS1, which directly activates Ras. Activated ERK (MAPK
p44/42) acts as a proliferative transcription factor.
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PTPN11 has three major functional domains: two N-terminal Src-homology 2
or SH2 domains that bind phosphorylated tyrosine residues on other
proteins, and a central phosphatase domain (Figl-1). PTPN11 also has a C-
terminal tail with two tyrosyl phosphorylation sites and a proline-rich motif.
PTPN11 is autoinhibited in its basal state, with the N-SH2 domain blocking
the catalytic domain of the PTP domain, and is activated in part by
phosphorylation of tyrosine residues Y542 and Y580 in its C-terminus [33].
There is some evidence that phosphorylation of the C-terminal tyrosine
residues is co-regulated, with phosphorylation of Y580 depending on Y542
phosphorylation [6]. After phosphorylation of the C-terminal tyrosine
residues, the N-SH2 domain of PTPN11 binds to phosphorylated tyrosyl
residues of scaffold proteins such as Gab1 or Gab2 (Grb2-associated binding
protein 1 or 2), relieving autoinhibition [33]. These scaffold proteins are
activated by phosphorylation by adaptor molecules such as Grb2 (growth
factor receptor-bound protein 2) or SHC (Src homology 2 domain-containing
proteins), which directly bind phosphorylated tyrosines on the intracellular
portion of receptor tyrosine kinases. Scaffold proteins associated with
PTPN11 recruit and stimulate GNEF (guanosine nucleotide exchange factor)
proteins such as SOS1 (son of sevenless 1) which facilitate the transformation

of Ras into its GTP-bound active state [34].
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Although the exact mechanism of action of PTPN11 in the Rass/MAPK
pathway remains elusive, PTPN11 has been shown to contribute to cell
signaling in several ways (Fig. 1-2). It has been established that PTPN11
mnactivates Ras-GAP? and Sprouty, which are direct inhibitors of Ras
signaling [10, 36]. PTPN11 also indirectly reduces phosphorylation of CSK
(via Paxillin and PAG19), which usually adds an inhibitory phosphate to C-
Src, an activator of the Ras/MAPK pathway [10, 37]. Recent research
suggests that PTPN11 may also directly remove an inhibitory phosphate
from a conserved tyrosine residue on Ras (Tyr 32), increasing its propensity

to form Ras/Raf dimers [38].

PTPN11 has important roles in normal hematopoietic cellular signaling.
Embryonic stem cells lacking PTPN11 are unable to contribute to
hematopoiesis in chimeric mice, suggesting that PTPN11 is required for
hematopoiesis [39]. Deletion of a floxed conditional PTPN11 allele in a
hematopoietic stem cell transplant model in mice causes bone marrow

aplasia, loss of hematopoietic stem cells and multi-lineage progenitors,

9 Ras-GAP is prevented from translocation to the plasma membrane (where it is
normally activated) through dephosphorylation of key residues on RTKs by PTPN11
[35].

10 PAG is also known as: Phosphoprotein asscociated with glycosphingo-lipid-
enriched membrane microdomains.
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pancytopenia, and early lethality [40]. These data suggests a dependence on

PTPN11 for hematopoietic stem cell pool maintenance in adults [40].

1-6: PTPN11 mutations evoke pathogenesis

Disease-associated mutations in PTPN11 perturb the equilibrium of its
autoinhibition, resulting in a constitutively active protein [33]. Most of these
mutations disrupt the interaction between the N-SH2 domain and the PTP

catalytic domain [41].

Mutant PTPN11 has been identified as the most common driver of JMML,
found in 35% of patients (Table 1-1) [42, 43]. Further, mutations in drivers of
the MAPK pathway, namely NF1, NRAS, KRAS, PTPN11 or CBL occur in
85% of patients, with poorer prognosis for patients as RAS pathway mutation
number increases [43]. The most common PTPN11 mutation found in JMML,

E76K, has been identified as having the highest phosphatase activity [5, 42].
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Table 1-1: Frequency of JMML and Top 20 AML mutations. Adapted from [44,
45]

JMML. Frequency
Mutation
PTPN11 35%
N-Ras/K-Ras 20%
NF1 15%
CBL 15%
Other 15%
Mutation  Freavency
FLT3 33.8%
NPM1 28.3%
DNMT3A 23.1%
N-Ras 16.2%
complex 10.5%
TET2 9.9%
minus7/7q 9.5%
plus8/8q 9.3%
IDH2 9.2%
RUNX1 8.8%
CEBPA 8.2%
PTPN11 7.7%
IDH1 6.8%
TP53 6.4%
SRSF2 5.8%
MLL 5.6%
inv(16) 5.3%
WT1 4.7%
K-Ras 4.0%
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Figure 1-3: Normal hematopoiesis vs. JMML and AML adapted from [46].

i. Normal hematopoiesis. ii. JMML causes increases in monocyte and
granulocytes, with concurrent anemia and thrombocytopenia. iii. AML cells
proliferate at the immature blast phase preventing differentiation to monocytes or
granulocytes.
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JMML is a rare clonal myeloproliferative disorder characterized by
overproduction of the myeloid lineage monocytes and granulocytes!! (Fig. 1-3)
without differentiation arrest with infiltration of the spleen, lung and
intestines [48, 49]. Patients present at a median age of 2 years with fever,
thrombocytopenia, failure to thrive, splenomegaly, and hepatomegaly [49-51].
JMML has poor response to chemotherapy, and the only current curative
treatment for JMML is allogeneic hematopoietic stem cell transplant, which

fails in 50% of patients by 5 years [52].

Gain-of-function, germline PTPN11 mutations, often slightly different than
those that cause JMML, occur in 50% of cases with Noonan Syndrome (NS)
which imparts a susceptibility to JMML [33]. In addition to increased
leukemic potential, patients with NS also present with short stature, skeletal
abnormalities, learning disabilities and cardiac defects [53]. Germline
mutations in PTPN11 are also present in a related LEOPARD syndrome!2.
Many, but not all of the same codons affected in JMML are affected in NS,

but the codon substitutions are generally different [42]. These different codon

11 In normal myeloid hematopoiesis, common myeloid progenitor cells give rise to
megakaryocytes, erythrocytes, mast cells, and myeloblasts (Fig 1-3). Myeloblasts
give rise to granulocytes (basophils, neutrophils, and eosinophils), and monocytes.
Monocytes can give rise to macrophages [47].

12 LEOPARD Syndrome patients present with: Lentigenes, electrocardiograph
conduction defects, ocular hypotelorism, pulmonary stenosis, abnormalities of
genitals, retarded growth, and deafness.
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substitutions impart a “weaker” mutational phenotype that may explain why
many infants with NS have transient myeloproliferative disorders that
resolve with time. Interestingly, mutant-PTPN11 driven NS is more likely to
be familial than NS caused by other mutations in the Ras/MAPK pathway

[53].

Similar mutations in PTPN11 are also present in ~5-10% of cases with AML,
and have been associated with B-cell acute lymphoblastic leukemia, breast
and lung tumors (Table 1-1) [42, 43, 45, 54-57]. AML differs from JMML in
its heterogeneity of driver mutations. AML can be driven by aberrant
signaling through multiple proliferative pathways (notably including
Ras/MAPK), and, partially due to later onset of disease, patients are more

likely to have multiple genetic lesions.13

Clinically, AML patients present with increased myeloblast (or blast) count
with concurrent cytopenias in the granulocyte and monocyte compartments
(Fig 1-3). Current standard-of-care treatment for AML includes an initial

intensive remission induction phase (often just called induction) where

13 A “two-hit” requirement theory has been proposed, whereby AML occurs as
a result of two genetic aberrations: one to increase proliferative advantage,
and one to arrest differentiation or prevent apoptosis [58]. These are termed
“Class I and Class II” mutations, with PTPN11 and other Ras pathway
mutations falling into the proliferative Class I subgroup.
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patients are typically given a combination of the chemotherapeutic drugs
cytarabine and daunorubicin!4. Following induction, patients undergo a
consolidation phase of treatment where they may receive additional high dose
cytarabine treatment or allogeneic stem cell transplant with the goal of
completely eliminating the disease. PTPN11 mutations in AML or JMML are
not an indicator of prognosis, but some differential effects are seen depending

on the patient’s co-occurring mutations [45, 61].

1-7: TNK2 in cellular signaling

TNK2 (Tyrosine Kinase Nonreceptor 2), also known as ACK1 (Activated
CDC42 Kinase 1) is a cytoplasmic kinase that can interact with activated
receptor tyrosine kinases (RTKs) including EGFR, HER2, and MERTK,
suggesting that TNK2 can act as a major integrator of cellular signaling!5
[63, 64]. TNK2 belongs to a family of kinases including the closely related
TNK116 [65]. While TNK2 is ubiquitously expressed, TNK1 is only expressed
in hematopoietic cells of the umbilicus [66]. TNK2 was originally identified

based on its interaction with the cell migration regulator CDC42, whereby

14 Cytarabine and daunorubicin both interrupt DNA replication: Cytarabine acts as a
cytosine analog, and daunorubicin acts as a DNA intercalator. This is thought to be
especially toxic in replicating cells [59, 60].

15 TNK2 was identified as an inhibitor of CDC42 GTPase activity in 1993 [62].

16 ACK family members include TNK2/ACK1, ACK2, DACK, TNK1, ARK-1, DPR2, and
Kos1.
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TNK2 and CDC42 work together to regulate cellular attachment and

migration [62, 67].

It has been suggested that TNK2’s multiple domains may be the source of its
ability to function in different cellular compartments and with a variety of
targets [68]. Among the functional domains of TNK2 are a sterile alpha motif
(SAM) domain, a tyrosine kinase domain, a Src Homology domain 3 (SH3), a
CDC42/RAC-interactive (CRIB) domain, a putative EGFR-Binding (EBD)
domain (known as the Mig6-homology region or MHR), and a ubiquitin-
association domain (Fig. 1-4) [69]. Phosphorylation of a key tyrosine residue
(Tyr 284) of the activation loop of the kinase domain of TNK2 is activating,
and in vitro studies suggest that this can be mediated by SRC kinase (FIG. 1-
4) [70]. TNK2 activation occurs when activated RTKs interact with the MHR
domain, which is thought to abrogate an autoinhibited conformation of the
MHR with the TNK2 kinase domain [71]. Recent work also suggests that an
additional (or alternate) step in TNK2 activation involves symmetric
dimerization (via the SAM motif) leading to transphosphorylation [65].
Multiple modes of activation may allow TNK2 to switch between them in

different cellular contexts [68].
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TNK2

Y284

Figure 1-4: TNK2 Domains. Adapted from [68].

SAM: Sterile Alpha Motif, Kinase Domain, SH3: Src homology 3, C: CRIB domain,
CL: Clathrin binding domain, P: PPXY motif or WW domain-interacting region.
MHR: Mig6 homology region or EGFR binding domain, UBA: Ubiquitin binding
domain.
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In addition to interacting with CDC42, activated TNK2 has been shown to
activate pro-tumorigenic and pro-survival pathways in the cell. TNK2
activates Akt through phosphorylation of a novel tyrosine residue,
downregulates the tumor-suppressor WWOX in hepatocellular carcinoma,
and promotes androgen-independent prostate cancer growth through
phosphorylation of the androgen receptor (Fig. 1-5) [72, 73]. Interestingly,
the specificity and kinetics of TNK2 activation are cell-type dependent,

making TNK2 function very dynamic [68].

TNK2 downregulation is moderated by polyubiquitylation and degradation in
a context-dependent manner. Two types of ubiquitin E3 ligases have been
1mplicated in this process: Nedd4-2 and the SIAH proteins SIAH1 and SIAH2
[74, 75]. Nedd4-2 regulation is coupled with EGFR activation in a signaling-
dependent degradation mechanism. TNK2 associates with EGFR and
clathrin in vesicles, where 1t has been shown to be associated with Nedd4-2
[75]. SIAH ubiquitin ligase enzymes have been shown to bind to TNK2 at the
UBA domain in a ligand-independent mechanism [74]. SIAH protein levels
are negatively regulated in the presence of TNK2 [74]. Additional regulatory
mechanisms have likely not been discovered, especially given the cell-context

specific activity of TNK2 [68].
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Figure 1-5: TNK2 positively regulates many proliferative pathways.

