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i. Abstract

English

Despite valiant clinical efforts, metastatic melanoma remains as one of the most difficult
cancers to treat, possessing abysmal 5-year survival rates (<20 %). Melanoma accounts for less
than 5% of skin cancer cases, but is responsible for the vast majority of skin cancer deaths. To
develop more effective targeted therapies, uncovering the genetic underpinnings for the initiation

FYVS%% mutation has

and progression of malignant melanoma is of utmost importance. The BRA
been identified as one of the earliest and most frequent oncogenic events in melanoma.
BRAFY" stimulates sustained activation of the MAPK pathway, promoting cellular
proliferation and survival. However, oncogenic BRAF activation is known to be insufficient for
full malignant conversion because of oncogene induced senescence. Progression to malignant
melanoma is invariably accompanied by silencing of one or more tumour suppressor genes, such
as PTEN. PTEN negatively regulates the PI3K-AKT pathway which promotes cellular
proliferation and survival parallel to the MAPK pathway. It has been shown that BRAF """
cooperates with PTEN loss to induce metastatic melanoma. Furthermore, PTEN loss and
subsequent hyperactivation of the PI3K-AKT signalling pathway contributes to the therapeutic

resistance that develops in BRAF mutant melanoma treated with BRAF """

inhibitors. Using
shRNA-mediated knockdown technologies, this research aims to investigate which molecules
immediately upstream and downstream of PTEN in the PI3K-AKT pathway (PTEN Proximal
proteins) are required for mediating the signals responsible for the malignant phenotype of
BRAF"**_driven melanoma in vitro. Thus, the ultimate goal of this research is to identify
potentially druggable contributors to melanoma formation, progression, and drug resistance.
Towards this goal, I have used a unique shRNA luciferase-reporter triaging system to identify
shRNAs that would effectively and specifically knockdown expression of PTEN Proximal
proteins. I created lentiviral sShRNA targeting constructs and optimized the delivery of these

constructs into BRAFY®E

melanoma cell lines. The remainder of the my research involved the
optimization of an inducible lentiviral expression system to ensure adequate knockdown of
PTEN proximal proteins can be achieved as this will be required to properly assess their role in

the melanoma malignancy.



French

Malgré les efforts cliniques soutenus, le mélanome métastatique demeure un des cancers
les plus difficiles a traiter, laissant une espérance de vie maximale de 5 ans aux personnes qui en
sont atteintes (<20%). Le mélanome compte pour moins de 5 % des cas de cancer de la peau,
mais est responsable de la majorité des mortalités dues a ce type de cancer. Afin de développer
des thérapies plus efficaces, découvrir la génétique impliquée dans I’initiation et la progression
V600E

du mélanome malin est de la premic¢re importance. La mutation BRAF a été identifiée

VO0OE 4 ctive

comme ¢étant un des événements les plus courant chez le mélanome. BRAF
constitutivement la voie de signalisation MAPK, ce qui promouvoit la prolifération et la survie
de la cellule. Par contre, ’activation de BRAF est insuffisante pour le développement en tumeur
maligne et la cellule progresse plutdt vers la senescence. La progression vers le mélanome malin
est invariablement accompagnée par la suppression d’un ou plusieurs génes suppresseurs de
tumeurs tels que PTEN (20% des mélanomes). PTEN inhibe la voie de signalisation PI3K-AKT,
laquelle promouvoit la prolifération et la survie de la cellule, parallelement a la voie de

signalisation MAPK. 1l a été démontré que BRAF'F

agit en coopération avec la perte de
PTEN afin d’induire un mélanome métastasique. De plus, la perte de PTEN et I’hyperactivation
de la voie PI3K-AKT qui en résulte contribuent a offrir une résistance thérapeutique qui se
développe chez les mélanomes arborant une mutation de BRAF et qui sont traités a 1’aide
d’inhibiteurs de BRAF'®. A T'aide d’une technologie permettant de diminuer
significativement 1’expression d’un géne in vitro (sh-RNA), les expérimentations exposées ici
avaient pour but de déterminer quelles sont les molécules immédiatement avant ou aprés PTEN
dans la voie de signalisation PI3K-AKT (protéines proximales de PTEN) qui sont requises pour
transmettre les signaux responsables du phénotype malin du mélanome causé par BRAF " - Le
but ultime étant 1’identification de protéines cibles contribuant a la formation, la progression ou
la résistance aux agents thérapeutiques. A 1’aide d’un systéme unique de shRNA utilisant la
luciférase comme géne rapporteur, j’ai identifi¢ des shRNAs qui pouvaient efficacement et
spécifiquement diminuer I’expression de protéines proximales de PTEN. Afin d’en savoir
davantage, ces shRNA ont été¢ livrés a 1’aide de lentivirus dans des lignées cellulaires de

V600E

mélanomes possédant la mutation BRAF . DU a des complications, le reste de mon projet de

recherche a impliqué 1’optimisation de I’expression a I’aide de lentivirus afin de m’assurer d’une



diminution significative des protéines proximales de PTEN, ce qui est requis afin de connaitre

leur role chez le mélanome malin.
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iii. Preface

Background

Incidence of melanoma is on the rise world-wide, with the highest incidence occurring in
North America, North and Western Europe, and Australia/New Zealand[2]. In 2012, melanoma
accounted for 232,000 new cancer cases and 55,000 cancer-related deaths world-wide[2].
Melanoma is by far the deadliest form of skin cancer owing to its resistance to therapeutic
treatment (conventional and targeted), aggressive clinical behaviour, and tendency to result in
lethal metastasis. Genetically, melanoma is a complex disease[3], the management of which will
likely require an in-depth understanding of the molecular biology underlying its initiation,
progression, and resistance to therapeutics. Mutations that activate oncogenes and/or deactivate
tumour suppressor genes can lead to the formation of malignant tumours. In melanoma, the
proto-oncogene BRAF is frequently mutated and expression or function of the tumour suppressor
gene PTEN is commonly lost or reduced. BRAF is an activator of the MAPK pathway and PTEN
negatively regulates the PI3K-AKT pathway. Both of these pathways mediate extracellular
signals that stimulate cellular proliferation and survival. Alterations resulting in concurrent
oncogenic activation of BRAF and loss of PTEN function are prevalent in human melanoma [4-
7]. While patients receiving a specific BRAF inhibitor often have astounding initial responses,
invariably these patients become resistant to the drug[8-10]. This has prompted researchers to
redouble their efforts to identify additional targets for combined therapies that will overcome the
mechanisms of resistance.

During my graduate work at McGill, I set out to investigate how one of the most common

FV% " cooperates with members of the PI3K-AKT

oncogenic mutations in melanoma, BRA
pathway to contribute to the malignant characteristics and drug resistance of melanoma cells in
vitro. I planned to systematically ablate the expression of specific PI3K-AKT signaling to assess
their effect on the proliferative potential, viability, and malignant transformation of BRAF"%"
melanoma cells. Towards this goal, I have identified shRNAs that effectively and specifically
target these genes in cell culture. Additionally, I constructed lentiviral ShRNA expression vectors
and optimized the delivery of these targeting constructs into melanoma cell lines. The established

protocols will provide the framework for finding druggable targets in the PI3K-AKT pathway

8



informing the development of new targeted and effective therapeutic options in the treatment of

melanoma.
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1. Introduction

1.1. Introduction to Melanoma

Melanoma arises as cancer of melanocytes that predominantly reside in the skin.
Cutaneous melanoma accounts for most melanoma cases although melanoma can also result
from the non-cutaneous melanocytes residing in the pigmented parts of the eye (uveal
melanoma) or internal mucosal membranes (mucosal melanoma). These later melanomas are
relatively rare (<10%)[11, 12]. In comparison to other skin cancers, such as basal and squamous
cell carcinoma which total 2 — 3 million cases per year worldwide, melanoma accounts for less
than five percent of skin cancer cases[13]. However, melanoma is the deadliest form of skin
cancer, causing the vast majority of skin cancer deaths (61% in 2010)([14, 15]. Additionally,
melanoma incidence rates continue to rise worldwide, notably in the United States where there
has been a 300% increase over the past 40 years[16, 17]. Melanoma cancers are known for their
resistance to therapeutic treatment, aggressive clinical behaviour, and tendency to result in lethal
metastasis[18]. Surgical resection of early melanoma has a 98% 5-year survival rate. This
number drops to an abysmal 16% when the disease metastasizes to distant organs[19]. The rising
incidence and poor prognosis of this cancer has motivated research aimed towards uncovering
the genetic underpinnings for malignant melanoma initiation, progression, and resistance to
therapeutic intervention. Indeed, melanoma is a genetically heterogeneous disease, exhibiting
some of the highest mutation rates compared to nearly all other solid tumour types[3, 20, 21]

Clinical and histological studies have shown that development of metastatic melanoma is
often a multistep process. Stages in melanoma-genesis are generally characterized by
additionally acquired genetic aberrations that can instill a proliferative, invasive, and/or survival
advantage[22-24]. Melanoma can arise from precursor lesions such as benign nevi (typical
moles) or dysplastic nevi (atypical moles). Nevi develop as a result of an oncogenic mutation
causing an initially uncontrollable proliferation of melanocytes. These melanocytic lesions occur
within the outer layer of the skin (the epidermis), above the basement membrane and the dermis,
where melanocytes are typically found [23]. Moles are thought to be benign precursors of
melanoma. Fortunately, the majority of moles remain arrested for the lifetime of the individual

due to a phenomenom known as oncogene induced senescence (OIS)[25, 26] . However, likely
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due to subsequent genetic/epigenetic changes they can progress to the radial growth phase (RGP)
and/or vertical growth phase (VGP). RGP, defined as outward growth within the epidermis,
arises as a result of rogue melanocytes that have acquired additional genetic/epigentic aberrations
causing sustained proliferation. Surgical resection at this stage is often curative. Vertical growth
phase (VGP) is a step in melanoma-genesis, wherein the melanocytes become capable of
breaking through the basement membrane to invade the dermis and subcutaneous tissues[22-24].
The transition to VGP is a crucial step in the evolution of melanoma, because once melanocytes
have entered VGP they have acquired mutations that allow for anchorage-independent growth
and metastasis[23, 27]. This facilitates local invasion and metastatic spread, which are the main

cause of melanoma morbidity and mortality.

1.2. Genetic and Environmental Interactions in Melanomagenesis

Both genetic and environmental factors contribute to the transformation of a melanocyte
into melanoma. One of the most significant melanoma risk factors is a family history of
melanoma. Familial inactivating mutations of the CDKN2A4 gene occur in 20 — 40 % of cases of
melanoma-prone families[28]. From the same locus, CDKN24 encodes two gene products,
pl6™ A (INK4A) and p14**" (ARF), both of which are negative regulators of the cell cycle.
INK4A inhibits cyclin dependent kinase 4 (CDK4)- and CDK6- mediated phosphorylation of
retinoblastoma protein (pRB), prohibiting progression from G1 to S phase in the cell cycle[29].
ARF inhibits mouse double minute 2 homolog (Mdm2)-mediated degradation of p53[30, 31].
Thus, ARF acts to stabilize the tumour suppressor p53 that also functions to prohibit cell cycle
progression from G1 to S phase, but additionally activates DNA damage repair and induce
apoptosis in response to DNA damage and other cellular stressors[30-32]. Thus, inactivation of
INK4A and ARF due to mutation at the CDKN2A locus can result in unrestricted cell cycle
progression and subsequent oncogenic transformation. The cyclin dependent kinase 4 (CDK4)
locus has also been identified as a high risk melanoma susceptibility gene, although to a much
lesser extent than CDKN2A[33-37].