Clockwise: TNK2 is activated by phosphorylation downstream of RTKs including
EGFR. TNK2 has a regulatory function on EGFR levels once activated. TNK2
phosphorylates WWOX at Tyr287, leading to its polyubiquitylation and
degradation in hepatocellular carcinoma. TNK2 phosphorylates AKT at a novel
residue Tyr176, leading to PI3K-independent activation and tumor cell survival.
TNK2 inhibits the GTPase activity of Cdc42, which has positive effects on cell
survival and migration. TNK2 phosphorylates KDM3A at Tyr 1114, leading to
tamoxifen-resistant cell growth. TNK2 phosphorylates two residues on the
Androgen Receptor, Tyr267 and Tyr363, leading to testosterone independent AR
activation. Adapted from [68].
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1-8: TNK2 pathogenesis

TNK2 is overexpressed in many solid tumors [68]. Select reports have
identified point mutations [65, 76], gene amplifications [77], or ligand-
dependent!7[73, 78] signaling roles for TNK2 in solid tumors of the prostate
[73, 79-81], breast [82], gastrointestinal tract [83], kidney [76], pancreas [84],
or lung [77, 78]. We and others have recently characterized the importance of
TNK2 signaling in certain hematologic malignancies and solid tumors by
regulating signaling downstream of pathways including EGFR [85], SRC [70],
and CSF3R [86]. Additionally, overexpression of TNK2 has been associated
with tumor aggressiveness and poor patient outcome in breast cancer [87].
The role of TNK2 in PTPN11-mutant tumors was uncharacterized prior to

data presented in this dissertation.

1-9: Evidence for a link between PTPN11 and TNK2

Recent research has suggested a link between mutations in PTPN11 and
sensitivity to the multi-kinase inhibitor dasatinib. Dasatinib was designed to

have a strong affinity to ABL kinase, but it targets many other kinases,

including TNK2 [88].

17 TNK2 has been shown to be activated downstream of the ligands EGF, Gas6,
Heregulin, Insulin growth factor, and insulin [68].
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Research in a mouse model of PTPN11-mutant lung cancer suggests that
dasatinib may inhibit proteins upstream of PTPN11 [54]. Induced PTPN11
E76K expression in mouse lung cells resulted in adenoma and
adenocarcinoma in a transgenic mouse model [54]. Mutant PTPN11 induced
phosphorylation of its scaffold protein Gab1 in these tumors. Work in cell
lines expressing mutant PTPN11 showed that dasatinib treatment reduced
the interaction of PTPN11 with Gab1l by co-immunoprecipitation and reduced
the subsequent phosphorylation of Gab1l. This work suggests that dasatinib

can suppress the observed effects of activated PTPN11.

Pretreating MCF-10a human epithelial cells with dasatinib was shown to
reduce phosphorylation of PTPN11 and Gab1 after EGFR stimulation,
suggesting a dependence on dasatinib targets for PTPN11 activation
downstream of EGFR [89]. Dasatinib was also shown to abrogate GM-CSF
hypersensitivity and RAS signaling in primary JMML cells from a single
PTPN11-mutant patient, which may be mediated through inhibition of SRC

family kinases[90].

Most recently, work in a mouse model of NS by Yi et al. demonstrates the
efficacy of low-dose dasatinib in selectively improving cardiac dysfunction,
but does not identify mechanisms of action for dasatinib[89]. Researchers

determined that Protein Zero-related (PZR), a protein that binds the SH2
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domains of the open conformation of PTPN11 and is hyperphosphorylated in
the presence of mutant PTPN11, has reduced phosphorylation with low dose
dasatinib treatment. PZR is highly expressed in heart tissues, and abrogation
of its hyperphosphorylation seems to account for the improvement in cardiac

dysfunction.

While this body of evidence suggests a link between treatment with dasatinib
and reduction of mutant PTPN11-dependent signaling, the mechanisms
linking PTPN11 to dasatinib have not yet been identified. This dissertation
addresses those mechanistic questions, and describes experiments performed
to support my central hypothesis: TNK2 is necessary for PTPN11-mutant

leukemia survival.

1-10: Synthetic lethality in cancer

Synthetic lethality is a genetic concept developed by yeast geneticists in
the early 20t century [91] that has been co-opted by cancer researchers
in more recent years [92]. Two genes are considered synthetic lethal if
perturbation in both genes is lethal to cells or an organism. Iglehart et

al. define synthetic lethality in the case of cancer therapeutics as two
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genes, of which one can be targeted for mutation or inhibition, and the

second is only mutated in tumor cells [92].

The advantage of a synthetic lethal approach in cancer therapy is that
treatments become targeted to tumor cells bearing a mutation, and not
the surrounding cells that do not. A synthetic lethality window can be
determined by comparing viability curves of cells harboring a
pathogenic mutation and wild-type cells [93]. The “window” is the
range of concentrations of drug that kills mutant cells but does not
affect normal cells. For the purposes of this dissertation, TNK2 has a
synthetic lethal relationship to mutant-PTPN11, with TNK2 inhibition
being lethal only in the context of leukemia cells harboring activating

PTPN11 mutations.

1-11: Summary

PTPN11 is a ubiquitous tyrosine phosphatase that drives signaling through
the Ras/Raf/MEK/ERK signaling axis. Over-activation of this pathway by
mutant PTPN11 has been implicated in a number of hematologic
malignancies, especially JMML and AML. Current literature suggests a link
between mutant PTPN11 and dasatinib sensitivity, but the molecular

mechanisms underlying this sensitivity have not been described. The central
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hypothesis of my work has been that TNK2 is necessary for PTPN11-mutant
leukemia survival. This dissertation identifies the kinase TNK2 as a key
activator of mutant PTPN11 and describes the mechanism by which cells
with mutant PTPN11 are sensitive to dasatinib. Additionally, this work
describes a closely coupled regulatory feedback loop from PTPN11 to TNK2,
and posits that patients with PTPN11-mutant leukemias may benefit from

dasatinib treatment.
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Chapter 2 : Results

2-1: A primary specimen from a patient with PTPN11-mutant
JMML demonstrates dasatinib sensitivity and TNK2-dependence

2-1.1: A primary JMML specimen with PTPN11 G60R demonstrates TNK2-dependence.

In order to identify functional targets in a primary patient sample, peripheral
mononuclear white blood cells from a patient with recurrent JMML carrying
a PTPN11 G60R (g180c transversion) mutation (Fig. 2-1) were assayed
against ex vivo panels of small-molecule kinase inhibitors or siRNAs [94, 95].
The sample showed significantly reduced viability in the presence of stRNA
targeting TNK2, suggesting that these JMML cells exhibited dependence on

TNK2 for cell survival (Fig. 2-2 and Table 2-1).
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Figure 2-1: PTPN11 mutation in a JMML sample.

The PTPN11 mutation G60R (i) was first identified in a patient with recurrent JMML
by whole exome sequencing, and confirmed by Sanger sequencing (ii).
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Figure 2-2: Patient sample screening identifies TNK2 as a functional target.

Peripheral blood mononuclear cells from this patient were incubated with an
siRNA library. Each bar represents cell viability after silencing of an individual
kinase. Values represent percent mean viability * SEM (n = 3).
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Table 2-1: JMML patient siRNA panel data

siRNA Cell Std Error
ABLA1 96 5
ABL2 94 4
TNK2 54 7
ALK 101 8
AXL 103 3
BLK 105 6
BMX 108 2
BTK 112 5
TP53RK 105 2
CSF1R 104 3
CSK 97 2
DDR1 100 2
DDR2 103 6
STYKA1 95 4
EGFR 99 3
EPHA1 100 1
EPHA2 98 3
EPHA3 100 2
EPHA4 104 1
EPHA7 101 8
EPHAS8 98 7
EPHB1 97 1
EPHB2 102 3
EPHB3 98 1
EPHB4 99 1
EPHB6 105 4
ERBB2 101 4
ERBB3 103 4
ERBB4 102 4
FER 100 2
FES 90 9
FGFR1 100 1
FGFR2 102 1
FGFR3 100 3
FGFR4 99 2
FGR 105 4
FLT1 106 4
FLT3 105 1
FLT4 104 3
FRK 98 1
FYN 98 2
HCK 104 3
IGF1R 100 2
INSR 100 1
ITK 102 2
JAK1 101 1
JAK2 97 1
JAK3 98 2
KDR 100 0
LMTK2 102 2
KIT 100 2

siRNA Cell Std Error
LCK 103 3
LTK 98 2
LYN 101 2
MATK 103 4
MERTK 99 1
MET 91 7
MST1R 99 3
MUSK 90 9
NTRK1 100 1
NTRK2 102 1
NTRK3 103 1
PDGFRA 101 2
PDGFRB 99 3
PTK2 105 1
PTK2B 99 1
PTK6 101 1
PTK7 98 2
PTK9 100 4
PTKOL 112 4
RET 103 4
ROR1 113 5
ROR2 102 2
ROS1 99 2
RYK 90 10
SRC 84 5
SYK 83 5
TEC 84 6
TEK 97 3
TIE 102 1
TNKA1 95 4
TXK 101 3
TYK2 97 0
TYRO3 101 2
YESH1 85 1
ZAP70 95 2
N-RAS 94 7
K-RAS 100 6
EPHAS 99 1
EPHAG 102 2
SRMS 99 2
AATK 109 10
Control 1 99 4
Control 2 114 6
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2-1.2: A primary JMML specimen with a PTPN11 G60R mutation demonstrates dasatinib
sensitivity.

Treatment of this patient’s cells with a panel of small-molecule inhibitors
revealed hypersensitivity to the multi-target kinase inhibitor, dasatinib, with
an ICso of 36 nM (Table 2-2 and 2-5). The median ICso for dasatinib from a
diverse cohort of 151 primary leukemia patient specimens was 401 nM. This
patient’s mononuclear cells were, therefore, 10-fold more sensitive to
dasatinib than the average leukemia sample from this previously published
patient cohort [96] (Fig. 2-3). Because TNK2 is a reported target of dasatinib
[88], this raised the possibility that leukemic cells with PTPN11 mutations

might be sensitive to drugs that target TNK2, such as dasatinib.
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Figure 2-3: Patient sample screening identifies TNK2 as a functional target.

Peripheral blood mononuclear cells from the same JMML patient were incubated
with graded concentrations of 66 different small-molecule kinase inhibitors for 3
days. Cell viability was determined and the IC5, for each drug was calculated with
respect to cells incubated in the absence of drug. These IC5 values were
compared to the median IC5, for each drug across 151 patient samples. Each bar
represents the percent of median ICs, for an individual kinase inhibitor. (n=3).
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Table 2-2: JMML patient inhibitor panel data

Drug Percent
Median IC50

ABT-869 169.15
AG490 100.00
AKT IV 75.81
AKT X 153.67
AMG-706 100.00
AMPK 95.25
AP24534 25.04
AST-487 158.82
AZD-1152 100.00
BIRB-796 100.00
BMS-387032 5259.19
CAL101 100.00
CHIR-258 142.29
CHIR-265 88.62
CI-1033 138.21
CP-690550 100.00
CYC-202 100.00
CYT387 84.90
Dasatinib 9.08
EGFR 100.00
EKB-569 122.11
Erlotinib 97.04
Flavopiridol 109.77
Gefitinib 67.75
Gs6976 100.00
GW-2580 100.00
GW-786034 58.26
H-89 100.00
Imatinib 100.00
JAK3 95.12
JNJ-7706621 149.45
JNK I 267.03
KN92 100.00
KN93 100.00
Lapatinib 95.20
LY-333531 210.30
LY294002 110.21
MEK1/2 100.00
MLN-518 100.00
MLN-8054 100.00
NF-kB 59.85

Drug Percent
Median IC50
Nilotinib 22.70
p38 100.00
PD153035 100.00
PD98059 100.00
PI-103 29.87
PKC-412 25.00
PP2 88.46
PTK787 96.53
SB-202190 100.00
SB-203580 100.00
SB-431542 100.00
Sorafenib 99.12
SRC 100.00
Staurosporine 83.64
STO609 100.00
SU-14813 19.50
Sunitinib 38.21
SYK 100.00
VX-680 81.26
VX-745 100.00
ZD-6474 90.25
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2-1.3: PTPN11 G60R mutant increases Ras/MAPK signaling.

The most common PTPN11 mutation in JMML, E76K, has been identified as
having the highest phosphatase activity of any activated PTPN11 mutant [5,
42]. Next we examined the capacity of the PTPN11 G60R mutation to
activate the MEK/ERK pathway. We performed heterologous studies using
transfected human expression constructs containing wild-type PTPN11,
PTPN11 G60R or PTPN11 E76K into human endothelial kidney 293T17 cells,
a highly transfectable derivative of the human embryonic kidney (HEK293)
cell ine. Immunoblots of 293T17 cells expressing either PTPN11 G60R or
E76K showed significantly increased levels of p44/42 MAPK phosphorylation
(ERK1/2, MAPK 1/3) compared with cells expressing wild-type PTPN11 (Fig.

2-4).
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Figure 2-4: PTPN11 G60OR increases signaling through Ras/MAPK in 293T17 cell
lysates.

293T17 cells were transiently transfected with expression constructs containing
PTPN11, PTPN11 G60R, PTPN11 E76K, or empty vector, and lysates were
subjected to immunoblot. Representative blot of 3 biological replicates.

60



2-1.4: PTPN11 G60R increases GM-CSF sensitivity in bone marrow colony formation
assay.

To test granulocyte macrophage colony-stimulating factor (GM-CSF)
hypersensitivity — a hallmark of PTPN11 mutations and JMML [97], mouse
bone marrow cells were transduced with constructs expressing PTPN11
mutations or wild-type. Consistently, both PTPN11 E76K and G60R showed
GM-CSF hypersensitivity in mouse bone marrow methylcellulose colony
formation assays (Fig. 2-5, p<0.05). Since the PTPN11 G60R and E76K
mutations appeared to have the same gain-of-function phenotype, and
because the PTPN11 E76K mutation is the most commonly occurring
PTPN11 variant seen in JMML, we conducted further experiments for this

study primarily using the PTPN11 E76K mutant.

61



***p=0.0006

30 ** p<0.005

20

Total Colonies

101

Figure 2-5: PTPN11 G60R increases GM-CSF sensitivity in mouse bone marrow
colony formation assay.

Mouse bone marrow cells were transduced to express PTPN11, PTPN11 G60R, or
PTPN11 E76K and plated in a methylcellulose GM-CSF sensitivity colony
formation assay. Colonies were counted at 14 days [GM-CSF]=0.05nM. (n=3).
**p<0.005 ***p=0.0006 by one-way ANOVA. Error bars represent SEM.
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2-2: TNK2 enhances signaling of mutant PTPN11 through
RAS/MAPK

2-2.1: 293T17 lysates expressing mutant PTPN11 and TNK2 reveal novel signaling events.

In order to examine the potential impact of TNK2 on signaling of PTPN11
mutants, 293T17 cells were co-transfected with constructs expressing mutant
or wild-type PTPN11 with or without TNK2 co-expression. Signaling activity
was then assessed by immunoblot (Fig. 2-6). Co-expression of PTPN11 E76K
and TNK2 resulted in significantly increased levels of phosphorylated p44/42
MAPK (p=0.0005) when compared to cells expressing PTPN11 E76K or TNK2
alone (Fig. 2-7). We also observed that co-expression of TNK2 with PTPN11
results in elevated phosphorylation of PTPN11 at residues Y542 and Y580
(p=0.0005) (Fig. 2-6,7). Interestingly, phosphorylation of TNK2 at its primary
activating tyrosine residue, Y284, was reduced when co-expressed with
PTPN11, and this reduction of TNK2 phosphorylation was especially
pronounced with mutant PTPN11 compared with wild-type (Fig. 2-6,7). The
Y284 residue of TNK2 has been shown to be important for TNK2 activation,
with SRC kinase implicated as a possible kinase upstream of TNK2 that
phosphorylates this site[68]. This decrease in phospho-TNK2 is also observed,
though not at statistically significant levels, when wild-type PTPN11 is co-

transfected with TNK2 (Fig. 2-7).
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Figure 2-6: 293T17 cell lysates expressing mutant PTPN11 and TNK2 reveal novel
signaling events.

293T17 cells were co-transfected with overexpression constructs containing
PTPN11, PTPN11 E76K, TNK2, or empty vector controls. Lysates were collected at
48 hours and subjected to immunoblot. Representative blot of 4 biological
replicates.
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Figure 2-7: Quantification of Western blots represented in Fig 2-6.

Relative phospho-p44/42 MAPK (phospho-ERK1/2), relative phospho-TNK2 (Y284),
and relative phospho-PTPN11 values were calculated with GAPDH as a loading

control. (n=4). « p=0.0005, ~ p=0.0009 by one-way ANOVA. Error bars represent
SEM.
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2-2.2: Increase in PTPN11 activity is TNK2 kinase dependent.

Since TNK2 is dephosphorylated while enhancing activation of p44/42 MAPK
downstream of mutant PTPN11, we next wanted to test the impact of
mutations that activate or de-activate the TNK2 kinase domain. We
generated a mutation at the TNK2 “gatekeeper” residue, TNK2 T2051, which
has increased kinase activity compared with WT TNK2 and has been shown
previously to block sensitivity to kinase inhibitors, as described with
gatekeeper mutants of other tyrosine kinases, such as BCR-ABL [98, 99]. We
also generated a kinase inactive version of TNK2 with a mutation at the
critical tyrosine residue in the kinase domain, Y284F. We observed that the
enhancement of p44/42 MAPK phosphorylation by TNK2 and mutant
PTPN11 co-expression was further enhanced with co-expression of the
activated TNK2 T205I with mutant PTPN11. This was abrogated by co-
expression of mutant PTPN11 with the kinase inactive TNK2 Y284F (Fig. 2-
8) These data suggest that kinase activity of TNK2 is required to enhance

mutant PTPN11 signaling.
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Figure 2-8: Increase in PTPN11 activity is TNK2 kinase dependent.

293T17 cells were co-transfected with overexpression constructs containing
PTPN11, PTPN11 E76K, TNK2, TNK2 Y284F, TNK2 T205I, or empty vector controls.
Lysates were collected 48 hours post-transfection and subjected to immunoblot.
Representative blot of 2 biological replicates.
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2-2.3: TNK2 kinase activity is dependent of phosphorylation.

To test that reduced TNK2 phosphorylation correlated with reduced TNK2
kinase activity, an in vitro kinase assay was performed on lysates from
293T17 cells transfected to express wild-type or mutant forms of TNK?2 (Fig.
2-9). TNK2 mutant expression constructs were generated with mutations at
the reported phosphorylated Tyrosine residues Y284, Y518, and Y859. In
addition to these mutants we also examined the kinase activity of the two
activating TNK2 mutants D163E and T2015I. To increase specificity of the
assay, TNK2 was immunoprecipitated prior to assessing the kinase activity.
As expected, mutation of TNK2 to reduce tyrosine phosphorylation reduced
1ts kinase activity with respect to wild-type TNK2, suggesting that its

dephosphorylation results in lower TNK2 activity in this context.
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Figure 2-9: TNK2 kinase activity is dependent on phosphorylation.

293T17 cells were co-transfected with constructs containing TNK2, TNK2 Y284F,
TNK2 Y518F, TNK2 Y859F, TNK2 D163E, TNK2 T205l, or empty vector controls.
Lysates were collected 48 hours post-transfection and subjected to in vitro kinase
assay. Values normalized to empty vector control.

69



2-2.4:Additional PTPN11 activating mutants follow observed signaling patterns.

To test whether the observed effect was not specific to JMML-related
mutations in PTPN11, several other mutant PTPN11 expression constructs
were generated. These mutants derive from AML (N58K, G503V), CML
(G503V) or kidney cancer cell lines (SN12C). These mutant constructs were
co-expressed in 293T17 cells with TNK2, and immunoblots were performed
(Fig. 2-10). The observed effect of synergy with TNK2 with regard to the
increase of Ras/MAPK signaling and reduction of phospho-TNK2 was

recapitulated with these constructs, and seems to be a global characteristic of

activated PTPN11.
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Figure 2-10: Additional PTPN11 activating mutants follow observed signaling
patterns.

i. 293T17 cells were transiently co-transfected with expression constructs
containing PTPN11, PTPN11 E76K, PTPN11 N58K, TNK2, or empty vector controls.
Lysates were subjected to immunoblot. Representative blot from 2 biological
replicates. ii. 293T17 cells were transiently co-transfected with expression
constructs containing PTPN11, PTPN11 E76K, PTPN11 D106Y, PTPN11 D106A,
TNK2, or empty vector controls. Lysates were subjected to immunoblot.
Representative blot from 2 biological replicates. iii. 293T17 cells were transiently
co-transfected with expression constructs containing PTPN11, PTPN11 E76K,
PTPN11 G503V, TNK2, or empty vector controls. Lysates were subjected to
immunoblot. Representative blot from 3 biological replicates.
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2-2.5: PTPN11 and TNK2 co-immunoprecipitate.

Collectively, the enhanced signaling observed with TNK2/PTPN11 co-
expression as well as the reciprocal increase in PTPN11 phosphorylation and
decrease in TNK2 phosphorylation suggested that PTPN11 and TNK2 might
be directly interacting with PTPN11 as a target of TNK2 kinase activity. To
test this hypothesis, we performed a co-immunoprecipitation experiment
using FLAG-tagged PTPN11 constructs. 293T17 cells were co-transfected
with TNK2 and PTPN11 WT FLAG or PTPN11 G60R FLAG constructs and
lysates were harvested then subjected to immunoprecipitation and
immunoblot (Fig. 2-11). We were able to detect robust co-
immunoprecipitation of PTPN11 and TNK2, suggesting these proteins do
interact. In addition to detection of interaction between our FLAG-tagged
constructs and TNK2, TNK2 immunoprecipitation in cells transfected with
TNK2 and empty vector control resulted in co-immunoprecipitation of
endogenous phosphorylated PTPN11, supporting immunoblot data showing
phosphorylation of endogenous levels of PTPN11 in cells overexpressing

TNK2 (Fig. 2-6).
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Figure 2-11: PTPN11 and TNK2 co-immunoprecipitate.

293T17 cells were co-transfected with overexpression constructs containing
PTPN11 WT FLAG or PTPN11 G60R FLAG constructs, TNK2, or empty vector
controls. Lysates were collected at 48 hours and subjected to TNK2
immunoprecipitation, followed by Western blot.
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2-2.6: PTPN11 activation is dependent on C-terminal tyrosine residues.

In order to determine whether phosphorylation of C-terminal PTPN11
residues is necessary for activated mutant-PTPN11 activation in the presence
of TNK2, PTPN11 mutant expression constructs were generated and 293T17
cells were transiently transfected to express mutant PTPN11, TNK2, or
empty vector control (Fig. 2-12). We again observed a significant increase in
phospho-p44/42 MAPK with the co-expression of PTPN11 E76K and TNK2
(Fig. 12-12,13). Mutation of either Y542 or Y580 reduced phospho-p44/42
MAPK. However, mutation of PTPN11 at both Y542 and Y580 resulted in
similar levels of phospho-p44/42 MAPK (Fig. 2-13). Interestingly, PTPN11
with the activating E76K mutant, which is thought to allow PTPN11 to
constitutively adopt the open active conformation, requires phosphorylation
of Y542 and Y580 for full activation (Fig. 2-13). These data suggest that
phosphorylation of the C-terminal residues of PTPN11, seen here to increase

significantly in the presence of TNKZ2, is imperative for full PTPN11 activity.

In agreement with the observation that activated mutant PTPN11 E76K
greatly reduces phospho-TNK2 levels (Fig. 2-7) TNK2 dephosphorylation
from these experiments coordinates with PTPN11 activity (Fig. 2-14).
Reduced PTPN11 activity correlates with higher levels of TNK2

phosphorylation, suggesting that this event is PTPN11-dependent.
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Figure 2-12: PTPN11 activation is dependent on phosphorylation of C-terminal
Tyrosine residues by TNK2:

293T17 cells were co-transfected with expression constructs containing PTPN11,
mutant PTPN11, TNK2, or empty vector controls. Lysates were collected 48 hours
post-transfection and subjected to immunoblot. Representative blot. (n=3.)
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Figure 2-13: Synergy between TNK2 and mutant PTPN11 to increase
phosphorylation of p44/42 MAPK is dependent on PTPN11 C-terminal tyrosine
phosphorylation.

Quantification of Fig. 2-12. (n=3). Error bars represent SEM.
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Figure 2-14: TNK2 dephosphorylation is dependent on PTPN11 activity.
Quantification of Fig. 2-12. (n=3). Error bars represent SEM.
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2-3: Inhibiton of TNK2 reduces signaling through
PTPN11/RAS/MAPK

2-3.1: TNK2 inhibition reduces signaling through Ras/MAPK.