In addition to genetic predisposition to melanoma, exposure to the sun is a major
environmental risk factor associated with melanomagenesis. It is thought that, melanoma is
usually caused by DNA damage resulting from UV radiation from the sun or other sources, such

as tanning beds[38, 39]. An important genetic-environmental interaction that contributes to the
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genesis of melanoma is the role of polymorphisms in the melanocortin receptor 1 (MCIR) gene
in sensitivity to sun exposure (i.e. UV light)[40, 41]. This membrane receptor mediates the skin’s
ability to protect against DNA damage caused by UV radiation. Exposure to sunlight stimulates
MCIR resulting in the production of melanin, the UV-protective pigmentation produced by
melanoma cells[42]. Hair and skin colour, and the degree of pigmentation produced in response
to UV radiation (the UV pigmentation/tanning response) are in part mediated by germline
polymorphisms in the MCIR gene. These variants of the MCIR gene, and the resulting
impairment in melanin production, contribute to the light-skin, red/blonde hair, inability to tan,
and freckled phenotype[23, 42-46]. Not surprisingly, it follows that this phenotype is associated
with an increased risk for melanoma development and is associated with the number and severity
of melanoma tumours in familial and sporadic cases[23, 40, 41, 47]. Although certain genes have
been clearly linked to a heritable increased risk for melanoma, only 5 — 10% of melanoma cases
occur in a familial setting[48]. Silencing of CDKN2A4 also occurs in 20 % of sporadic melanomas
due to chromosomal deletions and promoter inactivation[49-52]. Another pathway that controls
progression through the cell cycle, the mitogen-activated protein kinase (MAPK) signaling
pathway, is commonly mutated in sporadic melanoma and other cancers. The MAPK pathway
transmits extracellular signals to cytoplasmic and nuclear effectors that act to mediate cell cycle
progression, cellular survival, and cellular differentiation[53-55]. The relevance of the most

common MAPK activating mutations in melanoma will be addressed below.

1.3. The MAPK Signaling Pathway in Melanoma
The MAPK pathway consists of the RAS-RAF-MEK-ERK signaling cascade. This

cascade is stimulated by upstream receptor tyrosine kinases (RTKSs), cytokines, and
heterotrimeric G-protein-coupled receptors in response to growth factors[56]. These factors
activate the membrane localized GTPase protein RAS (HRAS, KRAS, and NRAS in humans) by
facilitating the switch from GDP bound RAS to GTP bound Ras. Activated Ras can then recruit
the serine-threonine kinase RAF (ARAF, BRAF, and CRAF in humans) to the plasma membrane
where a complex mechanism involving conformational changes and phosphorylation events
activates their protein kinase activity[56]. Active RAF kinase then phosphorylates MEK1/2
kinases that subsequently phosphorylates a downstream kinases such as ERK and other proteins.

Activated ERK phosphorylates numerous cytosolic and nuclear effector proteins that regulate the

12



cellular response to the original signal[53-55]. Besides regulating proliferation,
apoptosis/survival, differentiation and senescence, MAPK signaling also mediates cell shape,
malignant invasion, and metastasis[57]. In comparison to what is observed for melanocytes, in
melanoma ERK is hyperactivated in 90% of cases by receptor overstimulation and mutationally
activated upstream signaling components such as RAS and RAF[58-60]. Oncogenic mutations in
melanocytes occur frequently in the BRAF and NRAS genes, found in approximately 50% and
20% of melanomas, respectively[60, 61]. In addition to activating the MAPK pathway, NRAS
activates the phosphoinositide 3-kinase (PI3K)/AKT pathway that functions in parallel to the
MAPK pathway to elicit proliferation and survival along with many other essential physiological
and cellular processes such as growth, metabolism, motility, and angiogenesis[62-64].
Oncogenic BRAF and NRAS mutations are typically mutually exclusive in human melanoma,
suggesting double mutants may not provide an advantage for melanoma initiation or progression
or are potentially selected against in tumourigenesis [5, 65-67]. This may also be a product of the
type of sun damage that most often produces each of these mutations. Melanomas harbouring
NRAS muations are more frequently found in areas of chronic sun exposure (e.g. lower
extremity) whereas melanoma harbouring BRAF mutations are associated with areas that
experience intense intermittent exposures to the sun (e.g. trunk and back)[68-71] .

Of the oncogenic genetic aberrations causing hyperactivation of the MAPK pathway in
human melanoma, mutational activation of BRAF is the most common and often the ecarliest
oncogenic event in melanoma-genesis. ARAF and CRAF mutational activation is extremely rare
in human cancer likely because of a fundamental difference in how they are regulated compared
to BRAF. Because of their structure and activation mode, ARAF and CRAF require two
mutations for oncogenic activation, whereas BRAF requires only one mutational alteration in
order to become activated[56, 60, 72]. Over 80% of the BRAF mutations in melanoma are the
result of a single base mutation from a T to an A at position 1799 of the BRAF gene, substituting
a glutamic acid for valine at the codon 600 (BRAF"**%)[60, 73]. This mutation results in a ~400
to 600-fold increase in BRAF activity relative to wildtype BRAF stimulating constitutive ERK
signaling [55, 72, 73]. In addition to stimulating proliferation, survival, and transformation,

studies have demonstrated BRAFY'E

signaling is important in promoting angiogenesis,
invasiveness, and metastatic spread in melanoma[57, 74]. Considering the significant role of

oncogenic BRAF in melanoma malignancy, interestingly, expression of oncogenic BRAF alone
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is insufficient for full malignant conversion. This notion is consistent with the observation that
BRAF is mutated in up to 80% of benign nevi (moles). Moles are thought to rarely progress to
melanoma because they are locked in growth arrested state brought on by the engagement of
OIS[73, 75-77]. OIS is mediated by the engagement of tumour suppressive mechanisms, often
acting through the p53 and pRb pathways [27]. Progression to malignant melanoma is most often
accompanied by the silencing of one or more tumour suppressor genes such as CDKN2A4, P53, or
PTEN[77, 78]. As mentioned above, loss of CDKN2A expression is common in sporadic cases of
melanoma (~20%)[52, 65]. Somatic mutations of P53 appear to be less frequent (~13%) and
mutatually exclusive of CDKN2A mutations in human melanoma[52]. This is thought to be
because silencing of CDKN2A effectively inactivates both the p53 and pRb pathways and loss of
CDKN2A expression is so common in melanoma there is less genetic pressure for mutation at
the P53 locus in melanoma tumorigenesis[79, 80]. Silencing of the tumour suppressor PTEN is
also common in melanoma. PTEN acts as a negative regulator of the PI3K/AKT pathway, a
pathway whose deregulation has been heavily implicated in the malignant progression of many
human cancers including melanoma[63, 81, 82]. The prevalence of mutations in PTEN and other

components of the PI3K/AKT pathway will be discussed in detail below.

1.4. The PI3K/AKT Signaling Pathway in Melanoma

The PI3K/AKT cascade controls a myriad of cellular functions, notably proliferation and
survival. This pathway is stimulated in response to growth factors or other extracellular stimuli
that act through a number of different membrane associated proteins, including RTKs, RAS, G
protein-coupled receptors (GPCRs), and integrins[83, 84]. These signals activate the catalytic
subunit of the class I PI3Ks (p110a, 3, 0, and vy, encoded for by PIK3CA, PIK3CB, PIK3CD, and
PIK3CG, respectively). Activated PI3Ks phosphorylate plasma membrane bound
phosphatidylinositols at the 3> OH group. The 3’phospholipids interact with intracellular proteins
that contain the plekstrin homology (PH) domain, recruiting them to the plasma membrane.
Phosphoinositide-dependent kinase 1 (PDK1) and AKT (isoforms AKT1, AKT2, and AKT3) are
recruited to the plasma membrane in this manner. Recruitment to the plasma membrane results in
the sequential activation of PDK1 and AKT. For full activation, AKT must be phosphorylated at
2 critical residues, Thr308 (catalytic domain) and Ser473 (regulatory domain). The Thr308
residue of AKT is phosphorylated by membrane recruited PDK1 and the Ser473 residue by the
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mTORC2 (mechanistic target of rapamycin (mTOR) complex 2). Through its serine/threonine
protein kinase activity, activated AKT phosphorylates several effector proteins, thereby
regulating multiple key cellular processes, including proliferation, apoptosis, growth/size,
metabolism, motility, angiogenesis, invasion, and metastasis [63, 81, 83-87]. As a lipid
phosphatase, PTEN directly antagonizes PI3Kinase activity by dephosphorylating
phosphoinositols at the 3’ position[88]. Thus, the overall activity of the PI3K/AKT pathway is
regulated by PTEN. Several independent studies have illustrated that without interference from
PTEN, the PI3K/AKT pathway is hyper-activated[82, 89]. Perhaps the most compelling evidence
of PTEN’s tumour suppressive role in cancer is the occurrence of tumour syndromes (Cowden
Syndrome) as clinical manifestations of PTEN germline mutations resulting in decreased or
dysfunctional PTEN. Individuals with Cowden Syndrome develop multiple benign tumours
termed hamartomas and are at increased risk for developing breast, thyroid, uterus, brain, and
renal cancer[90].

Oncogenic events that activate the PI3K-AKT pathway occur frequently in a variety of
cancers. In comparison to normal melanocytes, AKT is overexpressed (>60%) and hyper-
activated (43%) in a large proportion of melanomas[91-93]. Studies have identified that AKT3 is
the predominant overexpressed and hyperactivated AKT isoform in melanoma[93]. The
deregulated expression and activity of AKT3 was demonstrated to be attributable to increased
copy number of the AKT3 gene and reduced PTEN protein activity[93]. Although more common
in other types of cancer, mutational activation of PI3K or AKT are rare in melanoma (~1-3%,
refs [94-96]). Activating somatic mutations RTKs functioning upstream of the PI3K/AKT
pathway, such as c-Kit (~7.5%) and ERBB4 (~20%), have also been identified and implicated in
the hyperactivity of the pathway[97-99]. The two most common and studied oncogenic events
that activate the PI3K-AKT pathway in melanoma are activating mutations in the NRAS
oncogene and loss of expression and/or function of the tumour suppressor PTEN. Lost or
reduced expression of PTEN occurs in 20-40% of melanomas[4, 100]. Many mechanisms,
including epigenetic silencing, inactivating missense or nonsense mutations, focal or
chromosomal deletions, or frameshift mutations disrupting translation have been identified as
causes for reduced PTEN expression and function[89, 101-103]. Adenoviral transfer of wild-type
PTEN into melanoma cells lacking PTEN protein inhibits Akt phosphorylation and elicits

tumour-specific apoptosis or growth inhibition[104, 105]. Additionally, ectopic expression of
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PTEN can reduce the invasive potential of melanoma cells[89, 106]. Taken together these data
reinforce PTENs role as an important tumour suppressor in melanoma, and are consistent with
findings that PTEN functional loss is common in late-stage melanoma[89].