Since our data suggested that TNK2 positively regulates PTPN11 signaling,
we next sought to determine the impact of TNK2 inhibition on mutant
PTPN11 signaling. To test this, we co-expressed mutant or wild-type PTPN11
with wild-type or gatekeeper-mutant TNK2 T2051. The gatekeeper mutant is
resistant to dasatinib as well as the TNK2-selective inhibitor, AIM-100 [98,
100]. 293T17 cells expressing these constructs were treated with either
dasatinib or AIM-100 for 2 hours and signaling pathway activity was
assessed by immunoblot (Fig. 2-15). Inhibition of TNK2 by either dasatinib or
AIM-100 resulted in significantly reduced phospho-p44/42 MAPK levels
(p<0.0001 for dasatinib p<0.0001 for AIM-100) in cells co-expressing mutant
PTPN11 and TNK2 wild-type (Fig. 2-15,16.). In contrast, cells co-transfected
with PTPN11 E76K constructs and the inhibitor-resistant gatekeeper TNK2
T2051 mutant showed no significant reduction in MAPK signaling (Fig. 2-16).
In addition, phospho-Y542 PTPN11 and phospho-Y580 PTPN11 were both
reduced in the presence of TNK2 inhibition (Fig 2-17), though only when

expressing wild-type TNK2. Phosphorylated PTPN11 levels were unaffected
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by inhibitors in the context of the drug-resistant, gatekeeper TNK2 mutant.
Taken together, these data suggest that TNK2 is an upstream activator of
PTPN11, and that targeting of TNK2 abrogates PTPN11 signaling, impacting

on PTPN11 capacity to activate the downstream MAPK pathway.
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Figure 2-15: TNK2 inhibition reduces signaling through Ras/MAPK in 293T17
lysates.

Phospho-p44/42 MAPK (phospho-ERK '2) in 293T17 cells treated with TNK2
inhibitors. HEK293 T17 cells were co-transfected with overexpression constructs
containing PTPN11, PTPN11 E76K, TNK2, TNK2 T205I, or empty vector controls.
Cells were treated with Dasatinib (100nM), AIM100 (500nM) or 0.05% DMSO vehicle
control for two hours at 48 hours post-transfection. Lysates were subjected to
immunoblot. Representative blot of 4 biological replicates.

81



+p=0.028 *p=0.018
404 404 ———

w
2
I
i

I PTPN11 WT + TNK2 WT
[ PTPN11 E76K + TNK2 WT
Il Control

=
2

Relative phospho-p44/42 MAPK
3

S

Relative phospho-p44/42 MAPK
N
(=)

0- o
Dasatinib - + - + - +  AIM100 + - + - +

40, 40- W PTPN11 WT + TNK2 T205!
B PTPN11 E76K + TNK2 T205!

ns. H Control

0
i

w

?

Relative phospho-ERK
N
o

Relative phospho-ERK
N
o

N
i

o

2

0- o
Dasatinib - + - + - + AIM100 - + - + -  +
Figure 2-16: Quantification of Western blots represented in Fig 2-15.

Relative phospho-MAPK p44/42 (phospho-MAPK 72), values were calculated with
GAPDH as a loading control. (n=4). P-values calculated by one-way ANOVA. Error
bars represent SEM.
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Figure 2-17: Quantification of Western blots represented in Fig. 2-15.

Relative phospho-PTPN11 (Y542) values were calculated with GAPDH as a loading

control. (n=4). Error bars represent SEM.
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2-3.2: TNK2 dephosphorylation is dependent on PTPN11 activity.

Since small-molecule TNK2 inhibitors appeared to block the TNK2-mediated
phosphorylation of PTPN11, we next determined whether inhibition of
PTPN11 could block the reciprocal dephosphorylation of TNK2. To test this,
we used a newly developed allosteric inhibitor of PTPN11, SHP099 [101, 102]
(Fig. 2-18,19,20). Inhibition of PTPN11 with SHP099 in cells transfected with
PTPN11 and TNK2 overexpression constructs resulted in decreased
phosphorylation of p44/42 MAPK at concentrations similar to those published
[102], suggesting that the increase in MAPK signaling induced by the
addition of TNK2 is dependent on PTPN11. Inhibition of PTPN11 also
resulted in increased phosphorylation of TNK2 in a dose-dependent manner,
consistent with our hypothesis that PTPN11 activity is responsible for the
reduction in TNK2 phosphorylation. Interestingly, levels of phospho-PTPN11
increased concomitantly with the increases in phospho-TNKZ2, consistent with
the model that activated TNK2 phosphorylates PTPN1118, Collectively, these
data support a feedback mechanism in which TNK2 phosphorylates and
activates PTPN11 and is, in turn, deactivated through a PTPN11-dependent

dephosphorylation event.

18 This compound was not effective in the presence of activated PTPN11 (Fig. 2-19).
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Figure 2-18: Inhibition of PTPN11 in cells co-transfected with PTPN11 WT and

TNK2 vectors.

Cells were treated with SHP099 or vehicle control in increasing doses for two
hours at 48 hours post-transfection. Lysates were subjected to Western blot.

Representative blot of 5 biological replicates.
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Figure 2-19: Inhibition of PTPN11 in cells co-transfected with PTPN11 WT and
TNK2, PTPN11 E76K and TNK2, or TNK2 and empty vector control.

Cells were treated with SHP099 or vehicle control in increasing doses for two
hours at 48 hours post-transfection. Lysates were subjected to Western blot.

Representative blot of 5 biological replicates.
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Figure 2-20: PTPN11 inhibition by SHP099 increases phospho-Y284 TNK2 and
phospho-Y580 PTPN11.

i. Relative phospho-TNK2 Y284 in 293T17 lysates. 293T17 cells were co-
transfected with overexpression constructs containing PTPN11 and TNK2. Cells
were treated with 0.05% DMSO vehicle control or increasing concentrations of
SHP099 for two hours at 48 hours post-transfection. Lysates were subjected to
immunoblot. n=5. ii. Relative phospho-PTPN11 Y580 in 293T17 lysates. iii. Relative
phospho-p44/42 MAPK in 293T17 lysates.
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2-4: TNK2 is a functional target for PTPN11-mediated
transformation

2-4.1: Mutant PTPN11 and TNK2 significantly increase GM-CSF sensitivity in mouse
bone marrow colony formation assay and are sensitive to dasatinib treatment.

Increased hypersensitivity of cells to the cytokine GM-CSF in colony
formation assays is a hallmark of JMML pathogenesis [32, 97]. Having
established that TNK2 co-expression can enhance the signaling activity of
mutant PTPN11, we next wanted to determine whether TNK2 can also
enhance transformation potential of mutant PTPN11 in a functional assay
and whether targeting of TNK2 can mitigate PTPN11-mediated colony
formation. Accordingly, unselected mouse bone marrow cells were transduced
with mutant-PTPN11 with or without TNK2 co-expression. We observed
significantly increased colony formation when mutant PTPN11 and TNK2
were co-expressed compared to mutant-PTPN11 alone, TNK2 alone, or wild-
type PTPN11 co-expressed with TNK2 (p<0.0001) (Fig. 2-21,22). To test
whether PTPN11-mediated colony formation can be successfully targeted
with TNK2 inhibitors, we performed mouse bone marrow colony assays
expressing two different PTPN11 mutant constructs (E76K and G60R) with
endogenous levels of TNK2 and treated cells with graded concentrations of

dasatinib. Dasatinib reduced colony formation in a dose-dependent fashion
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(Fig. 2-23). We also examined colony reduction by dasatinib and AIM-100 in
bone marrow cells co-transduced with PTPN11 E76K and TNK2, and we
observed reduced colony formation in the presence of both TNK2 inhibitors,
suggesting a reliance on TNK2 for PTPN11 transformation potential (Fig. 2-
24). Lack of synergy with the treatment of both drugs suggests that dasatinib

and AIM-100 target proteins in the same pathway.
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Figure 2-21: Representative colonies from bone marrow colony formation assay.

Colonies are GM-CFU, indicating response to GM-CSF.
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Figure 2-22: Mutant PTPN11 and TNK2 significantly increase GM-CSF sensitivity in
mouse bone marrow colony formation assay.

Total colony formation in mouse bone marrow colony formation assay. Mouse
bone marrow cells were co-transduced to overexpress PTPN11, PTPN11 E76K,
TNK2 or empty vector controls. Cells were selected for GFP+ and puromycin
resistance and plated in a methylcellulose GM-CSF sensitivity colony formation
assay. Colonies were counted at 14 days [GM-CSF]=0.05nM. (n=3). « p<0.0001 by
one-way ANOVA. Error bars represent SEM.
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Figure 2-23: Mouse bone marrow cells expressing mutant PTPN11 are sensitive to
dasatinib treatment.

Total colony formation in mouse bone marrow colony formation assay in cells
transduced with PTPN11, PTPN11 E76K or PTPN11 G60R. Cells were sorted for
GFP+. Cells were plated with increasing concentrations of dasatinib. Error bars
represent SEM. (n=3).
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Figure 2-24: Mouse bone marrow cells expressing mutant PTPN11 and TNK2 are
sensitive to TNK2 inhibition.

Percent of untreated colony formation for mouse bone marrow cells co-
transduced with PTPN11 E76K and TNK2 and treated with dasatinib (0, 10, 50, 100,
500, or 1000nM), AIM100 (0, 10, 50, 100, 500, or 1000nM), or dasatinib (100nM) and
AIM100 (0, 10, 50, 100, 500, or 1000nM). Cells were selected for GFP+ and
puromycin resistance. (n=6). Error bars represent SEM.
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2-4.2. Targeted inhibition of parallel signaling pathways to Ras/MAPK in

mouse bone marrow colony formation assays.

To determine the effect of other known pharmacological inhibitors of
proliferative signaling pathways in cells transduced with mutant PTPN11
and TNK2, additional mouse bone marrow colony formation assays were
conducted (Fig. 2-25). Cells were plated in methylcellulose in the presence of
AIM-100, vemurafenib (a Raf inhibitor), dasatinib, SCH77298 (a p44/42
MAPK/ERK inhibitor), selumetinib (a MEK inhibitor), GS1101 (a PI3K
inhibitor) and ruxolitinib (a JAK/Stat inhibitor). Only ruxolitinib, a potent
inhibitor of the GM-CSF signaling upstream of PTPN11 prevented colony
growth more than dasatinib. This suggested to us that the effect we observe

1s upstream of PTPN11.
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Figure 2-25: Targeted inhibition of alternate signaling pathways to Ras/MAPK in
mouse bone marrow colony formation assays.

Percent of untreated colony formation for mouse bone marrow cells co-
transduced with PTPN11 E76K and TNK2 and treated with AIM100, vemirafinib,
dasatinib, SCH772984, selumetinib, GS1 101, or ruxolitinib (0,10, 50, 100, 500, or
1000 nM). Cells were selected for GFP+ and puromycin resistance. (n=3). Error
bars represent SEM.
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2-5: PTPN11 mutations confer dasatinib sensitivity in acute
myeloid leukemia

2-5.1: AML patient samples harboring PTPN11 mutations display significant sensitivity to
dasatinib in an in vitro assay.

Because a significant percentage of AML cases also harbor gain-of-function
mutations in PTPN11, we examined dasatinib sensitivity profiles in primary
AML patient samples that have mutant or wild-type PTPN11. 128 samples
from patients diagnosed with AML were assessed for ex vivo dasatinib
sensitivity and ICso values were calculated, representing drug sensitivity. A
comparison of the average 1Cso value for samples with PTPN11 mutations
versus samples with wild-type PTPN11 reveals that the PTPN11-mutant
samples are significantly more sensitive to dasatinib than the wild-type
samples (p=0.018)(Fig. 2-26). To ensure that this relationship is specific to
activation of PTPN11, we also assessed the dasatinib sensitivity profiles of
KRAS and NRAS-mutant relative to wild-type samples in this same cohort.
There was no difference in average dasatinib sensitivity of NRAS mutant
versus NRAS wild-type specimens, suggesting dasatinib sensitivity is TNK2-
dependent in PTPN11 mutant samples, and does not occur with mutations
that occur further downstream in the RAS/MAPK pathway. None of these

samples had activating mutations in targets of dasatinb, and none were

96



positive for BCR-ABL (Table 2-3). To further investigate whether other
targets of dasatinib might be responsible for this observed sensitivity, we
analyzed RNAseq expression data from a cohort of 356 primary AML patient
samples, 10 of which contained PTPN11 mutations (Table 2-4, Fig. 2-32).
PTPN11 mutant samples showed no significant increase in mRNA
transcripts for any of the 35 top DNA target proteins when compared to
PTPN11 WT samples. While mRNA levels are not a strict indicator of protein
activity, the lack of mutation or overexpression of other dasatinib targets in

these samples supports TNK2 as the key target in these patient samples.
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Figure 2-26: AML patient samples harboring PTPN11 mutations display significant
sensitivity to dasatinib in an in vitro assay.

Mean dasatinib ICs, of AML patients by PTPN11, NRAS or KRAS mutation status. If
no ICs, reached, IC5=1uM. n=128. p-values determined by two-tailed student’s t-
test.
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2-5.2: Signaling effects and dasatinib sensitivity of PTPN11 S502P mimic those
seen with other PTPN11 activating mutations.

We identified one AML-specific PTPN11 mutation (S502P) in multiple
dasatinib-sensitive patient samples and confirmed its presence by Sanger
sequencing (Fig. 2-29). To investigate the transformation potential of this
variant, PTPN11 S502P was introduced into 293T17 cells or mouse bone
marrow (Fig. 2-27,30). Cell lysates from 293T17 cells expressing PTPN11
S502P showed significant increases in MAPK signaling as well as a reduction
of phospho-TNK2 compared with wild-type. Additionally, MAPK signaling
was reduced after dasatinib exposure (Fig. 2-28). In mouse bone marrow
colony formation assays, we observed that the PTPN11 S502P mutation
confers GM-CSF hypersensitivity. This increase in colony formation is
reduced in the presence of dasatinib. Collectively, these data suggest that the
S502P variant of PTPN11 is phenotypically similar to the variants seen in
JMML, consistent with the data from primary samples harboring the S502P

mutation.
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Figure 2-27: Signaling effects of PTPN11 S502P mimic those seen with other
PTPN11 activating mutations.

293T17 cells were transiently co-transfected with expression constructs
containing PTPN11, PTPN11 S502P, TNK2, or empty vector controls. Lysates were
subjected to immunoblot. Representative blot from 5 biological replicates.
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Figure 2-28: PTPN11 mutation from AML patient confers dasatinib sensitivity.

a) Relative phospho-p44/42 MAPK quantification. 293T17 cells were co-transfected
with overexpression constructs containing PTPN11, PTPN11 S502P, TNK2, or
empty vector controls. Cells were treated with 0.05% DMSO vehicle control or
Dasatinib (100nM) for two hours at 48 hours post-transfection. Lysates were
subjected to immunoblot. (n=5).

b) Relative phospho-PTPN11 Y580 in 293T17 lysates. (n=5).
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Figure 2-29: Sanger sequencing of AML patient sample PTPN11 S502P mutation.
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Figure 2-30: PTPN11 S502P increases GM-CSF sensitivity in mouse bone marrow
colony formation assay.

Total colony formation in mouse bone marrow colony formation assay. Mouse
bone marrow cells were co-transduced to express PTPN11, PTPN11 E76K,
PTPN11 S502P, TNK2 or empty vector controls, and plated in a methylcellulose
GM-CSF sensitivity colony formation assay. Colonies were counted at 14 days
[GM-CSF]=0.05nM. (n=3). Error bars represent SEM.
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2-6: Clinical Validation

The leukemia sample used for initial siRNA and drug sensitivity studies
(shown in Figures 2-2 and 2-3) was obtained from a 6 year old Caucasian
male with JMML with mutant PTNPN11 diagnosed at age 5 who had failed
to respond to two matched sibling donor bone marrow transplants using
myeloablative conditioning. Since his leukemia cells were sensitive to TNK2
silencing and dasatinib in vitro (Fig. 2-2), the family elected to initiate
dasatinib therapy at 60mg/m?/day as an alternative to palliative care under
an investigational drug exemption. The patient had a rapid decrease in WBC
counts to within normal range (Fig 2-31). One month after starting dasatinib
the patient presented with fevers and leukocytosis and was therefore started
on mercaptopurine, a chemotherapeutic agent. A repeat marrow at the time
showed no overt evidence of disease, but a blood culture at that time grew
Klebsiella bacteria. After identification of the bacteria and marrow results,
mercaptopurine was discontinued. Once treatment for bacteremia was
Initiated, this patient had a slow resolution of his leukocytosis and his
thrombocytopenia improved after mercaptopurine was discontinued. He
achieved a sustained hematologic remission in response to dasatinib therapy
and was then eligible to receive a third allogeneic stem cell transplant using

an unrelated cord blood donor, which afforded an additional year of life. He
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eventually died from relapsed disease at age of 7 years. This case study,
along with the ex vivo data from PTPN11-mutant AML patients provided the
rationale for further investigations into the efficacy of dasatinib or other

TNK2 inhibitors in PTPN11-mutant leukemias.
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Figure 2-31: Peripheral blood counts for JMML patient at the time of recurrence
after second bone marrow transplant.

Dasatinib therapy is shown over a three-month period. The patient was diagnosed
with Klebsiella bacteremia (denoted by *), which resolved with antibiotic therapy.
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2-7 Supplementary Figures

Table 2-3: Mutations identified in PTPN11-mutant patient samples from figure 2-26.

Sample ID |Mutated Gene |Type Mutation
1078 DNMT3A misssense |R882H
1078 NPM1 frameshift |L287LCX
1078 PTPN11 misssense |F285S
1104 ASXL1 frameshift |A619X
1104 FLT3 misssense |D835H
1104 PTPN11 misssense |D61H
1104 TET2 misssense |F1300L
1286 PTPN11 misssense |E76V
1315 ETV6 misssense |L398Q,
1315 KRAS misssense |Q61P
1315 PTPN11 misssense |G503V
1315 U2AF1 misssense |S34F
1438 BCOR frameshift |S841X
1438 PTPN11 misssense |D61Y
1438 WT1 frameshift |R370X
1532 DNMT3A misssense |R882C
1532 NPM1 frameshift |L287LCX
1532 PTPN11 misssense |E76Q
1988 KRAS misssense |G13D
1988 NPM1 frameshift |L287LCX
1988 NRAS misssense |G13D
1988 PTPN11 misssense |T73l
2295 FLT3 misssense |D835E
2295 IKZF1 misssense |H474Q
2295 PTPN11 misssense |A72V
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Table 2-4: Kd values of top dasatinib targets

Adapted from HMS LINCS Project Dasatinib KINOMEscan - Dataset (ID:20196)

https://lincs.hms.harvard.edu/db/datasets/20196/smallmolecules?sort=facility_salt

ABL1(M351T)-phosphorylated 0.02
ABL1(F317L)-nonphosphorylated [0.03
ABL1(H396P)-nonphosphorylated (0.03
ABL1-nonphosphorylated 0.03
ABL1(F3171)-phosphorylated 0.04
ABL1(Q252H)-nonphosphorylated (0.04
EPHB6 0.04
ABL1(E255K)-phosphorylated 0.05
ABL1(H396P)-phosphorylated 0.05
ABL1-phosphorylated 0.05
ABL1(Q252H)-phosphorylated 0.06
ABL1(Y253F)-phosphorylated 0.06
EPHA3 0.09
ABL1(F3171)-nonphosphorylated 0.1
ABL2 0.17
LCK 0.2
BLK 0.21
SRC 0.21
EPHAS 0.24
EPHAS8 0.24
YES 0.3
FRK 0.31
EPHB4 0.34
HCK 0.35
EPHB2 0.39
EPHB1 0.45
PGFRA 0.47
FGR 0.5
KIT(L576P) 0.57
LYN 0.57
CSF1R 0.58
PGFRB 0.63
KIT(A829P) 0.66
KIT(V559D) 0.68
DDR1 0.69
FYN 0.79
KIT 0.81
EPHA2 0.85
CSK 1
EPHA4 1.2
BMX 1.4
BTK 1.4
KIT(D816H) 1.6
TXK 2.1
GAK 2.6
KIT(D816V) 2.6
KIT(V559D,V654A) 2.7
DDR2 3.2
MP2K5 3.3
SIK1 3.9 108
EPHA1 4.1
TNK2 5.6
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Figure 2-32: Relative mRNA expression of dasatinib targets in AML patient
samples from figure 2-26.

n=356. Values represent mean of the RNA counts per million for PTPN11 mutant
samples (n=10)/mean of the RNA counts per million for PTPN11 WT samples
(n=346). Error bars represent SEM of the quotient. Student’s two-tailed T-test with
Welch’s correction was used to calculate p-values for each gene’s difference of
means.
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Table 2-5: Targets of inhibitors from Table 2-2.

Inhibitor Other name Target Pathway
ABT-869 Linifanib VEGFR/PDGFR/KDR/CSF1R/FIt-1/3 Tyrosine Kinase
AG490 tryphostin JAK2 JAK/ISTAT

AKT IV AKT PIBK/AktmTOR
AKT X AKT PI3K/AKtmTOR
AMG-706 Motesanib Diphosphate  [VEGFR1,2,3/PDGFR/cKIT/RET Tyrosine Kinase
AMPK AMPK/KDR/VEGFR2/ALK2/BMPR1 Tyrosine Kinase
AP24534 Ponatinib BCR/ABL T315I /FLT3/RET/KIT/FGFR/PDGFR/SRC Tyrosine Kinase
AST-487 RET kinase Tyrosine Kinase
AZD-1152 Barasertib Aurora B JAK/STAT
BIRB-796 Doramapimod p38a MAPK MAPK
BMS-387032 SNS-032 CDK2 Cell cycle
CAL-101/GS-1101 |Idelalisib PI3K PI3K/Ak/mTOR
CHIR-258 Dovitinib FLT3/c-KIT/FGFR1/FGFR3/VEGFR1,2,3,/PDGFR/CSF1R [Tyrosine Kinase
CHIR-265 B-RAF/VEGFR Tyrosine Kinase
CI-1033 Canertinib EGFR/ERB2 Tyrosine Kinase
CP-690550 Tofacitinib JAK JAK/STAT
CYC-202 Seliciclib/Roscovitine cdc2/cdk2,5/cyclin Cell cycle
Cytopia Cyt387 JAK1/JAK2 JAK/STAT
Dasatinib Sprycel BCR/ABL, SRC, c-Kit Tyrosine Kinase
EKB-569 Pelitinib ERB1,2,4 Tyrosine Kinase
Erlotinib Tarceva EGFR/JAK2V617F Tyrosine Kinase
Flavopiridol Alvocidib cdk1,2,4,6 Cell cycle
Gefitinib Iressa EGFR Tyrosine Kinase
Go6976 PKC Tyrosine Kinase
GW-2580 CSFiR Tyrosine Kinase
GW-786034 Pazopanib VEGFR Tyrosine Kinase
H-89 PKA Tyrosine Kinase
Imatinib Gleevec BCR/ABL, KIT Tyrosine Kinase
JAK3 JAK3 JAK/ISTAT
JNJ-7706621 CDK1,2/cyclin, AuroraA and B Epigenetic modifier
JNKI c-JUN Tyrosine Kinase
KN92 CAMKII Calmodulin-dependent kinase
KN93 CAMKII Calmodulin-dependent kinase
Lapatinib Tykerb ERB2/EGFR Tyrosine Kinase
LY-333531 Ruboxistaurin PKCB Tyrosine Kinase
LY294002 PI3K PI3K/AktmTOR
MEK1/2 MEK1/2 MAPK
MLN-518 Tandutinib FLT3, PDGFRB, KIT Tyrosine Kinase
MLN-8054 Aurora A Epigenetic modifier
NF-kB Activ Inhib  |QNZ, EVP 4593 NF-kB Apoptosis
Nilotinib tasigna BCR-ABL/KIT/LCK/EPHA/DDR Tyrosine Kinase
p38 p38 MAPK
PD153035 EGFR Tyrosine Kinase
PD98059 MEK1/2 MAPK

PI-103 P13K PI3K/AkmTOR
PKC-412 Midostaurin PKC/Syk/Akt/PKA/c-Kit/... Tyrosine Kinase
PP2 Src family, LCK, FYN, HCK Angiogenesis
PTK-787 Vatalanib VEGFR, KIT, PDGFR Tyrosine Kinase
SB-202190 MAPK MAPK
SB-203580 MAPK MAPK
SB-431542 ALK5 TGFb-SMAD
Sorafenib Nexavar VEGFR2, PDGFR, RAF1, B-RAF Tyrosine Kinase
SRC Src MAPK
Staurosporine AM-2282 PKC, wide range of targets Tyrosine Kinase
STO609 CAMKK Calmodulin-dependent kinase
Sunitinib Malate Sutent, SU11248 PDGFR, VEGFR2, KIT, RET, CSF1R, FLT3 Tyrosine Kinase
SYK SYK kinase Tyrosine Kinase
VX-680 Tozasertib pan-Aurora Epigenetic modifier
VX-745 p38a MAPK MAPK

XAV-939 TNKS1, 2 (wnt b-catenin pathway) Whnt pathway
XL-880 Foretinib MET, VEGFR2 KDR Tyrosine Kinase
XL184 Cabozantinib MET and VEGFR2 Tyrosine Kinase
ZD-6474 Vandetanib, Caprelsa VEGFR2, EGFR, RET Tyrosine Kinase
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Chapter 3 : Materials and Methods

3-1: Patient Samples

All clinical specimens were collected with informed consent on a protocol
approved by the Oregon Health & Science University Institutional Review

Board.