Similar to oncogenic NRAS and BRAF mutations, NRAS mutations and PTEN
mutations/deletions are most often mutually exclusive. Whereas coinciding BRAF and PTEN
mutations, and consequent activation of both the MAPK and PI3K-AKT pathways, occur
frequently in melanoma cases (~20%, refs [4-7]). Since NRAS functions upstream of both the
MAPK and PI3K-AKT pathway, the fact that it can activate both of these pathways is generally
thought to be the reason for the mutual exclusivity of NRAS and BRAF mutations and NRAS and
PTEN mutations in melanoma. Cooperativity of activating BRAF mutations and PTEN loss in
melanoma tumourigenesis has been demonstrated in vitro and in vivo. Typically, in melanocytes
expressing a lentiviral BRAFY"F insert, OIS is triggered, marked by increased expression of
senescence associate [-galactosidase (SA-B-gal) and decreased proliferative potential[107].
However, shRNA depletion of PTEN in BRAF"*"*_expressing cultured melanocytes prevents
these cells from undergoing senescence as detected by decreased levels of SA-B-gal and
increased proliferation[107]. An in vivo study utilizing genetically engineered mouse models
(GEMMs) demonstrated that BRAFY*" expression cooperates with PTEN loss to induce
invasive and metastatic melanoma[77]. AKT3-BRAF cross-talk is another mechanism by which
BRAF"*F and the PI3K-AKT pathway cooperate in melanomagenesis[108]. AKT3 can directly
phosphorylate BRAFY*F on residues S364 and S428, lowering BRAF activity. These inhibitory

V600E

phosphorylation events by AKT3 reduces BRAF activity to levels promoting, rather than

inhibiting, anchorage-independent growth and proliferation. In this way, aberrant AKT3 activity
relieves high levels of BRAF " -mediated MAPK signaling responsible for engaging OIS, thus

contributing to the transformation of BRAF """

-expressing melanocytes[108]. Although AKT3
has been heavily implicated in the pathogenesis of melanoma, recent studies using GEMMs of
melanoma have demonstrated the involvement of AKT2 in melanoma tumour development and
metastasis[109, 110]. Moreover, both PTEN loss and aberrant AKT activity contribute to
increased resistance to apoptosis in BRAF'%F

bypass therapeutic inhibition of BRAF[92, 93, 105, 108]. As such, the role of the PI3K-AKT

melanoma cells, providing a mechanism to

V600E

pathway in mediating resistance to BRAF -targeted therapies will be discussed below.
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1.5. BRAFY*'" Therapeutic Inhibition and Mechanisms of

Resistance

Since the discovery that about 50% of melanoma patients harboured the BRAF'%"

mutation, mutant BRAF became a favoured target for drug design[60, 111, 112]. After clinical

testing, in 2011 vemurafinib became the first selective BRAF """

inhibitor to be approved for
use in BRAF mutant melanoma patients[8, 9, 111, 113, 114]. This was a breakthrough in the
treatment of advanced stage metastatic melanoma, which pre-2011 had an extremely poor
prognosis of median overall survival of less than a year[115]. Before 2011, the DNA-damaging
agent dacarbazine and immunomodulatory cytokines, interleukin-2 (IL-2) and interferon alpha-
2B (IFN-a), had been approved for the treatment of advanced melanoma, but none of these had a
significant effect on increasing overall patient survival[116-118]. Treatment of previously
untreated BRAF mutant melanoma patients with vemurafenib provided much improved response
rates (~48% patients had tumour shrinkage) over dacarbazine treatment (5% [8], reviewed in ref
[115]). Clinical trials comparing the efficacies of vemurafenib and dacarbazine treatment showed
improved progression-free survival (time between treatment initiation and tumour growth or
patient death) of 5.3 months compared to 1.6 months, respectively, and improved median overall
survival of 13.3 months and 10.0 months, respectively. Dabrafenib, a second generation BRAF
inhibitor with more potency and some inhibitory activity on CRAF, has shown similarly
impressive responses. Dabrafenib treatment improved progression-free survival over dacarbazine
treatment (5.1 months versus 2.7 months, respectively) and when used in combination with
vemurafenib achieved a 76% response rate in BRAF-mutant melanoma patients[119, 120].
Although survival rates for advanced stage melanoma have improved due to the successful use of
targeted and immunotherapies, responses are usually neither complete nor durable (reviewed in
ref [115]). Unfortunately, approximately 20% of BRAF mutant melanoma patients present with
intrinsic resistance to BRAF inhibition (i.e. no tumour shrinkage)[10, 119]. Even in patients who
initially respond to the drug (i.e. progression-free survival), in nearly all cases this response is
short-lived with tumours acquiring resistance to BRAF-targeted therapy within a year (following
6-7 months of treatment)[8-10] .

Besides development of resistance, treatment with BRAF inhibitors can cause increased

occurrence of secondary skin cancers, colon cancers, and leukemias[121-124]. These cancers
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arise due to the paradoxical activation of MEK by inhibitor driven formation of BRAF/CRAF
homo- or hetero-dimers made up of an inhibitor-free partner and an inhibitor-bound partner.
Dimerization is required in the normal activation of RAF proteins, but inhibitor binding
promotes dimerization [125, 126]. In the presence of GTP-bound RAS, the inhibitor-bound
partner facilitates scaffolding or conformational changes that promote RAS-mediated activation
of the kinase activity of the inhibitor-free partner to drive MEK activation and subsequent ERK
activation[125, 127, 128]. Similarly, the majority of cases of acquired resistance to BRAF-
selective inhibitors involve ERK-dependent mechanisms wherein BRAF inhibition is bypassed
by reactivation of the MEK-ERK pathway[111, 129]. To date, no secondary mutation in BRAF
that would prevent inhibitor binding has been found in melanomas that have acquired
resistance[130, 131]. However, amplification of the mutant BRAF gene can occur resulting in
overexpression to levels that would overwhelm BRAF inhibition. In fact, mutant BRAF is

amplified in ~20% of resistant tumours[132]. Truncated forms of BRAF """

resulting from
alternative splicing can drive resistance by constitutive dimerization and activation of wildtype
BRAF[133]. Other mechanisms of ERK-dependent acquired resistance include, but are not
limited to, increased signaling by MAPK-activating RTKs, CRAF amplification, and acquisition
of activating NRAS mutations (able to signal through CRAF) or MEK mutations[131, 134-141].
Many of these resistance mechanisms can be prevented by dual BRAF and MEK inhibition since
they function upstream of ERK to sustain MAPK signaling. The treatment of melanoma patients
with dabrafinib and a MEK inhibitor, trametinib, has shown improved response rates (64% with
combination therapy compared to 51% with dabrafenib monotherapy), improved median
progression free survival (11.4 months with combination therapy compared to 7.3 months with
dabrafenib monotherapy), and an increase in overall suvival rate (72% at 12 months with
combination therapy compared to 65% with dabrafenib monotherapy)[142]. Additionally,
formation of secondary cancers is less frequent when using this combinatorial treatment
approach because addition of MEK inhibitor treatment is thought to block the paradoxical
activation of the MAPK pathway[120]. Unfortunately, patients still relapse on this combined
treatment regime, indicative of ERK-independent mechanisms of resistance are at play[120].
Multiple ERK-independent mechanisms of intrinsic or acquired resistance have been
identified in melanomas refractory to BRAF or BRAF/MEK inhibition. Microphthalmia-

associated transcription factor (MITF) is key regulator of melanocyte development functioning
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downstream of MCIR and RTK stimulation to control cell proliferation, survival, and
differentiation[130, 143]. Amplification of the MITF gene locus has been implicated in the
progression of melanoma, being absent in benign nevi, but present in 10% of primary cutaneous
and 21-40% of metastatic melanoma[7, 144]. MITF has been found to confer resistance to MEK
and BRAF inhibitors in melanoma cells by regulating anti-apoptotic factors (such as BCL2AI,
Bcl-2-related protein A1)[145] . Furthermore, increased expression of MITF was found in MEK
inhibitor-resistant melanoma cells[146]. As a signaling pathway that functions in parallel with
the MAPK pathway to transmit cellular proliferative and survival signals, not surprisingly, the
PI3K/AKT pathway has been found to confer BRAF'** melanoma with resistance to BRAF
inhibitors. Both in vitro and in vivo studies have determined several mechanisms by which
components of the PI3K-AKT pathway confer resistance to BRAF or MEK inhibition (reviewed
in [111, 130, 147]). Loss of PTEN expression has been shown to contribute to intrinsic and
acquired resistance to drug inhibition, partially as a result of increased AKT signaling that
suppressed the pro-apoptotic factor Bcl-2 associated death promoter (BAD)[148, 149] .
Specifically, AKT3 overexpression in melanoma cells mediates resistance to apoptosis when
BRAF is knocked down or inhibited[150]. In BRAF mutant melanoma, MEK inhibition can
mediate AKT activation, increasing PI3K-AKT signaling[151]. Overexpression of insulin-like
growth factor 1 receptor (IGF-1R) and platelet-derived growth factor receptor (PDGFR), RTKs
acting upstream of PI3K-AKT signaling, has been linked to BRAF and MEK inhibitor resistance
in resistant melanoma cell lines or tumour biopsies[131, 138]. These RTKs were able to confer
resistance to inhibitor-induced apoptosis by activating the PI3K/AKT pathway, without
concurrent activation of the MAPK pathway. Taken together, these studies further highlighted
the importance of PI3K-AKT signaling in the malignancy and drug-refractory nature of

melanoma and thus presenting a new avenue for targeted drug design.

1.6. PI3K-AKT-mTOR Therapeutic Inhibition and Resistance

Considering the contribution of PI3K-AKT pathway to malignant progression and
development of resistance to therapeutic drugs, it has become an attractive target for therapeutic
inhibition in melanoma and other cancers. To date, many inhibitors targeting this pathway have
been designed and have undergone preclinical and clinical testing for efficacy in the treatment of

various cancers[152-154]. Specific to melanoma, preclinical studies of PI3K-AKT pathway
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inhibition on cultured melanoma cells and GEMMs of BRAF'*"_driven melanoma have
demonstrated the efficacy of these inhibitory drugs in decreasing melanoma malignancy and
reversing resistance to MAPK inhibition[138, 151, 155-161]. In conjunction with MAPK
inhibition, these studies the use of inhibitory drugs directed to specifically targeting PI3K, AKT,
and/or mTOR (mechanistic target of rapamycin), a downstream effector of the PI3K-AKT
pathway that stimulates increased cellular transcription and translation (i.e. growth). Co-targeting
the MAPK and PI3K-AKT pathway proved successful in reducing proliferative potential and
increasing levels of apoptosis when compared to independent pathway targeting. Unfortunately,
in clinical trials combining MEK and PI3K/AKT/mTOR targeted therapies, the presence of
overlapping toxicities has become problematic[63, 162, 163]. Because the PI3K-AKT pathway is
also essential in non-tumour cells, establishing a tolerable dose and schedule for clinical co-
administration with MAPK inhibitors has been a difficult undertaking. However, it remains to be
tested whether targeting specific isoforms of PI3K or AKT can generate a sustained critical
response with reduced toxicities.

Another issue with targeting components of the PI3K-AKT pathway is the emergence of
resistance to inhibition due to feedback loops that reactivate the pathway (reviewed in[164]).
Feedback induction of AKT activation due to mTORCI inhibition is a prime example of one
such loop. mTORCI is a protein complex of mTOR (catalytic subunit) and several other proteins
that is activated downstream of AKT, stimulating transcription and translation[165]. Normally,
mTORCI1 functions to negatively regulate insulin receptor substrate 1 (IRS1), a signaling adaptor
protein that transmits signals from IGFR1 to PI3K. Inhibiting mTORC1 with rapamycin (mTOR
inhibitor) relieves its negative regulation on IRS1, resulting in the subsequent activation of PI3K
and AKT[166, 167]. In some cases, mTORCI inhibitor-mediated activation of IRS1 can signal
through the MAPK pathway to activate ERK signaling[168, 169]. This type of feedback has been
seen in many types of cancers including melanoma, possibly explaining the ineffective clinical
activity of single agent mTORCI inhibitors in the treatment of metastatic melanoma, even when
co-administered with RAF inhibitors[158, 170-172]. Dual mTORCI/mTORC2 targeting can
mitigate this effect since mTORC2 functions to phosphorylate the regulatory domain of AKT,
required for the full activation of AKT kinase activity. The protein complex of mTORC?2 also
contains mTOR as its catalytic subunit, but it carries out a different function by interacting with a

different set of proteins than those in mTORCI1[173]. Also, since PDKI1 is required to
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phosphorylate the catalytic subunit of AKT for complete activation of AKT kinase activity,
targeting mTORC1 and PDKI1 simultaneously could help overcome this mechanism of
resistance. Using a GEMM of BRAFV*E::PTEN"" driven melanoma, Scortegagna et al.
demonstrated that deletion or inhibition of PDK1 delayed melanoma progression and reduced
invasion and metastasis with little toxicity[174]. These results shed light on another node of the
PI3K-AKT pathway that could be targeted in conjunction with MAPK inhibition for the
treatment of melanoma.

In another feedback loop seen in breast, lung, and prostate cancer cell lines, inhibition of
PI3K and AKT relieves the negative regulation on forkhead box protein O (FOXO) transcription
factors permitting the transcription and overexpression of multiple RTKs, most often ERBB3
and IGF1R[175-177]. Upregulation of these RTKs can reactivate downstream MAPK and PI3K-
AKT pathway signaling, reinforcing signals that promote proliferation and survival[175, 177]. A
strategy to escape the feedback resistance mediated by both of these feedback loops would be to
use dual PI3K/mTOR inhibitors. Pre-clinical studies in melanoma cell lines and GEMMs of
melanoma have confirmed the efficacy single agent inhibitors that target both PI3K and mTOR,
with or without concurrent MEK inhibition[158, 178]. Currently, various clinical trials are
underway to assess the efficacy and safety of co-administration of MEK and dual PI3K/mTOR
inhibitors to treat melanoma, although preliminary results suggest that toxicity of this combined
treatment is still problematic[111, 163, 164, 179].

Since recurrent resistance to BRAF-specific inhibitors was realized, there has been a shift
in the rational drug development for treating malignant melanoma. Multiple pathways have
become simultaneously relevant in finding treatment options that will provide a sustained critical
response. Researchers are now looking to use BRAF and/or MEK inhibitors in conjunction with
other drugs that target multiple nodes of aberrant melanoma signaling pathways [180]. The
PI3K-AKT pathway is a logical target for therapeutic intervention considering its well-
documented role in melanoma-genesis and contribution to development of resistance to MAPK
targeting chemotherapeutic drugs. Loss of PTEN expression has been implicated in both of these
aspects of melanoma malignancy. Unfortunately, restoration of PTEN loss is not a therapeutic
option with currently existing technologies. Therefore, the PI3K-AKT pathway activating
molecules that function directly above PTEN (PI3K), and below PTEN (PDKI1 and AKT), from

henceforth referred to as PTEN proximal genes/proteins, have been heavily investigated to
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determine their role in malignant progression and potential to be clinically targeted, especially in
the context of BRAF mutant melanoma. As potentially druggable kinases, these signaling
molecules present an opportunity for the rational development of inhibitors to effectively target
this pathway.

In the treatment of melanoma, clinicians are currently faced with several problems in
targeting the MAPK and PI3K-AKT pathways, including the emergence of resistance (due to
feedback loops, pathway cross-talk, etc.) and toxicities associated with co-targeting these
pathways. One strategy to potentially overcome toxicity and feedback loop resistance associated
with targeting PI3K and AKT in cancer, would be to use isoform-specific inhibitors instead of
pan-PI3K and pan-AKT targeted drugs. For instance, the immune system is largely dependent on
PI3K-p110-0 and PI3K-p110-y signaling, so using inhibitors to specifically target p110-o and/or
p110-p could help avoid adverse chemotherapeutic effects on the immune system[63, 164]. A
considerable amount of evidence exists that suggest that inhibiting a single PI3K or AKT
isoform is sufficient to inhibit certain types of tumours[63, 164]. However, it remains to be tested
whether targeting specific isoforms can generate a sustained critical response in the treatment of

melanoma.

1.7. Research Objectives

To safely pursue these PTEN proximal signaling molecules as rational therapeutic
targets, the PI3K/AKT pathway must be studied more extensively. Preclinical studies are
required to gain a better understanding for how specific PI3K and AKT isoforms, along with
PDK1, cooperate with BRAF activation to contribute to the initiation and progression of
melanoma, and additionally, how these PTEN proximal signaling molecules contribute to
intrinsic and acquired resistance to therapeutics. Following this logic, the goal of my research
was to elucidate the role of PTEN proximal signaling molecules in BRAF"****-driven melanoma
cell transformation, proliferation, and viability (Figure 1.1). Using a lentiviral delivery system,
expression of PTEN proximal genes were systematically ablated in vitro with short hairpin
RNAs (shRNAs) to be able to assess their contribution the malignant characteristics of
melanoma cell lines. With these reagents we could determine whether knockdown of specific
PTEN proximal genes could sensitize cells to BRAF/MEK inhibition. The knowledge gained

from performing these experiments was to build upon the current model of melanoma
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Figure 1.1. Experimental approach. Melanoma cells are infected with lentiviral shRNA vectors
containing shRNAs targeting the PTEN proximal signalling molecules in the PI3K-AKT pathway.
Cells that have stably incorporated the lentiviral insert are selected for. These cells are used in
subsequent experiments to test the effect of sShRNA-mediated target knockdown on the malignant
phenotype of melanoma cells in vitro.

development and resistance, with the intention of informing efforts geared towards determining
how to effectively and specifically target the PI3K-AKT pathway in a way that will produce a
sustained and tolerable therapeutic response.

There exists a great level of homology within the catalytic domains of the PI3K isoforms
and the AKT isoforms[181]. This makes it challenging to target individual isoforms specifically
with small molecule inhibitors. At the onset of my Master’s studies, isoform-specific inhibitors
were in the early stages of development and commercialization and were not readily
available[181]. To genetically determine the functional role of PTEN proximal genes in
melanoma, I set out to use a genetic, sShRNA-based approach. Furthermore, within the PI3K
family and AKT family of signaling molecules, respectively, the isoforms have overlapping
downstream targets, which would make it more difficult to monitor efficacy of isoform-specific
pharmacological inhibition given their functional redundancy. With shRNA-mediated
knockdown of each target, one can simply assay for adequate knockdown by detecting levels of
mRNA or protein. Herein I describe the use of a luciferase-based approach to triage shRNAs for
functional knockdown of target mRNA. Once identified, successful shRNAs were cloned into

lentiviral targeting constructs. Further work was done to ensure the effective delivery and
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expression of targeting constructs in melanoma cells using lentiviral integration to confer stable
silencing of each PTEN Proximal gene. With this work, I sought to optimize the use of an

inducible lentiviral expression system for the purposes of the aforementioned research.
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2. Materials and Methods

2.1. Manipulation of DNA/Plasmid Preparation

2.1.1.  Bacterial Growth
To prepare plasmid DNA for cloning and cell culture purposes, mostly DH10B

(Invitrogen) and Machl (invitrogen) bacteria were used. When growing a plasmid that contained
a ccdB cassette, ccdB Survival™ 2 T1 Phage-Resistant bacteria (Invitrogen) were used. Bacteria
were made chemically competent for transformation using the Zymo Research Mix & Go E. coli
Transformation Kit (Zymo Research #T3001) as per the manufacturers instructions. Plasmid
DNA transformations into competent bacteria were performed on ice for 5 — 30 minutes, then
plated on LB agar plates containing the appropriate selection antibiotic. The antibiotic
concentrations used for selection in LB growth medium or agar plates were 50 ng/mL
Kanamycin, 50 ng/mL Carbenicillin and 12.5 ng/mL Chloramphenicol. For Kanamycin and
Chloramphenicol encoding plasmids, transformed bacteria were first grown in antibiotic-free LB
or SOC medium for an hour before plating on LB agar plates. To isolate plasmid DNA from
bacterial cultures, standard miniprep and midiprep protocols were used. For minipreps, if cleaner
plasmid preps were required, the BioBasic BS614 EZ-10 Spin Column Plasmid DNA kit was
used. For midipreps, the Promega PureYield Plasmid Midiprep System (Promega #A2495) was

used.

2.1.2.  Sequencing
For sequence verfication of prepared plasmids, all sequencing was performed by the
McGill University and Genome Quebec Innovation Centre using Sanger sequencing. The

sequencing primers are listed in the Appendix (Table 1).

2.1.3.  Gateway LR Reaction (pCheck2, pTREG, and pLEG)
For two-plasmid LR recombination reactions Gateway LR Clonase Il enzyme was used
(Invitrogen #11791-020) in a 5 pL total reaction volume (10 fmol Entry vector, 20 fmol
Destination vector, 1 pL. LR Clonase II, and rest of volume with TE pH 8.0). For four-plasmid

LR recombination reactions, Gatway LR Clonase II Plus enzyme was used (Invitrogen #12538-
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120) in a 5 pL total reaction volume (1 pL of each of the Entry plasmids at 10 fmol, 1 pL of the
Destination plasmid at 20 fmol, 1 uLL LR Clonase II Plus, and TE to 5 puL if needed. Reactions
incubated at room temperature for 16 — 24 hours, and were terminated by adding 1 uL Proteinase
K (Invitrogen P/N 59895) and incubating at 37°C for 20 minutes. The 3 — 6 uL of the reaction
mix was then transformed into 50 — 100 pL of competent ccdB-sensitive bacteria bacteria.
Two-plasmid LR reactions: recombining miRNA cassette from pBEG R3-shRNA-L4
into pTREG Dest L3-(ChlorR-ccdB)-R4 to make pTREG shRNA, recombining ¢cDNA from
pDONR201(L1-L2), pDONR221(L1-L2), or pENTR D(L1-L2) plasmids into pCheck2 Dest
(R1-R2). Four-plasmid LR reaction: pENTR L1-dsRed-L2, pBEG R2-iPuro-L3, pBEG R3-
shRNA-L4, and pLEG RI1-(ChlorR-ccdB)-R4 to make pLEG-dsRed-iPuro-miRNA, referred to
as pLEG shRNA below. Note: pLEG-eGFP-iPuro was obtained from Ben Geiling who had

already constructed this plasmid.

2.1.4. Cloning of shRNA into pBEG shTest

Novel shRNAs were cloned into the pBEG shTest R3-miRNA(ChlorR-ccdB)-L4 plasmid
in between Xhol/EcoRI sites flanked by the miRNA-30 cassette. The backbone of the pBEG
shTest plasmid was prepared for shRNA insertion by restriction enzyme digest with Xhol/EcoRI,
followed by gel extraction with BioBasic EZ-10 Spin Column Gel Extraction Kit (#BS654) of
the resulting ChlorR-ccdB free backbone. The ~100 bp shRNA templates were ordered from
Sigma Aldrich Custom DNA at a 0.05 pmol scale using Reverse-Phase Cartridge Purification
(RP1). The basic structure for the ordered shRNA template is as follows:
TGCTGTTGACAGTGAGCG-A(shRNA  Sequence)C-TGCCTACTGCCTCGAAT with a
constant 19-bp loop sequence (X — TAGTGAAGCCACAGATGTA - X’) flanked by 19 — 23

nucleotide sequences, X and X’, homologous to the target (based on [182, 183]). For a list of
PTEN Proximal gene targeting shRNA sequences, see the Appendix (Table 3). X represents the
sense sequence (target sequence on mRNA from gene of interest) and X’ represents the antisense
sequence (portion that binds target sequence on mRNA to elicit knockdown). Bolded nucleotides
vary depending on the target sequence. The C represents the last 3” nucleotide of the antisense
sequence and should compliment the intended target sequence. The A represents the first 5’
nucleotide of the sense sequence which should be changed to be uncomplimentary to whatever

nucleotide replaces the C in the antisense sequence. The underlined sequences share homology
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with universal primers (Fwd) 5’-CACCCTCGAGAAGGTATATTG CTG TTG ACA GTG AG-
3> and (Rev) 5’-CCCCTTGAATTCCGAGGCAGTAGGCA-3’ and add flanking Xhol/EcoRI

sites for subsequent cloning into pPBEG shTEST (primers based on those used by Chang et
al[183]).