3-2: siRNA and kinase inhibitor assays

The siRNA and small-molecule inhibitor screening of patient samples was
conducted as previously described [96, 103]: Blood or bone marrow from
patients was separated on a Ficoll gradient and mononuclear cells were
treated with ammonium-chloride-potassium (ACK) lysis buffer. Cells were
cultured in R10 [RPMI-1640 medium supplemented with 10% FBS (Atlanta
Biologicals), L-glutamine, penicillin/streptomycin (Invitrogen), and fungizone

(Invitrogen)] supplemented with 10-4M 2-mercaptoethanol (Sigma).

Kinase inhibitors were stored at 10 to 100 mmol/L in dimethyl sulfoxide
(DMSO:; stock concentration was 1,000 times the final concentration of the

highest tested dose). For creation of replicate plates of the library, each drug
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concentration was diluted to twice the final concentration and 50 pL. were
plated into 96-well plates using a Hydra 96-channel automated pipettor
(Matrix Technologies). Plates were sealed with adhesive lids (Bio-Rad;
microplate seal B), wrapped in aluminum foil, and stored at —20°C until use.
Upon receipt of a patient sample, plates were thawed at 37°C, 5% COx for 1
hour and centrifuged at 800 x g before removal of adhesive lids.
Subsequently, patient samples were suspended into culture media at a
concentration of 1,000,000 cells per mL, such that addition of 50 puL to each
well would deliver 50,000 cells to that well (this also dilutes the drugs to their
final, desired concentration). Cells were incubated for 3 days at 37°C, 5%
COz and subjected to a CellTiter 96 AQueous one solution cell proliferation
assay (MTS) (Promega). Each plate contained 7 wells without any drug. The
average absorbance value of these 7 wells was used for data normalization
and the kill curve of each drug gradient was assessed relative to this average

no-drug point.

Patient blood or bone marrow was prepared as above and 2.25 x 107 cells
were resuspended in 4.2 mL of siPORT buffer (Ambion). Cells were aliquoted
at 42 uL per well onto a 96-well electroporator (Ambion), and 2 uL of siRNA
at 20 uM was added to each well [tyrosine kinase library (Dharmacon) with

single and pooled nonspecific siRNA, as well as siRNA against EPHAS5,

112



EPHAG6, SRC-related kinase lacking C-terminal regulatory tyrosine and N-
terminal myristylation (SRMS), apoptosisassociated tyrosine kinase (AATK),
LMTK3, N-RAS, K-RAS (all from Dharmacon) added separately]. Cells were
electroporated at 1110 V (equivalent of 150 V per well), 200 us, 2 pulses, and
50,000 cells per well were replated into triplicate plates containing 100 uL
per well of culture media. For determination of cell viability, cells were
subjected to the CellTiter 96 AQueous one solution cell proliferation assay

(MTS) (Promega). All values were normalized to the median plate value.

3-3: Sequencing of Patient Samples

Peripheral blood and bone marrow samples from patients with JMML or
AML were processed by Ficoll gradient centrifugation followed by red blood
cell lysis. Cell pellets for subsequent genomic analysis were snap frozen in
liquid nitrogen. DNA was extracted using Qiagen DNeasy kits performed
according to manufacturer protocols. For exome sequencing, we used
Illumina Nextera capture probes and protocol with libraries run on a HiSeq
2500 using paired end 100 cycle protocols. Initial data processing and
alignments were performed using our in-house workflows that we describe
here briefly. For each flowcell and each sample, the FASTQ files were

aggregated into single files for read 1 and 2. BWA MEM version 0.7.10-
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r789[104] was used to align the read pairs for each sample-lane FASTQ file.
As part of this process, the flowcell and lane information was kept as part of
the read group of the resulting SAM file. The Genome Analysis Toolkit (v3.3)
and the bundled Picard (v1.120.1579) were used[105] for alignment post-
processing. The files contained within the Broad Institute’s bundle 2.8 were
used including their version of the build 37 human genome. The following
steps were performed per sample-lane SAM file: (1) Sorting and conversion to
BAM via SortSam; (2) MarkDuplicates was run, marking both lane level
standard and optical duplicates; (3) Read realignment around indels from the
reads—RealignerTargetCreator/IndelRealigner; (4) Base Quality Score
Recalibration. The resulting BAM files were then aggregated by sample and
an additional round of MarkDuplicates was carried out at the sample level.
For genotyping, each AML sample BAM was realigned at the sample level
and then genotyped for single nucleotide variations using Mutect v1.1.7[106]
and Varscan2 v2.4.1[107]. Additionally, indels were produced using
Varscan2. Each VCF file was annotated using the Variant Effect Predictor
v83 against GRCh37[108]. The resulting VCF files were filtered to include
only those annotated to a gene and converted to MAF format using the
vef2maf v1.6.6 tool[109] and converted to MAF format. Data was flltered to

include patient samples for which dasatnib IC50 and PTPN11 mutation
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status was known. The full results of this exome sequencing cohort are being

prepared in a separate manuscript.

For RNA-Seq, libraries were constructed using the SureSelect stranded RNA-
seq protocol (Agilent) on the Bravo robot (Agilent). Briefly, poly(A)+ RNA is
chemically fragmented. Double stranded cDNAs are synthesized using
random hexamer priming with 3’ ends of the cDNA adenylated then indexed
adaptors ligated. Library amplification is performed using three-primer PCR
using a uracil DNA glycosylase addition for strandedness. Libraries are
validated with the Bioanalyzer (Agilent) and combined to run 4 samples per
lane, with a targeted yield of 200 million clusters. Combined libraries are
denatured, clustered with the cBot (Illumina), and sequenced on the HiSeq
2500 using a 100 cycle paired end protocol. For each sample, FASTQ files are
aggregated into single files for read 1 and 2. Alignment is performed using
Subjunc aligner(1.4.6)[110]. SAM files obtained from Subjunc are used as
inputs into featureCounts(1.4.6)[111] and reads summarization are

performed.
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3-4: Plasmid construction

TNK2 transcript variant 1 in pDONR was purchased from Genecopoeia (GC-
Y4392). Gene mutations were made using the QuikChange II XL site-directed
mutagenesis Kit (Agilent Technologies) and primers designed using Agilent
Technologies primer design tool

(http://www.genomics.agilent.com/primerDesignProgram.jsp) (Table 3-1, 3-2).
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Table 3-1: PTPN11 mutagenesis primers

Primer Name

Primer Sequence

PTPN11 N58K F

5'-acccacatcaagattcagaagactggtgattactatgac-3'

PTPN11 N58K R

5'-gtcatagtaatcaccagtcttctgaatcttgatgtgggt-3'

PTPN11 G60R F

5'-cacatcaagattcagaacactcgtgattactatgacctgtatg-3'

PTPN11 G60R R

5'-catacaggtcatagtaatcacgagtgttctgaatcttgatgtg-3'

PTPN11 E76K F

5'-gagaaatttgccactttggctaagttggtccagtattac-3'

PTPN11 E76K R

5'-gtaatactggaccaacttagccaaagtggcaaatttcte-3'

PTPN11 D106Y F

5'-atcctctgaactgtgcatatectacctetgaaagg-3'

PTPN11 D106Y R

5'-cctttcagaggtaggatatgcacagttcagaggat-3'

PTPN11 G503V F

5'-cctttcagaggtaggatatgcacagttcagaggat-3'

PTPN11 G503V R

5'-tctgtctggaccatcactgacctetgagacce-3'

PTPN11Y542D F

5'-agcagaaaagcaagaggaaagggcacgaagagacaaatattaagtattete-3'

PTPN11Y542D R

5'-gagaatacttaatatttgtctcttegtgecctttectettgettttetget-3'

PTPN11 Y542E F

5'-aagcaagaggaaagggcacgaagatacaaatattaagtatteteta-3'

PTPN11 Y542E R

5'-tagagaatacttaatatttgtatcttegtgecctttectettgett-3'

PTPN11Y580D F

5'-gaagacagtgctagagtcgaggaaaacgtgggectgatg-3'

PTPN11Y580D R

5'-catcaggcccacgttttectegactctageactgtette-3'

PTPN11 Y580E F

5'-aagacagtgctagagtcgatgaaaacgtgggectg-3'

PTPN11 Y580E R

5'-caggcccacgttttcatcgactctageactgtett-3'
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Table 3-2: TNK2 mutagenesis primers

Primer Name

Primer Sequence

TNK2 T2051 F

5'-ccgcccatgaagatggtgatagagetggea-3'

TNK2 T2051 R 5'-tgccagcetctatcaccatettcatgggegg-3'

TNK2 D163E 5’-gcectgaageccgaggtectgagecage-3’

TNK2 D163E 5’-gctggcetcaggacctegggettcagge-3’

TNK2 Y284F F | 5'-ctacctcagaatgacgaccatttcgtcatgcagga-3'
TNK2 Y284F R | 5'-tcctgcatgacgaaatggtegtecattctgaggtag-3'
TNK2 Y518F F | 5'-ggaggggtgaaaaaaccaacctttgaccctgtgag-3'
TNK2 Y518F R | 5'-ctcacagggtcaaaggttggttttttcaccectee-3'
TNK2 Y859F F | 5'-cagcagcacccacttttacttgetgeceg-3'

TNK2 Y859F R | 5'-cgggcagcaagtaaaagtgggtgctgetg-3'
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Wild-type and mutated TNK2 were transferred into a Gateway-converted
version of pMXs-IRES-Puro (Cell Biolabs, Inc.), pcDNA™3.2®
(Invitrogen), or MSCV-IRES-GFP using a Gateway LR Clonase kit
(Invitrogen). Plasmid sequencing was confirmed via Sanger Sequencing

(Eurofins).

PTPN11 transcript variant 1 in pPDONR was purchased from Genecopoeia
(A0360). Gene mutations were made using the QuikChange II XL site-
directed mutagenesis Kit (Agilent Technologies) and primers designed using
Agilent Technologies primer design tool. Wild-type and mutated PTPN11
were transferred into a Gateway-converted version of p3X-CMV-FLAG14,
MSCV-IRES-GFP, or pcDNA™3.2® (Invitrogen), or using a Gateway LR
Clonase kit (Invitrogen). Plasmid sequencing was confirmed via Sanger

Sequencing (Eurofins).

3-5: Cell culture, transfection, and retroviral production

The human embryonic kidney 293T17 cell line (ATCC) was grown in DMEM
(Invitrogen) medium with 10% FBS (Atlanta Biologicals), L-glutamine,
penicillin/streptomycin (Invitrogen) and amphotericin B (Hyclone). Murine
retrovirus was created by cotransfecting TNK2 or PTPN11 plasmids and the
EcoPac plasmid (provided by Dr. Richard Van Etten, U.C. Irvine) into 293T17

using FuGENE 6 (ProMega). Supernatants were harvested 72 hours later.
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3-6: Inhibitor assays

293T17 cells were transfected or co-transfected using FuGENE 6 (promega)
and cultured for 48 hours. Inhibitors: dasatinib (SellekChem), AIM-100
(CalBiochem: [84]), SHP099 (DC Chemicals), were diluted in DMEM to attain
a final concentration in a 6-well plate at 1/2000 dilution. After the treatment
period, media was aspirated, and lysates were collected as for immunoblot

assays. Lysates were subjected to immunoblot.

3-7: Colony formation assays

Bone marrow was harvested from Balb/C (6-9 weeks old) mice by flushing the
femur and tibia with medium. Cells were cultured at 5 X 105 per mL with
viral supernatant, polybrene (American Bioanalyticals) and HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid ) buffer by centrifugation at
2500rpm at 30C for 90 min, then placed back at 37°°C. After 24 hours, the
medium was replaced with fresh retroviral “cocktail” and cells were
centrifuged as above, then placed back at 37 °C for additional 24 hours. Next,

cells were analyzed for GFP expression by FACS.