PCR amplification from the ~100 nucleotide shRNA template was performed using 0.5
units Phusion polymerase (NEB #M05305), 200 nM dNTP, 400 nM of each primer, 400 nM
shRNA template, 704 nM DMSO in a total 25 ul PCR volume with 30 cycles (10 seconds at
98°C, 30 seconds at 60°C and 60 seconds at 72°C). The Phusion polymerase was then
inactivated with Proteinase K (Invitrogen P/N 59895, 1 uL in 25 uL PCR volume) for 30 minutes
at 37 °C, followed by a Proteinase K inactivation incubation for 10 minutes at 95 °C. Of the PCR
product, 10 pL is digested with Xhol/EcoRI for 2 hours at 37°C, followed by incubation for 20
minutes at 85°C to inactivate the restriction enzymes. Digested shRNA PCR product (3 pL) was
then ligated to the gel extracted pBEG shTest backbone (3 pL) with T4 DNA Ligase (NEB
#MO0202S) for at least 1 hour. The ligation mix (2.0 to 4.0 uL) was then transformed into 50 pL
of competent bacteria to plate on LB agar plates. Colonies were subsequently picked for pBEG

shRNA minipreps to isolate plasmid DNA for the luciferase assay shRNA triaging process.

2.1.5. pCheck2 Plasmids

PTEN Proximal gene human cDNA sequences were inserted into the pCheck2 Dest (R1-
R2) plasmid (psiCHECK2 made Gateway compatible by Kendall Dutchak, Addgene #48955) for
use in the luciferase assay shRNA triaging. cDNA sequences were cloned out of plasmids
obtained from Addgene: pJP1520-PIK3CA (HsCDO00038080), pDNR-Dual-PIK3CB
(HsCD00001636), pDNR-Dual-PIK3CD (HsCD00022410), pDNR-Dual-PIK3CG
(HsCD00005739), pDONR201-PTEN (HsCD00001438), pDONR221-PDK1 (HsCD00296763),
pDONR221-AKT1 (HsCD00296490), pDNR-Dual-AKT2 (HsCD00022399), and pDONR201-
AKT3 (HsCD00305207). Upon my arrival, Kendall Dutchak (PhD student in Dankort lab) had
already made the pCheck2-AKT1 and pCheck3-AKT3 plasmids with Gateway LR
recombination form the addgene cDNA plasmids into the pCheck2 Dest (R1-R2) plasmid. I
prepared the pCheck2 PTEN and pCheck2 PDK1 plasmids in the same manner. These cDNA
sequences were flanked by L1-L2 recombination sites, therefore only one Gateway LR

recombination reaction was required to the pCheck2 plasmid. The AKT2 cDNA was PCR
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amplified with TOPO-directional compatible primers (See Appendix Table 1) and subsequently
cloned into pENTR D-TOPO (Invitrogen pENTR-TOPO-D Kit #K2400-20) as per the
manufacturers instructions. The L1-L2 flanked AKT2 cDNA was the cloned by Gateway LR
recombination into pCheck2. The PI3K cDNA sequences were cloned into pCheck2 using
standard restriction enzyme cloning methods. I obtained the pCheck2-P53 from Ben Geiling who

had constructed this plasmid previously.

2.1.6.  Generation of pBEG miRNA-E

The miRNA-E cassette was synthesized by BioBasic (in pUC57). See Appendix for more
detailed description of modifications to the miRNA-30 cassette to give miRNA-E. The miRNA-
E cassette was cut out of pUC57 with BglII/MIul before being ligated into the pPBEG shTEST
backbone cut with BamHI/Mlul. This ligation would destroy the 5° BamHI site in pBEG
shTEST, allowing for the easy discrimination between pBEG shTest miRNA-30 and pBEG
shTest miRNA-E by restriction enzyme screening for the missing BamHI site. This was followed
by cloning a chloramphenicol-ccdB cassette into the Xhol/EcoRI sites in the miRNA-E cassette
to give pBEG shTest R3-miRNA-E(ChlorR-ccdB)-L4. Existing shRNA oligos were PCR
amplified with the following primers to make them compatible with the miRNA-E backbone:
(Fwd) 5’- TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG-3’ and (Rev) 5°-
TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC-3’. From this PCR product I
proceed with the same steps used to miRNA-30 shRNAs into pBEG shTest.

2.2. Tissue Culture

2.2.1. Culture of Mammalian Cells

Cells were grown in a humidified incubator at 37°C and 5% CO,. HEK 293T (human
embryonic kidney) and A375 cells (melanoma) were cultured in DMEM (Wisent) containing
10% v/v FBS (Wisent) and 1% w/v penicillin/streptomycin (P/S, Wisent), unless otherwise
stated. WM279, WM1617, WM9, and WM35 melanoma cells were cultured in 2% Tumour
Medium (Tu 2%: 80% MCDB 153 medium, 20% Leibovitz’s L-15 media, 5 pg/ml bovine
insulin and 1.68 mM CacCl,) containing 2% heat-inactivated FBS (56°C for 20 minutes) and 1%
P/S. Sk-mel-2 melanoma cells were cultured in EMEM containing 10% FBS and 1% P/S. All

cells were maintained in 100 mm tissue culture coated dishes with 10 mL of media and sub-
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cultured every 3 - 4 days when appropriate. When trypsinizing cells, 0.25% w/v trypsin-EDTA
solution was used for 293T cells, and 0.05% w/v trypsin-EDTA was used for the melanoma cell

lines.

2.2.2.  Transfections

In a 100 mm dish, 5 x 10° 293T cells were transfected using a polyethyleneimine (PEL 42
uL of 1 mg/mL solution) along with a total of 16 pug of plasmid DNA diluted in 550 uL OMEM
(Invitrogen #11058-021). In a 150 mm dish a total of 36 pg of DNA was transfected after
dilution in 1200 pL of OMEM and 96 uL of PEI The transfection mix was incubated at room
temperature for 30 minutes before adding it to the 293T cells cultured in regular growth medium.
When applicable transfections for virus production were performed using Lipofectamine 2000
transfection reagent (Invitrogen #11668-027) as per the manufacturers instructions. Transfections

were performed overnight at 37°C and the medium was replaced the next morning.

2.2.3. Luciferase Assay
On Day 1, 5 x 10* 293T cells/well were seeded in 24-well dishes. For the first round of

triaging, to compare the efficiency of knockdown between shRNAs targeting the same reporter,
pBEG shRNA plasmid DNA was prepared with BioBasic BS614 EZ-10 Spin Column Plasmid
DNA kit using the low copy plasmid protocol. The pPBEG shRNA and pCheck2 plasmid DNA to
be used for transfections was standardized to 100 ng/puL. On Day 2, 293T cells were co-
transfected with 0.46 pug of pPBEG shRNA DNA and 0.20 pg of pCheck2 DNA per well. Before
putting the DNA on the cells, the transfection mixture was prepared in 100 uL. of OMEM and 1.8
uL of PEI and left to incubate at room temperature for 30 minutes. Transfections were performed
overnight. On Day 3, the medium was replaced the in the morning for fresh DMEM. On Day 4,
cells were washed 1X with PBS and then lysed with Passive Lysis Buffer (Promega #E194A) as
per the manufacturers instructions. Of the lysate, 5 pL from each sample was transferred to a 96-
well plate (white flat-bottomed, Corning #3912). Firefly and Renilla luciferase activity was
quantified using a Tecan 200 plate reader/injector running i-Control software. The luciferase
assay solutions were made in the lab as described previously[184, 185]. Firefly solution is
injected first (100 uL/well), shaken for 2 seconds, and then the luminensence is recorded over 10
seconds, followed by injection of the renilla luciferase solution (100 pL/well), 2 seconds of

shaking, and then renilla luminescence was recorded over 10 seconds. For the second round of
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luciferase assays, 2-3 effective pPBEG shRNA plasmids were chosen to midiprep and test for
specificity amongst targets that are from a family of isoforms (e.g. PI3K isoforms). To test
specificity the luciferase assays were set up the same way except pPBEG shRNA plasmids are co-
transfected with the pCheck2 reporter plasmids they specifically target and also the pCheck?2

reporters of similar targets.

2.2.4. Lentivirus Production

Lentivirus was produced in 293T cells co-transfected of the packaging plasmids pAX.2
and pMDG (VSV-G encoding plasmid) with a lentiviral plasmid (pLEG or pTREG). When
lentivirus of different pseudotype was required, either pLTR-RD114A (Addgene #17576),
pHCMV-MokolaG (Addgene #15811), or pHCMV-LCMV-WE (Addgene #15793) replaced
pMDG in the transfection. On Day 1, 5 x 10° and 12 x 10° 293T cells were seeded in 100 mm
and 150 mm dishes, respectively. On Day 2, for the 100 mm dish 293T cells were transfected
with the following: 8.0 pg of the lentiviral plasmid, 2.8 pg of pMDG, and 5.2 pg of pAX.2
diluted in 550 pL of OMEM and 42 pL of PEIL For the 150 mm dishes the amounts were as
follows: 18.0 pg of the lentiviral plasmid, 6.3 pg of pMDG, and 11.3 pg of pAX.2 diluted in
1200 uL of OMEM and 96 pL of PEIL. The transfection mix was left to incubate at room
temperature for 30 minutes before adding it to the 293T cells. Transfections were performed
overnight. On day 3, the medium was replaced with fresh culture medium. On Day 4, the viral
superantant was collected from the cells and filtered through a 0.45 pum filter to remove cells or
other debris. The virus was either used for infections immediately thereafter or aliquoted for

storage in a -80°C freezer.

2.2.5.  Lentivirus Production for Concentration by Ultracentrifugation

On Day 1, 10 x 175 cm” flasks were seeded with 12 x 10° 293T cells each. On Day 2,
each flask of cells was transfected with the following: 18.0 pg of the lentiviral plasmid, 6.3 ug of
pMDG (or other envelope glycoprotein encoding plasmid for pseudotyping), and 11.3 pg of
pAX.2 diluted in 1200 pL of OMEM and 96 pL of PEI. Transfections were performed overnight.
On Day 3, the medium was replaced with 20 mL fresh serum containing or serum-free culture
medium per flask. On Day 4, viral supernatant from all of the flasks was pooled and filtered
through a bottle-top 0.22 um filter to remove cells and other debris. To concentrate the virus, 32

mL was placed in each of six 38.5 mL polypropylene tubes (Beckman Coulter #326823) for
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ultracentrifugation. A 4 mL layer of 20% sucrose was added to each tube to cushion the viral
supernatant. Virus was centrifuged in a Beckman Coulter SW32Ti ultracentrifuge rotor at 25,900
RPM for 2 hours cooled to 4°C. After ultracentrifugation, the supernatant was removed by
aspiration and 100 pL of PBS was added to each tube to resuspend the pellet. The tubes were
kept at 4°C for 2 hours with occasional gentle vortexing. Lastly, the virus was pooled from all 6
tubes usually totaling ~1000 pL. This was aliquoted into microtubes for storage in a -80°C

freezer.

2.2.6.  Lentivirus Titration — Puromycin-Resistant Colonies

To titer virus by puromycin selection, on Day 1, 4 x 10° 293T cells were seeded per well
in 6 well dishes. The dishes were coated with poly-D-lysine as per manufacturer’s instructions
(Sigma Aldrich #P6407-5MG). One 6 well dish was required for each viral preparation to be
titered. On Day 2, required volumes of virus were thawed on ice. 2 mL 10-fold serial dilutions of
the virus was prepared (in microtubes) ranging from 107 to 10°. Virus was diluted in DMEM
containing 8 pg/mL of polybrene for enhanced transduction. After removing the normal culture
medium from the cells in the 6 well dishes, 1 mL of each serial dilution was put on the cells with
one well containing just polybrene DMEM as a non-infected control. Cells were infected
overnight. On Day 3, the virus was removed and replaced with fresh DMEM. On Day 4, media
was replaced by DMEM containing puromycin at concentration of 4 pg/mL. Cells were cultured
for 7 — 9 days in puromycin to allow for puromycin-resistant colonies to grow, replacing the
medium with fresh puromycin containing DMEM every 2 — 4 days. To count resistant colonies,
cells were washed once with 1X PBS, fixed with formalin for 1 hour, then stained with 0.1%
crystal violet for 20 minutes, followed by two rinses with 1X PBS. Plates were left to dry
overnight and crystal violet strained colonies were counted the following day. Colonies were
counted under microscope visualization at 40X magnification. Viral titer was calculated by
multiplying the number of colonies per well by the dilution factor (transducing units/mL,
TU/mL). An average of calculated titers from all the countable wells was taken to give final viral

titer.

2.2.7. Lenitvirus Titration — TurboRFP Positive Colonies

Titration by this method was performed as explained in the pTRIPz technical

manual[186], with a minor modifications. Briefly, on Day 1, 5 x 10* 293T cells were seeded per
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well in 24 well dishes in 0.5 mL/well of regular culture media (DMEM supplemented with
serum). The dishes were pre-coated with poly-D-lysine as per manufacturer’s instructions
(Sigma Aldrich #P6407-5MG). For each viral preparation to be titered, 6 wells of cells were
required. On Day 2, DMEM was replaced on the 293T cells with 225 pL/well of DMEM
containing 8 pg/mL of polybrene. Required volumes of virus were thawed on ice (20 pL per
viral prep). 100 uL 5-fold dilutions of each virus were prepared in a round bottom 96 well plate,
with dilutions ranging from 5'- to 5°-fold. Virus was diluted in DMEM containing 8 pg/mL of
polybrene. The first 5-fold dilution was made by diluting 20 uL of the viral stock in 80 pL of
DMEM. After pipetting up and down 10 — 15 times, the pipette tip was discarded and a new tip
was used to transfer 20 pL of this dilution to the next well already containing 80 pL of DMEM.
These transfer/mixing steps were repeated until all the serial dilutions were prepared. If multiple
viral preps were being titered at once, the serial dilutions were prepared using a multichannel
pipettor. 25 pL of each viral dilution ranging from 5°- to 5%-fold were tranferred to the 24 well
destination plate containing 293T cells. Cultures were incubated for transduction at 37°C for 4
hours. The transduction mix was removed and cells were rinsed very gently with once with 1X
PBS. Gently, 1 mL of doxycycline containing DMEM (1 pg/mL) was added to each well and
incubated at 37°C for 72 hours. TurboRFP expressing cells or colonies of cells were counted
under a fluorescence microscope. Each multi-cell colony was counted as 1 transduced cell, as the
cells were dividing over the 72 hour culture period. To calculate viral titer, the following formula
for used: # of TurboRFP positive colonies counted x dilution factor x 40 = # TU/ml. An average

of calculated titers from all the countable wells was taken to give final viral titer.

2.2.8. Lentivirus Infection

To infect cells, 1 — 5 mL unconcentrated virus was diluted to 10 mL with fresh media
containing polybrene at a concentration of 4 - 8 pg/mL. For A375 and 293T cells 5 mL of virus
was diluted in 5 mL of DMEM. For WM9 and WM1617 cells, less virus had to be used because
of cytotoxicity issues (1 — 3 mL of unconcentrated virus in a total of 10 mL of Tu 2%). For
infections at a specific MOI, first the # of TUs required were calculated: MOI x # cells to be
infected. Then volume of the titered viral stock to be used for infection was calculated: (# of TUs
required)/(viral titer in TU/mL). When heat-inactivation of the virus was required before

introduction to cells, the virus was incubated at 50°C for 1 hour. Infections were performed at
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37°C overnight. The following day the infection mix was removed and replaced with regular
growth media. Two days post-infection, stable cell lines were selected by adding puromycin to

the culture medium at 4 pg/mL for at least 4 days.

2.2.9. Doxycycline Treatment
Expression of shRNA in pTREG shRNA cell lines was induced with treatment of

doxycycline at 1 pg/mL, unless otherwise stated. Doxycycline-containing medium was changed

every other day for the duration of induction/assay time.

2.2.10. Resazurin Viability Assays

Cells were seeded in 96 well dishes at 2500 cells/well. The next day, growth medium was
added containing 0 — 5.0 pg/mL of doxycycline. Each concentration was tested in replicates of 4.
Cells were incubated in doxycycline for 5 days at 37°C, changing the medium every other day.
At the end of the treatment period, resazurin (Sigma) prepared at 0.3 mg/mL was added at 10%
volume of the medium in each well (e.g. 10 uL of resazurin in 100 pL of medium). The cells
were incubated in resazurin for 3 hours at 37°C. Absorbance at 570 nm with reference at 600 nm
was measured using a Tecan 200 plate reader. To analyze the data, the OD values of doxycycline
treated samples (test samples) were divided by that of doxycycline-free control samples, i.e. the
control samples were set as 100% viable and cell viability for the treated samples was calculated

as: (OD of test samples)/(OD of control samples) x 100%.

2.2.11. Western Blots

Protein lysis was performed using PLC lysis buffer (50 mM HEPES pH 7.5, 150 mM
NacCl, 10 % glycerol (v/v), 1% Triton X-100 (v/v), | mM EGTA, 1.5 mM MgCl,, 10 mM NaF,
and 10 mM Na4P,07, Aprotinin, Leupeptin, and Pepstatin at 1 pg/mL, 1 mM PMSF, 1 mM
orthovanadate). In a 100 mm dish, cells were washed with ice cold PBS (2 x 5 mL), and then 500
uL of lysis buffer was added. Cells were incubated on ice for 20 minutes with occasional tapping
to loosen the cells from the plate. A cell scraper was used to collect the cells in the lysis buffer
into a microtube. Lysates were centrifuged at 16,100 g at 4°C. The supernatant was collected into
a fresh tube and stored in the -80°C freezer until assayed for protein concentration (Novagen
BCA Protein Assay Kit #CA82601-004). Samples were prepared in 1X Laemmli buffer (67 mM
Tris pH 6.8, 10% v/v glycerol, 1.25% w/v SDS, 0.0025% w/v bromophenol blue and 2.5% v/v 2-
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mercaptoethanol) to load onto gel, at 30 — 60 pg of protein per well. Once in Laemmli buffer,
samples were boiled at 100°C for 5 minutes before loading.

Proteins were separated by SDS-PAGE on 10% acrylamide gels. The proteins were then
transferred onto a PVDF membrane in transfer buffer (25 mM Tris base, 192 mM Glycine)
containing 20% methanol (v/v). Transfers were run at 400 mA for 2 hours or overnight at 100
mA for 8 hours. Membranes were blocked using milk-TBS-T, TBS-T (50 mM Tris base, 150
mM NaCl and 0.05% v/v Tween-20) with 5% milk powder (w/v), for 1 hour at room
temperature. After blocking, blots were incubated in primary antibody overnight at 4°C. Primary
antibodies were diluted in TBS-T with 5% BSA (w/v). The primary antibodies and dilutions used
were: PI3Kinase pl10a (Cell Signalling #4249, 1:500), PI3Kinase pl110p (Cell Signalling
#3011, 1:500), PI3Kinase p110d (Santa Cruz #sc-7176, 1:1000), PI3Kinase p110y (Santa Cruz
#sc-7177, 1:1000), PTEN (Cell Signalling #9188, 1:1000), PDK1 (Cell Signalling #3062
1:1000), AKT1 (Cell Signalling #2938, 1:1000), AKT2 (Cell Signalling #3063, 1:1000), AKT3
(Cell Signalling #8018, 1:1000), and o-Tubulin (Sigma #T5168, 1:8000).

The following day blots were washed with TBS-T (3 x 5 minutes) at room temperature
and then incubated in horseradish peroxidase (HRP)-linked secondary antibody at a dilution of
1:5000 — 1:10000 in milk-TBS-T at room temperature for 1 hour. The secondary antibodies used
were donkey anti-rabbit (GE Healthcare #NA934) or sheep anti-mouse (GE Healthcare
#NA931). After this incubation, blots were washed with TBS-T (3 x 5 minutes) followed by
ECL detection on X-Ray film using either Amersham ECL Western Blotting Detection Reagent
(GE Healthcare #RPN2106) or Luminata Crescendo HRP Substrate (Millipore # WBLURO0100).

2.2.12. Microscopy

Cellular fluorescence was observed using a Leica DM IL LED inverted microscope with
X-cite series 120 Q UV source. Fluorescent photos were captured using a QICAM Fast 1394
camera attachment (Q IMAGING) and filter sets from CHROMA: GFP: ET470/40x,
ET525/50m, T495LPXR, dsRed or TurboRFP: ET545/30x, ET620/60m, T570Ip.
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3. Results

Before testing the effect of PTEN proximal gene knockdown on melanoma cell
malignancy and resistance to therapeutic drugs in vitro, it was crucial to this goal that I ensure
activity of the PTEN proximal genes targets could be effectively and specifically knocked down.
Isoform-specific inhibitors for these targets were still in the early stages of development and
commercialization at the onset of my Master’s project[181]. The lack of commercially available
selective pharmacological inhibitors was a contributing factor to my decision to target the PTEN
proximal genes using a genetic approach (shRNA-mediated knockdown) rather than a
pharmacological approach (protein kinase inhibition). Isoform-specific sShRNA target sequences
are accessible in the literature and can even be chosen using algorithms with set design
criteria[ 187-189]. It is with this in mind that my initial efforts were focused on finding shRNAs
that would effectively and specifically knockdown each of the PTEN proximal gene targets.
Thereafter, lentiviral delivery of the targeting constructs was optimized to ensure adequate

expression of shRNAs for effective target knockdown in melanoma cell lines.

3.1. PTEN Proximal Gene Knockdown

Below is a description of the methods used to screen shRNAs for efficacy and specificity
in targeting PTEN Proximal genes using a dual-luciferase reporter system, followed by a
description and characterization of the lentiviral vectors designed for the purposes of shRNA
delivery for PTEN Proximal gene knockdown. The PTEN Proximal proteins whose knockdown I
attempted are those directly upstream and downstream of PTEN: the Class I PI3Ks (p110-a,
pl10-B, p110-9, and p110-y), PDKI1, and the AKT isoforms (AKT1, AKT2, and AKT3). Each
individual target was to be knocked down using a miRNA30-embedded shRNA (shRNAmir).
The utility of embedding shRNA sequences in an miRNA-30 backbone is that shRNAs can be
stably expressed from any RNA polymerase II promoter[190]. With Pol II-driven transcription,
lentiviral plasmids can be constructed to deliver non-transient sShRNAmir expression under the

control of constitutive, inducible, or tissue-specific promoters[183, 191].

3.1.1. shRNA Triaging with a Luciferase Reporter System

Our lab has previously developed a novel method to rapidly and efficiently triage

shRNAs using the psiCHECK2 luciferase reporter system[192]. The psiCHECK2 plasmid
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contains two independently driven transcripts, one encoding Renilla luciferase and one coding

for Firefly luciferase.(Figure 3.1A). Targeted cDNAs are cloned into psiCHECK?2 downstream
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Figure 3.1 Rapid triage of novel shRNAs. (A) Target cDNAs are cloned into pCheck2 Dest (R1-
R2) through Gateway recombination in between R1— R2 sites. The resulting plasmid produces a
CMV-driven transcript (yellow arrow) encoding Renilla luciferase and a non-translated cDNA
target and a Thymidine Kinase(TK)-driven transcript (green arrow) encoding Firefly luciferase to
serve as an internal transfection control (adapted from [1]). (B) General method for the PCR
amplification of novel shRNAs from a ~100 bp oligonucleotide core with two universal primers
(red arrows). After high fidelity PCR, the polymerase is inactivated by Proteinase K treatment; the
Proteinase k is heat inactivated and then the PCR product is digested with Xhol/EcoRI. The
restriction enzymes are subsequently heat inactivated and the fragment is cloned into the
corresponding sites of pBEG shTest R3-miRNA-L4 to create an R3-L4 based Entry vector pBEG
R3-shRNA-L4. (C) Two different shRNAs are compared by normalizing for transfection
efficiency via Firefly luciferase and then for specific knockdown by assessing renilla luciferase
levels (mock data). (D) This data is normalized to the luciferases observed for the non-specific
shRNA control (mock data is depicted here).
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of Renilla luciferase but upstream of a polyadenylation (PolyA) sequence. The Renilla luciferase
and target mRNA sequences are contained within the same mRNA transcript but separated by a
stop codon. For mRNAs to be transcribed efficiently, a lariat structure must be formed between
the 5’-cap and PolyA-tail of the transcript. sShRNA-induced cleavage of the target sequence will
prevent the efficient translation of the Renilla luciferase encoded upstream[193, 194]. Thus, in
this assay Renilla luciferase activity is used as a readout of shRNA-mediated knockdown (Figure
3.1C and D). Firefly luciferase activity serves as an internal control for transfection since it is
expressed independently of Renilla luciferase and has different substrate requirements to produce
the bioluminescence. The bioluminescence produced by the Renilla and Firefly luciferases are
measured sequentially from a single sample, allowing for Renilla activity to be normalized to
Firefly activity. Normalizing to Firefly luciferase activity minimizes variability in experimental
results caused by differences in cell viability and/or transfection efficiencies.