GFP+ cells were then sorted and plated in triplicate L into M3234

methylcellulose (StemCell Technologies) supplemented with 50 ng/mL mSCF,
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10 ng/mL mIL-3, and mIL-6 (Peprotech). Cells were enumerated at day 14
using the STEMVision colony counter (STEMCELL Technologies) with
blinded manual counting to ensure accuracy. Mouse work was done in

accordance with OHSU IACUC protocol IS00002358.

3-8: Co-Immunoprecipitation assays

Proteins were immunoprecipitated from cell lysates by incubation with rabbit
anti-ACK1 09-142 (Millipore) or anti-IgG isotype control overnight at 4 °C on
a rotator. Lysates were then incubated with protein G agarose beads
(Millipore) for 1 hour at 4 °C on a rotator. FLAG-tagged proteins were
incubated with antiFLAG M2 affinity gel (Sigma-Aldrich) overnight at 4 °C
on a rotator. Beads or affinity gel were washed 3 times using cell lysis buffer
(Cell Signaling Technologies) with added complete mini protease inhibitor
tablets (Roche), phenylmethylsulfonyl fluoride, and Phosphatase Inhibitor
Cocktail 2 (Sigma Aldrich). Proteins were disassociated from beads using
SDS loading buffer for 5 min at room temperature and then subjected to

immunoblotting analysis.
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3-9: Immunoblotting

Transfected 293T17 lysates were spun at 8,000rpm for 10 minutes at 4°C to
pellet cell debris, mixed 2:1 with 3X GS sample buffer (75mmol/L Tris (pH
6.8), 3% sodium dodecyl sulfate, 15% glycerol, 8% b-mercaptoethanol, and
0.1% bromophenol blue) and heated at 95°C for 5 minutes. Lysates were run
on criterion 4% to 15% Tris-HCL gradient gels (BioRad), transferred to
polyvinylidene difluoride membrane, and blocked for 30 minutes in TBS-T
(Tris-buffered saline with Tween20) with 5% BSA. Blots were probed
overnight at 4°C with the following antibodies: rabbit anti-ACK1 A-11 (Santa
Cruz), rabbit anti-SHP2 (CST 3572), rabbit anti-phospho-ACK1 (Millipore),
rabbit anti-p44/42 MAPK (Erk 1/2) (CST 9102) rabbit phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (CST 9101), mouse anti-GAPDH 6C5 (Ambion,
AM4300), rabbit anti-MEK 1/2 (CST 9122), rabbit anti-phospho-MEK
Ser217/221 (CST 9121), rabbit anti-phospho-STAT5 (Y694) (CST 9351),
mouse anti-STAT5 (BD 610192). Primary antibody was followed by anti-
rabbit or anti-mouse IgG HRP conjugated secondary antibodies. Blots were
developed using Clarity chemiluminescent substrate (BioRad) and imaged

using a BioRad ChemiDoc MP imaging system.
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Quantification of relative protein values was calculated as follows: Total and
phospho-protein levels were analyzed using BioRad ImageLab software. Each
of these values was normalized to GAPDH protein levels for each membrane
to control for loading effects. We then normalized each normalized phospho-
protein value to the normalized total protein value to get a relative phospho-

protein value.

3-10: In vitro TNK2 kinase assay

293T17 cells were transfected with overexpression vectors for TNK2, TNK2
mutant, or empty vector control, lysates were collected using assay-specific
lysis buffer at 48 hours. TNK2 was immunoprecipitated using rabbit anti-
ACK1 A-11 (Santa Cruz). The in vitro kinase activity of TNK2 mutants was
measured using a non-radioactive isotope solid-phase enzyme-linked
immunosorbent assay using the Universal Tyrosine Kinase Assay kit

(Takara, clontech) according to the manufacturer’s suggested protocol.
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3-11: Statistical analysis

Mean values + SEM are shown unless otherwise stated. One-way ANOVA or
two-tailed student’s T-test were used for comparisons. Welch’s T-test was
used in cases where population variances were not equal as described in each
figure legend. Statistical analysis was conducted using GraphPad Prism
Version 6.0. Sample sizes are consistent with those reported in similar
studies and provide sufficient power to detect changes with the appropriate

statistical analysis.
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Chapter 4 : Summary and Discussion

4-1: Summary

Aberrant cell signaling events can lead to uncontrolled cell proliferation and
survival, leading to malignancy. In some types of leukemia, a mutated,
constitutively active tyrosine phosphatase, PTPN11, increases cell signaling
through the Ras/MAPK proliferative pathway. Our lab identified a PTPN11-
mutant leukemia patient whose cells were sensitive to stRNA-mediated
knockdown of the kinase TNK2 and to the tyrosine kinase inhibitor
dasatinib. Additionally, AML patient samples with PTPN11 mutations were
significantly more sensitive to dasatinib than those with wild-type PTPN11
as determined by our functional assays. This difference was not observed in

samples with mutant versus wild-type K-Ras or mutant versus wild-type N-

Ras.

These studies are the first to identify TNK2 as the target of dasatinib in
PTPN11-mutant leukemias. Current literature suggests a link between
mutant PTPN11 and dasatinib sensitivity, but the molecular mechanisms

underlying this sensitivity have not been described. The central hypothesis of
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my work has been that TNKZ2 is necessary for PTPN11-mutant leukemia

survival.

This dissertation describes a novel interaction between PTPN11 and TNKZ2.
My research identified that TNK2 and PTPN11 interact with one another,
with a TNK2-dependent activation of PTPN11. TNKZ2’s activating effect
synergizes with activating PTPN11 mutations, significantly increasing
Ras/MAPK signaling and transformation potential as measured by mouse

bone marrow colony formation assays. Both of these effects are nullified in

the presence of dasatinib or the TNK2-specific inhibitor AIM-100.

Interestingly, TNK2 phosphorylation is reduced in a PTPN11-dependent
manner, suggesting a negative feedback mechanism between PTPN11 and
TNKZ2. These data has led us to develop a model to explain the interaction
between PTPN11 and TNK2 (Fig. 4-1). This novel interaction between
PTPN11 and TNK2 could explain the sensitivity of PTPN11-mutant patient
samples to dasatinib, and could lead to promising new therapies for patients

with PTPN11-dependent leukemaias.
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Figure 4-1:Working model.

Left panel: PTPN11 signaling is necessary for sustaining Ras/MAPK activation,
with activating mutations of PTPN11 leading to increased Ras/MAPK signaling
and cell proliferation. Middle panel: Data presented in this dissertation suggests a
new paradigm in which TNK2 activates PTPN11, especially mutant PTPN11,
leading to even more Ras/MAPK signaling and leukemogenesis. Inhibition of
TNK2 with dasatinib abolishes this Ras/MAPK signaling (right panel).
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4-2: Discussion

4-2.1: Synthetic lethality of TNK2 in PTPN11-mutant leukemia.

This dissertation describes the characterization of a novel interaction
between PTPN11 and its upstream kinase, TNK2. My data suggest that
TNK2 directly interacts with PTPN11 in what seems to be a closely regulated
feedback loop. TNK2 expression results in phosphorylated and activated
PTPN11, as evidenced by experiments using the dasatinib-resistant
gatekeeper mutant TNK2 T2051 (Fig. 2-15,16). This phosphorylation is
necessary for complete activation of PTPN11, even in the presence of the
pathogenic activating mutation E76K, as seen by mutating the C-terminal

tyrosine residues of PTPN11 (Figs. 2-12, 13).

PTPN11 activity correlates with dephosphorylation of TNK2. My work
evaluating overactive PTPN11 mutants, inactive C-terminal tyrosine
mutants of PTPN11, and PTPN11 inhibition experiments support this
feedback model (Figs. 2-7,14,18). This relationship has functional
1implications; co-expression of mutant-PTPN11 and TNK2 results in
significantly more Ras/MAPK signaling and GM-CSF hypersensitivity, both

hallmarks of JMML [97]. These increases in MAPK signaling and colony
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formation are blocked by pharmacological inhibition of TNK2 by dasatinib or
AIM-100. More importantly, data from primary JMML and AML patient
samples identify PTPN11 mutations as a genetic marker for sensitivity to

TNK2 inhibition.

4-2.2: Role of PTPN11 in TNK2 dephosphorylation

The PTPN11-dependent dephosphorylation of TNK2 has yet to be fully
elucidated. Co-immunoprecipitation of PTPN11 and TNK2 suggests that
PTPN11 and TNK2 interact, but whether there is a phosphate removed from
the kinase domain tyrosine residue of TNK2 or a reduction of active
phosphorylation of that tyrosine remains unknown. Future experiments to
dissect this mechanism would need to identify any additional proteins that
may be acting in a complex with PTPN11 and TNK2. Additional in vitro
protein stability and phosphorylation kinetics assays will be critical to fully

elucidate the mechanistic details of the functional relationship between

PTPN11 and TNK2.
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4-2.3: Synthetic lethality of TNK2 inhibition in Ras-transformed tumors

While AML patient samples with N-Ras or K-Ras mutations presented in this
dissertation were not differentially sensitive to dasatinib treatment compared
with wild-type samples, some evidence suggested that N-Ras or v-Ras
transformed cell lines might be sensitive to TNK2 inhibition [112, 113]. A
2005 study by Nur et al. concluded that TNKZ2 is important for transduction
of Ras signaling in v-Ras transformed NIH3T3 cells, and that knockdown of
TNK2 by siRNA was cytotoxic to these cells [113]. More recent research from
Nonami et al. demonstrated that TNK2 (as a promoter of AKT signaling)
showed synthetic lethality when inhibited in Ba/F3 cells transformed by
mutant N-Ras [112]. This effect suggests a role for TNK2 in rescuing
malignant cells by activating alternate proliferative pathways in Ras-

transformed cells, including the AKT pathway.

AKT signaling, especially downstream of PI3K subunit p1106 has been shown
to be essential in MPN/MDS mouse models and in JMML cells transformed
by oncogenic Ras signaling [114-116]. The inhibition of TNK2 may thus have
a multi-tiered effect in PTPN11-mutant JMML cells whereby Ras/MAPK and
downstream AKT signaling is inhibited. The deconvolution of these

Interactions is made challenging, however, due to reports that activated
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mutant PTPN11 can also increase signaling through the PI3K/Akt pathway

[116].

4-2.4: Role of SRC kinase in TNK2/PTPN11 signaling.

SRC has been reported to be both upstream of TNK2 and
downstream/concurrent with PTPN11 with regards to p44/42 MAPK
signaling, as well as a target of dasatinib [37, 38, 70, 117]. However, the role
of SRC kinase in the interplay between PTPN11 and TNK2 and the degree of
its involvement is unknown. The efficacy of the TNK2-specific inhibitor AIM-
100 in our in vitro system suggests that SRC is not the sole activator of
TNKZ2, but SRC’s role in TNK2 activation with regards to mutant PTPN11 is
still under investigation. siRNA inhibition in cell lines transformed by
mutant PTPN11 (and that also express TNK2) has yet to be confirmed, but
the use of alternative experimental approaches, such as CRISPR/Cas9, may
be more successful. Interestingly, two independent studies found synergistic
tumor targeting with the combination of PTPN11 inhibition and dasatinib
treatment or SRC knockdown [118, 119]. The efficacy of SRC knockdown in
the presence of PTPN11 in non-leukemic cells does not preclude TNK2 as the

target of dasatinib in the work described here.
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While SRC inhibition may be occurring upstream of TNK2 and contribute to
dasatinib-mediated TNK2 inactivation, TNK2 phosphorylation levels were
not significantly affected by dasatinib treatment in the work presented in
this dissertation. It is likely that SRC is targeted by dasatinib as a
downstream effector of Ras/MAPK signaling, but the activity of mutant
PTPN11 as an activator of multiple proliferative pathways might render this
inhibition event to be less effective. Preliminary data using a TNK2 mutant
with reduced SRC interaction ability, TNK2 Y518F [70], suggests that
interaction of TNK2 with SRC is not necessary for PIPN11 phosphorylation,
and that TNK2 Y518F interacts with PTPN11 at similar levels as TNK2

wild-type (Fig 4-2).
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Figure 4-2: SRC activation of TNK2 is not required for PTPN11 interaction with

TNK2.

293T17 cells were co-transfected with overexpression constructs containing
PTPN11, TNK2 V5, TNK2 Y518F V5, or empty vector controls. Lysates were
collected at 48 hours and subjected to V5 immunoprecipitation, followed by
immunoblot. Left: input. Right: V5 pulldown.
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Ultimately, the best model system for investigating the role of SRC could be
patient-derived xenografts from PTPN11-mutant AML and JMML patients.
Currently, cells from an AML patient with mutant PTPN11 that showed
exquisite sensitivity to dasatinib in our in vitro screen have been injected into
a cohort of NOD. Cg-Prkdcscid [12rgtm1WilTg (CMVIL3,CSF2,KITLG)
1Eav/MloySzJ (NSGS) mice [120]. This is an immunodeficient mouse
constitutively expressing human SCF, GM-CSF and IL-3. This mouse has
recently been shown to increase efficiency in engrafting AML samples as well
as JMML [121]. If these cells demonstrate similar dasatinib sensitivity seen
In our In vitro screen, cells 1solated from untreated mice could be used to
perform CRISPR/Cas9 knockdown of key proteins including TNK2 and SRC
to further elucidate mechanisms of dasatinib sensitivity in PTPN11-mutant

leukemias.

4-2.5: Targeting PTPN11 in patient tumors

While PTPN11 is known to be necessary for sustaining signaling through
Ras/MAPK, its involvement as a regulator at several levels of the signaling
cascade has made it challenging to fully determine its exact mechanisms of

action. PTPN11 has become an attractive therapeutic target, and an exciting
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recent development in this area has been the identification of allosteric
PTPN11 inhibitors, such as SHP099 [102]. However, the potential clinical
efficacy of these molecules may be limited, as SHP099 has limited activity
against activated PTPN11 because it binds only the closed conformation of
PTPN11 [101, 102, 122]. Inhibition of proteins in the Ras/MAPK pathway
downstream of PTPN11 is an option that is being explored by other groups
[123, 124], but the ability of mutant PTPN11 to activate alternate pathways
like JAK/Stat or PISK/Akt signaling makes resistance to these drugs a

distinct possibility.

4-2.6: TNK2 inhibition for germline PTPN11 mutant patients.

Mutations in PTPN11 drive the pathogenesis of JMML, sometimes even as
germline events. Thus, inhibition of TNK2 could be useful for maintenance of
remission. Implications for Noonan Syndrome (NS) patients have not been
explored in this dissertation, but work by Yi et al described in the
introduction to this dissertation suggests that dasatinib may have a bright

therapeutic future in patients with NS [125].

While this dissertation has not touched on the contributions of mutant

PTPN11 in the stromal compartment of patients with germline mutations,
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work from other groups suggests that these cells contribute to
leukemogenesis through CCL3 signaling [126]. Mice bearing activating
PTPN11 mutations in mesenchymal stem/progenitor cells and
osteoprogenitors promoted a myeloproliferative phenotype in normal
transplanted cells. This effect was reversible with the administration of
CCLS3 receptor agonists. Perhaps dasatinib could be used in combination with
a CCL3 receptor agonist to abrogate the effects of PTPN11-mutant stromal

cells in patients with NS or LEOPARD syndrome.

4-2.7: Functional screening to identify novel targeted and combinatorial therapies

The identification of TNK2 as a functional target originated in an ex vivo
screen of a primary JMML patient sample. While high-throughput genomic
and whole-exome sequencing has become increasingly available,
1dentification of mutations needs to be accompanied by additional functional
analysis, especially for poorly characterized mutations. Additionally, effective
drugs currently approved by the Food and Drug Administration target only a
subset of known mutated tumor driver genes [127]. As we move towards
personalized cancer therapy, ex vivo functional screening is a promising

avenue to identify drug targets that are not directly mutated. This type of
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personalized analysis can become even more relevant in the face of resistance

to existing therapies [128].

4-2.8: Broader Impact.

Efficacy of TNK2 inhibition would depend upon a tumor’s dependence on
PTPN11 for transformation and survival. In AML, for instance, PTPN11
mutations may occur later in the evolution of the disease, tempering the
probability of success of a single agent therapy. TNK2 inhibitors may prove to
be an important component of an eventual molecularly-targeted
combinatorial therapy strategy, a recently promising field recently showing

efficacy in AML patient samples [128].

Taken together, the data presented in this dissertation suggest that TNK2
plays a pivotal role in activation of the PTPN11/MAPK pathway in leukemia
cells, and that targeting TNK2 could provide valuable new therapeutic
strategies for patients with activating PTPN11 mutations. As discussed in
section 1-9 of this dissertation, PTPN11 mutations have been implicated as a
driver in solid tumors. Dasatinib has shown some promise as a therapy in
PTPN11-mutant lung tumors and triple-negative breast cancer [54, 87]. It is

my hope that the efficacy of TNK2 inhibition might be explored in other
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tumor model systems as well, and incorporated into future therapies for a

broad range of patients.
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Chapter 5 : Appendix

5-1: Preliminary data suggests that dasatinib reduces engraftment
of PTPN11-mutant cells in a syngeneic mouse model

In order to determine in vivo efficacy of dasatinib treatment to reduce
activated PTPN11 mutant driven disease, a syngeneic mouse model
was established using Balb/C mice!®. It has been previously shown that
mice transplanted with PTPN11 E76K mutant cells develop a
myeloproliferative disease in a time frame of 90 days [130]. Bone
marrow from Balb/C donor mice was harvested and retrovirally
transduced to express PTPN11-E76K and GFP. These cells were
transplanted into lethally irradiated Balb/C mice. At 4 weeks post-
transplantation, the mice were treated with daily dasatinib at 40mg/Kg

or vehicle control for 8 weeks.

19 A genetically modified conditional mouse model of JMML exists that
utilizes a conditional knock-in of a single Ptpnl1P16Y gllele. Expression
of PtpnlI1P16Y results in a fatal and invasive MPD accompanied by
anemia. However, the timeline from induction of PTPN11 expression to
disease occurrence is about 6 months, with 50% penetrance [129]. Our
lab chose not to pursue this model
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The data suggest that in this transplant model, PTPN11-mutant cells
are sensitive to dasatinib treatment. Overall blood counts were not
significantly different between the two arms, and treatment was well
tolerated (Fig 6-1). While all mice had enlarged spleens at time of
harvest, those in the dasatinib group had significantly smaller spleen
size than controls (p=0.0028) (Fig 6-2), consistent with percent GFP
engraftment (Fig. 6-3). Peripheral blood and bone marrow FACS GFP
analyses show higher levels of PTPN11 E76K positive cells in the
vehicle control mice, with a significant increase in peripheral blood
fold-change GFP compared to pre-treatment values for each mouse

(p=0.0303) (Figs. 6-4 to 6-6).

To determine ex vivo sensitivity of transplanted cells to dasatinib
treatment, spleen cells from vehicle control mice were pooled and
plated in the presence of dasatinib for 72 hours followed by colorimetric
viability assay (Fig. 6-7). The ICso for dasatinib in these spleen cells
was in the physiological range, at around 50nM, suggesting that these
cells might harbor a susceptibility to dasatinib treatment. These spleen

cells were also subjected to 2hr dasatinib or vehicle control treatment
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(identical to heterologous 293T17 cell experiments) and cells have been

collected for future immunoblot analysis.

These data are preliminary, and full interpretation must be suspended
prior to histological confirmation of disease burden in these mice.
Additionally, protein expression will be confirmed by PCR and
immunoblot. This experiment will be repeated for confirmation, with a
possible extension of dasatinib treatment time. These preliminary data
are, however, promising: PTPN11 mutant cells show less engraftment
in all hematopoietic compartments evaluated, and spleen cells from
control mice show sensitivity to dasatinib treatment. If these data are
confirmed, this model can be used for future studies to investigate the
efficacy of dasatinib treatment and combinatorial therapies in PTPN11-

mutant leukemias.
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Figure 5-1: Dasatinib has no significant effect on peripheral blood counts.

Peripheral blood counts from week 8 of drug treatment. WBC:White blood counts.
ANC: Absolute neutrophil count, Hb: Hemoglobin, Plts: Platelets. n=11. Error bars
represent SEM.
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Figure 5-2: Dasatinib significantly reduces spleen size in PTPN11-mutant
syngeneic transplant mice.

i. Average spleen weight. Spleen weight was collected at time of sacrifice.
p=0.0028 by student’s T-Test n=11. Error bars represent SEM. ii. Representative
spleens from control and dasatinib mouse, repectively.
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Figure 5-3: Dasatinib reduces PTPN11-mutant cell spleen engraftment.

Spleen percent GFP from week 8 of drug treatment. Samples underwent
homogenization through nylon strainer and red blood cell lysis, followed by FACS
analysis for GFP+ cells. n=11. Error bars represent SEM.
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Figure 5-4: Dasatinib significantly reduces peripheral blood PTPN11-mutant cells.

Peripheral blood GFP from week 8 of drug treatment. Samples underwent red
blood cell lysis, followed by FACS analysis for GFP+ cells. Fold change
comparison to pre-treatment values. n=11 p=0.0303 by student’s T-test. Error bars
represent SEM.
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Figure 5-5: Dasatinib reduces engraftment of PTPN11-mutant peripheral blood
cells.

Peripheral blood GFP percentage over time. Samples underwent red blood cell

lysis, followed by FACS analysis for GFP+ cells. Arrow indicates initiation of drug
treatment. Error bars represent SEM.
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Figure 5-6: Dasatinib reduces PTPN11-mutant bone marrow cell engraftment.

Bone marrow percent GFP at week 8 of drug treatment. Samples underwent
homogenization through nylon strainer and red blood cell lysis, followed by FACS
analysis for GFP+ cells. Error bars represent SEM.

147



Spleen dasatinib dose-response

150-

Percent Viable

0.1 1 10 100 1000 10000
Dasatinib [nM]

-50=

Figure 5-7: Spleen cells from vehicle control mice display ex vivo dasatinib
sensitivity.

Samples underwent homogenization through nylon strainer and red blood cell
lysis, then were plated in media with a dose-gradient of dasatinib for 72 hrs.
Viability was determined by MTS assay. n=3. Error bars represent SEM. Line
represents non-linear fit.
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5-2: Materials and Methods

Murine retrovirus was created by co-transfecting PTPN11 E76K MSCV-
IRES-GFP plasmid and the EcoPac plasmid (provided by Dr. Rick Van
Etten) into 293T17 cells using FuGENE 6 (ProMega). Supernatants
were harvested 72 hours later and snap-frozen. Pooled viral
supernatant was thawed on ice and concentrated via

ultracentrifugation on a sucrose gradient.

Balb/c (Jackson Laboratories) donor mice (6 weeks old) were primed by
retro-orbital injection of 3 mg 5-fluorouracil (5-FU; American
Pharmaceutical Partners, Schaumburg, IL). Bone marrow was
harvested from Balb/C (6-9 weeks old) mice by flushing the femur and
tibia with medium. Cells were cultured at 5 X 105 per mL with
concentrated viral supernatant, polybrene (American Bioanalyticals)
and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer
by centrifugation at 2500rpm at 30°C for 90 min, then placed back at
37°C. After 24 hours, the medium was replaced with fresh retroviral
“cocktail” and cells were centrifuged as above, then placed back at 37°C

for additional 24 hours.
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Cells were washed twice and suspended in PBS. 6 x 10° cells in 100ulLL
PBS was introduced into lethally irradiated (2 x 450Gy X-Ray
exposure) 6 week old Balb/C mice by retro-orbital injection. Mice were
given water containing Neomyecin (2 mg/mL) and Polymyxin B (1

mg/mL) for two weeks following irradiation.

Mice were monitored for well being, weight and peripheral blood GFP
engraftment by flow cytometry on a FACSAria flow cytometer following
transplantation. Blood counts were determined using a Vet ABC
animal blood counter (Heska, Fort Collins, CO). Beginning at four
weeks post-transplantation, mice were divided into control or drug
arms (with matched peripheral blood GFP engraftment) and
administered 40mg/kg dasatinib in citrate buffer or citrate buffer

control daily for 8 weeks by oral gavage followed by sacrifice.

Organs were dissected and WBC from spleen and bone marrow were
harvested by passing through a 70-um nylon cell strainer (BD
Biosciences, Bedford, MA) followed by red cell lysis. Peripheral blood at

time of sacrifice was harvested by cardiac puncture. GFP engraftment
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of peripheral blood, spleen, and liver was analyzed by flow cytometry as
above. Spleen cells from control mice were pooled, and plated at
50,000cpw in 100ul R10 media with a tenfold dilution series of
dasatinib (n=3). At 72 hours, cells were subjected to the CellTiter 96
AQueous one solution cell proliferation assay (MTS) (Promega). All

values were normalized to 3 wells containing media alone.
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