Recombination based, Gateway cloning allowed for the rapid construction of the
plasmids required for the described shRNA triaging method. Briefly, Gateway technology is
based on the site-specific recombination properties of bacteriophage A[195, 196]. This phage
inserts its DNA into the bacterial genome in between specific DNA attachment sites termed attPx
(phage attachment site) and attBx (bacterial attachment site), creating attLx (left end of
prophage) and attRx (right end of prophage) sites. This recombination system has been harnessed
and commercialized as Gateway cloning technology (Invitrogen) to allow for the efficient,
precise, and directional transfer of desired DNA sequences from one plasmid to another by site-
specific recombination. Using LR recombination (between attL and attR sites), I created
Expression plasmids by transferring a desired DNA fragment from a kanamycin-resistant Entry
plasmid(s) into a Destination plasmid. Destination plasmids have both an attR-flanked ccdB
selection cassette (toxic to most E. coli strains) for negative selection and an ampicillin
selectable marker to select for the backbone[197].

Human cDNA sequences for the PTEN Proximal genes of interest were cloned into
pCheck2 Dest R1-R2 (psiCHECK-2 made Gateway® compatible, Figure 3.1A). The second
component to the shRNA triaging system, the pBEG shRNAmir-expressing vectors, were
prepared by PCR and restriction enzyme capture from ordered shRNA onligonucleotides (Figure
3.1B). A literature search was performed to find published siRNA or shRNA sequences that had

been shown to knock down my targets of interest. For those targets that had few functionally
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verified shRNAs available in the literature (<2 shRNAs), sequences were acquired from the
CODEX RNAI library portal[198]. Targeting sequences were ordered as 93-105 nt single
stranded DNA oligonucleotides designed to have a standard loop and overall structure as
described previously[192]. The shRNA sequences had approximately 19-25 bases of homology
with the target cDNA. Each shRNA to be tested was cloned into the miRNA-30 cassette of the
pBEG shTest plasmid (Figure 3.1B). This plasmid was similar to an Entry vector, pBEG R3-
miRNA-L4, designed to contain a shRNAmir cassette flanked by Gateway compatible attR3/L4
recombination sites to allow for one-step recombination into lentiviral expression vectors[192].
pBEG shTest R3-miRNA-L4 additionally contains the cytomegalovirus (CMV) promoter and
eCFP (enhanced cyan fluorescent protein for visual tracking) upstream of the miR-30 cassette
used in pBEG R3-miRNA-L4. An shRNA is cloned into the miRNA cassette of pPBEG shTEST
to give pBEG shTest R3-shRNA-L4. In this construction the presence of the attR3 and attlL4
sites, which are 125 and 96 bp long, respectively, do not appreciably interfere with expression.
Thus, these shTest plasmids function both as Entry Gateway vectors and as plasmids to express
shRNAs when transfected into mammalian cells.

To initially assess shRNA efficacy, HEK-293T cells were co-transfected with the
targeted pCheck2 Dest R1-R2 and shTest plasmids. Forty-eight hours post-transfection, cells
were lysed to assay luciferase activity. Initially, five or six sShRNAs were chosen for each target
to put through this triaging process. This method of triaging shRNAs was optimized in our lab to
be particularly rapid and efficient. Once the shRNA sequences are ordered (as DNA
oligonucleotides) and received in our lab, cloning the sequences into the shTest plasmid and
carrying out the first round of luciferase assay triaging could be completed in as little as five
days. The initial round of the luciferase assays was used to identify the shRNA candidates most
effective at targeting their respective mRNA transcripts. The most effective shRNAs (2-4
shRNAs per target) were selected to carry through a second round of luciferase assays in which
candidate shRNAs were tested for target specificity within similar groups of targets (Figure 3.2).
In other words, PI3K shRNAs were cross-tested against all of the PI3K reporter plasmids (Figure
3.2A). Likewise, AKT shRNAs were cross-tested against all of the AKT reporter plasmids
(Figure 3.2B). PDK1 and PTEN shRNAs were cross-tested against each other to further illustrate
the specificity for their intended target (Figure 3.2C).
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Figure 3.2. Luciferase assay triaging results for shRNAs targeting PTEN Proximal genes. After
an initial round of testing candidate shRNAs, those producing the most efficient knockdown of their
respective target were chosen to be tested again for the specificity of knockdown of their intended
target. To test specificity, the selected pPBEG shRNA plasmids were cross-tested against pCheck2
target cDNA plasmids containing the cDNA of targets within similar groups. To facilitate the cross-
testing, pPBEG shRNAs were co-transfected into 293T cells with pCheck?2 reporter plasmids of
similar targets. Transfections were done in triplicate. Renilla luciferase read-outs from the 293T
cells were normalized to the Firefly luciferase internal control. Relative Renilla/Firefly activity was
determined by standardizing to a non-targeting control shRNA (% ctrl). Colours of bars for relative
activity indicate the specific reporter each shRNA is intended to target. (A) Luciferase assay readout
of PI3K shRNA specificity. (B) Luciferase assay readout of AKT shRNA specificity. (C) Luciferase
assay readout of PTEN and PDK1 shRNA specificity. Error bars represent relative standard error.
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3.1.2.  shRNA Delivery

By way of luciferase reporter assays, I was able to identify shRNAs that should
effectively target each PTEN proximal gene of interest and do so in a specific manner. One or
two of these shRNAs were selected to further characterize their efficacy and specificity when
knocking down targeted protein in cultured cells (See Appendix Table 3 for a list of sShRNAs
chosen to further study). This was assessed by means of transient and stable sShRNAmir delivery

as described below.

3.1.2.1. Transient PTEN Proximal Gene Knockdown

Using transient transfection of shRNAmir expressing shTest plasmids, ShRNAmirs were
tested for their ability to knockdown endogenous protein levels in 293T cells. 293T cells were
used because they are transfected with high efficiency and under the CMV promoter from which
the shTest sShARNAmirs are expressed, transcription is driven strongly in this cell type[199]. This
step essentially served two purposes: 1) Ensured endogenous protein knockdown is achievable
with the shRNAs that produced promising results in the luciferase assay experiments, 2) To test
antibodies on 293T lysates to ensure the antibodies we have effectively and reliably detect their
appropriate targets on Western blots. One or two shRNAs were tested for each PTEN proximal
gene of interest (Figure 3.3). Generally, the shRNAs appeared to be effective at knocking down
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Figure 3.3. Transient pPBEG shRNA-mediated endogenous protein knockdown in 293T cells.
293T cells were transfected with pPBEG shRNA plasmids targeting AKT1, AKT2, AKT3, PTEN, or
PDK1. shRNAs were selected based on results from the luciferase assay shRNA triage. Cells were
lysed 72 hours post transfection and the protein lysates were used for Western blot analysis of target
protein knockdown. These results are representative of at least two sets of transfection experiments.
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their endogenous protein targets. Some results regarding shRNA efficacy and specificity were
inconclusive, presumably due to the variability inherent of transiently delivering shRNAmirs.
Also, levels of some PTEN proximal proteins were below detection levels in 293T cells (p110-a
and p110-y) as has been seen by others for these proteins in 293T cells[200, 201]. However, |
was able to detect p110-a protein in other cell lines using the p110-a on hand (not shown). After
confirming that the shRNAmir expression was functional in producing endogenous protein
knockdown by mere transient delivery, I further investigated the efficacy and specificity of
protein knockdown by means of lentiviral delivery for stable integration of shRNAs targeting the
PTEN proximal genes. A description of the lentiviral vectors at my disposal and characterization

of their utility in producing target knockdown follows below.

3.1.2.2. Stable and Inducible PTEN Proximal Gene Knockdown

To properly elucidate the role of each PTEN Proximal gene on melanoma malignancy, I
required a method to produce sustained knockdown of the aforementioned genes of interest in
melanoma cells. Transient transfection of shRNAmir-expressing plasmids would not allow for
sustained and completely reliable knockdown of genes. Thus I chose lentiviral vectors to deliver
stable integration of viral shRNAmir-encoding DNA constructs into the host genome for long-
term expression of ShRNA in vitro. Moreover, lentiviruses can be used to infect actively dividing
as well as growth arrested and differentiated cells[202]. Using Gateway recombination, [
constructed two lentiviral vectors that when integrated into the host genome would allow either
constitutive or inducible shRNA expression (Figure 3.4). Our lab had previously developed a
system based on MultiSite Gateway cloning technology with which one could rapidly generate
viral vectors that could simultaneously express desired cDNAs, selectable markers, and
shRNAmirs[1]. Using this system, I constructed pLEG shRNA lentiviral vectors for my
experimental purposes (Figure 3.4A). pLEG is a modified version of the lentiviral pLEX vector
(OpenBiosystems) made Gateway-compatible[1]. Using Gateway recombination, I could clone
triaged shRNAs directly from the shTest plasmid into a recombinant pLEG vector. Additionally,
the four-plasmid recombination reaction facilitated simultaneous cloning of a fluorophore and
selectable marker into the pLEG vector. After recombination, all three of these elements are
transcribed from the constitutively active CMV promoter. The fluorophore (dsRed, Discosoma

sp. Red fluorescent protein) would allow for assessment of transduction efficiency and shRNA
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expression, and the resistance marker (puromycin resistance) would allow for the selection of

successfully transduced cells.
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Figure 3.4. Overview of Gateway cloning of shRNAmirs into pLEG and pTREG lentiviral
vectors. (A) A four-plasmid Gateway® LR recombination reaction showing the insertion of the
dsRed fluorophore (i), Puromycin selection marker (ii) and miRNA cassette (iii) into pLEG(R1-R4)
(iv) to produce a recombinant lentiviral pPLEG shRNA expression vector (v). When integrated,
pLEG shRNA will allow constitutive expression of the shRNA driven by the CMV promoter (B) A
two-plasmid Gateway LR recombination reaction between pBEG shRNA (i) and TREG Dest(L3-
R4) (ii) to produce TREG shRNA (iii), a pTRIPz-derived shRNA lentiviral vector. When integrated,
TREG shRNA will allow doxycycline-regulated expression of the shRNA under control of the Tet-
responsive element (TRE)(adapted from [1]).
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While constitutively expressed shRNAs are useful for many of the experiments, inducible
knockdown is ideal when studying genes essential for viability. Since the PI3K/AKT pathway is
known to mediate anti-apoptotic signals within the cell, knockdown of signaling components in
this pathway could very well result in cell death[83, 203]. This could be especially pertinent if
PTEN proximal genes mediate drug resistance by conferring decreased susceptibility to
apoptosis, as supported by the previous research[138, 155, 156, 160, 204, 205]. To more tightly

VO0OE 1helanoma

control and monitor the lethality of PTEN proximal gene knockdown on BRAF
cells, I made use of a pTRIPz-derived vector (Open Biosystems), the pTREG plasmid, that
allows for Tet-On inducible shRNA expression. The Tet-On system requires binding of reverse
tetracycline transactivator (rtTA) to the TetO operator sequences of the Tet-responsive element
(TRE) to activate downstream gene expression (i.e. downstream shRNAmir expression).
However, rtTA will only bind to TetO in the presence of tetracyclines (such as doxycycline, a
more stable tetracycline analogue)[206] . Thus, with the pTREG vector, shARNA expression can
be controlled in a doxycycline-dependent manner. The pTRIPz lentiviral vector was modified to
pTREG to contain Gateway compatible sites so any gene or siRNAmir could be inserted through
recombination in between these sites downstream of the TRE inducible promoter (Figure 3.4B).
These Gateway sites were chosen to be compatible with the shTest plasmids so that the
shRNAmir cassettes could simply be cloned into pTREG downstream of the TetO promoter with
one Gateway recombination reaction. Like the pLEG vector, pTREG also encodes a fluorophore
and a selectable marker. However, expression of the fluorophore, TurboRFP in this case, is
controlled under the doxycycline inducible TRE allowing for visual confirmation of shRNA
expression. Expression of a selectable marker encoding for puromycin resistance is constitutively
expressed under the human ubiquitin C (UBC) promoter. The UBC promoter also drives
constitutive expression of rtTA required for doxycycline-dependent induction of the TRE
promoter.

With the pLEG shRNA and pTREG shRNA vectors at my disposal, I could create
BRAFYF melanoma cell lines that would constitutively or inducibly express siRNAs targeting
PTEN proximal genes. The successful sShRNA candidates triaged by luciferase assays could be
cloned into either vector using one Gateway reaction. I performed a preliminary assessment of
shRNA knockdown produced by the pLEG and pTREG lentiviral transductions to compare the

efficacy of each expression system (Figure 3.5). I chose to conduct the test with just one shRNA
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to simplify the process. An AKT2 shRNA was chosen (shRNA #11), because it appeared to
specifically and effectively knock down its intended target in both the luciferase assay and
Western blot experiments in transient transfections. 293T cells were infected with pLEG shRNA
or pTREG shRNA lentivirus containing either the AKT2 shRNA or an shRNA targeting Firefly
luciferase. This would facilitate a qualitative and quantitative comparison between the pLEG
shRNA and pTREG shRNA target knockdown.

To assess AKT2 knockdown, the luciferase ShRNA would serve as a negative control in a
Western blot experiment wherein I would be blotting for AKT2. Here, I compared AKT2 protein
knockdown between pLEG and pTREG infected 293T cell lines (Figure 3.5A). pTREG infected
cells were treated with doxycycline for up to five days to induce AKT2 shRNA expression prior
to Western blot analysis. AKT1 and AKT3 were also blotted for to assess the specificity of this
AKT2 shRNA for knockdown of its target. Both pLEG and pTREG shRNA expression
effectively knocked down AKT2 protein levels, with pLEG shRNA expression producing
slightly greater knockdown of AKT2 than the pTREG inducible knockdown. This is likely
attributable to the constitutive nature of shRNA expression produced by the pLEG vector. The
shRNA is expressed immediately upon integration into the recipient cell’s genome prolonging
the shRNA expression period as compared to pTREG-mediated shRNA expression which only
occurs at the onset of doxycycline induction. Nonetheless, both lentiviral expression systems
produced suitable knockdown of the intended target.

To quantify the level of shRNA-mediated knockdown between pLEG and pTREG
transduced cells, AKT2 shRNA expressing 293T cells served as a control for Firefly luciferase
knockdown in luciferase assays. A pCheck2 luciferase reporter plasmid was transfected into
these cells pre-doxycycline induction. In this experiment, Renilla luciferase activity from the
pCheck2-p53 plasmid served as the internal control since neither Renilla nor p53 were targeted
by AKT2 or Firefly luciferase specific shRNAs. Following up to five days of doxycycline
treatment, cells were lysed and assayed for luciferase activity. Again, pLEG and pTREG
produced efficient knockdown of the intended target and both vectors produced similar levels
knockdown. Again, pPLEG shRNA expression produced slightly greater knockdown of Firefly
luciferase than pTREG inducible shRNA expression (Figure 3.5B).
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Figure 3.5. pLEG and pTREG shRNA-mediated knockdown of targeted genes. (A) HEK-293T
cells were transduced with the pLEG or pTREG lentiviral vectors expressing shRNAs targeting
AKT?2 or firefly luciferase. After doxycycline-induced pTREG shRNA expression for up to five
days, cell lysates were obtained for assessment of expression of the indicated proteins by Western
blot analysis. (B) In parallel, pLEG and pTREG transduced HEK-293T cells were transfected with
the pCheck2-p53 firefly and renilla luciferase reporter plasmid. After doxycycline-induced pTREG
shRNA expression for up to five days, cells were lysed and assayed for firefly and renilla luciferase
activity. In this case, the AKT2 shRNA samples served as the negative control for firefly-luciferase
knockdown by the luciferase targeting sShRNA. Unlike the aforementioned luciferase assays, Renilla
luciferase was not targeted here, and thus could serve as the internal control to normalize for
transfection efficiency.

After this preliminary test to functionally verify the efficacy of the pLEG and pTREG
shRNA expression systems, shRNAs targeting each of the PTEN proximal genes were cloned
into the pLEG and pTREG vectors using Gateway recombination as laid out above (Figure 3.5).
Once cloned into the pLEG vectors, shRNA efficacy and specificity for targeted protein
knockdown was tested in A375 melanoma cells (BRAF """, PTEN wildtype) and 293T cells.

45



A375 cells were chosen as they expressed the majority of the target proteins at well detected
levels (Figure 3.6A). Also, it should be noted that none of the melanoma cells or 293T cells
expressed pl10-y at detectable levels. Thus, efficacy of the PIK3CG shRNAs and pl110-y
antibody was verified by expressing the PIK3CG cDNA in 293T cells via lentiviral transduction
(not shown). A375 and 293T cells were infected with lentivirus for each pPLEG shRNA. Western
blot analysis of lysates from each shRNA cell line validated the efficacy and specificity of
shRNA-mediated knockdown (Figure 3.6B and C). These results indicate that sufficient
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Figure 3.6. Western blot analysis of PTEN Proximal protein expression in melanoma cells and
knockdown in pLEG shRNA cell lines. (A) Western blot analysis of PTEN Proximal protein
expression in WM278, WM1617, WM9, WM35, Sk-mel-2, and A375 melanoma cell lines. Each lane
was loaded with 55 pg of protein except for the WM278 lane (16 pg per well) and the Sk-Mel-2 lane
(30 pg per well) because the lysates were not concentrated enough. (B) 293T pLEG shRNA
knockdown (C) A375 pLEG shRNA knockdown. Note: p110-a and p110-y proteins are not expressed
at detectable levels in 293T cells. p110-y protein is not expressed in A375 cells.
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knockdown is attainable with the pLEG shRNA infection. Unfortunately, I encountered issues
when trying to achieve similar results with the pTREG shRNA expression system. These issues
(inadequate target knockdown, lentiviral toxicity encountered when attempting to infect at higher
multiplicity of infection (MOI), underestimation of pTREG viral titer, toxicity of doxycycline

treatment) and how I assessed them are addressed in the appendix.

3.1.3. The miRNA-E Backbone

Recently, a research group demonstrated that a modified version of the miRNA-30
backbone, termed miRNA-E (miR-E), resulted in more efficient endogenous processing of the
shRNAmirs and thus increased knockdown levels from single-copy shRNA expression[207]. To
determine if the miR-E backbone could produce improved knockdown from the pTREG vector,
miR-E knockdown was compared to miR-30 knockdown first via luciferase assays with transient
shRNA expression from the sShTEST plasmid and then by inducible pTREG shRNA expression.
To accomplish this, the modified miR-E backbone was cloned into the shTEST plasmid
replacing the miR-30 cassette. Because the core of the sShRNA stem-loop structure is not affected
by the design features of the miR-E backbone, the existing ~100 nt miR-30 compatible shRNA
oligonucleotides can be easily converted to be compatible with the miR-E through PCR
subcloning. Three sets of shRNAs targeting P53, AKT1, and PTEN (8 shRNAs total) were
chosen to compare the reporter knockdown efficacy of the miR-30 and miR-E backbones via
luciferase assay (Figure 3.7A). shRNAs with different knockdown capabilities (medium to
highly effective) were chosen to determine if knockdown can be improved with the miR-E
backbone for shRNAs at either level of performance (i.e. if an shRNA already produces efficient
knockdown can the miR-E backbone further improve it or will the miR-E backbone only
appreciably improve knockdown for less effective shRNAs?).

With the luciferase assay, it appeared that miR-E-based shRNAs functioned similarly to
miR30-based shRNAs, yet for one miR-E-shRNA (AKT1 shRNA #5) which displayed enhanced
reporter knockdown over the miR-30 backbone. To determine its effect on protein knockdown,
the miR-30 and miR-E version of AKT1 shRNA #5 were cloned into pTREG. WM9 cells
infected with these vectors and protein knockdown was assessed after doxycycline induction of
shRNA expression for various time intervals (Figure 3.7B). Indeed, expression of the miR-E

embedded shRNA#5 produced improved knockdown of AKT1 over the miR-30 embedded
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version. These results indicate that the miR-E backbone functions as well as miR-30 based
shRNAs and it can enhance the knockdown produced by certain shRNAs. The reason for success
in this single case is not immediately obvious although increased efficacy has been reported for
miR-E[207]. With the assays performed it appears that the miR-E backbone generally never
worsened knockdown efficacy. Taking this into consideration, the miR-E backbone should
replace the miR-30 backbone for future shRNA triaging and subsequent cloning into lentiviral

expression vectors.

A

P53 Reporter AKT1 Reporter PTEN Reporter
£ 100 OmiR-30
2 "miR-E
>
=
2
=
Q
< 50
[
=
=
oy
[7)

@
0 = p e

F 8 ¥ 2 T2 2 F & 8

© a a o © o v o © £ <

I I T a @
= K= =
[} [} [}
shP53 shAKT1 shPTEN
B WM9 pTREG
shSCR miR-30 sh5 miR-E sh5
Days DOX Treated: 0 2 5 8 0 2 5 8 0 2 5 8
AKT1
a-Tubulin |5

Figure 3.7. Evaluating the efficacy of shRNA-mediated target knockdown in the miRNA-30 and
miRNA-E backbones.(A) Dual-luciferase assays assessing the reporter knockdown efficiency of
miR-E and miR-30 embedded shRNAs targeting P53, AKT1, and PTEN. Renilla/Firefly activity for
all miR-30 and miR-E shRNAs was normalized to the miR-30 controls for direct comparison of
mRNA knockdown. Transfections were performed in triplicate. Error bars represent relative standard
error. (B) Western blot analysis of AKT1 protein knockdown in WM9 pTREG cells containing AKT1
shRNA #5 embedded in the miR-E or miR-30 backbone. Expression of the sShARNA was induced by
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4. Discussion

4.1. Optimization of shRNA Delivery

This work describes the use of a unique, rapid, and efficient shRNA triaging system
involving a dual-luciferase reporter assay to find shRNAs that would effectively and specifically
knockdown PTEN proximal genes in the PI3K-AKT pathway. The triaging process was
developed and based on work done previously in the Dankort lab. Before using this system to
triage shRNAs targeting the PTEN Proximal genes of interest for the purpose of this project,
limited work was done to ensure that successful shRNA candidates could effectively and
specifically knockdown protein expression of intended targets in vitro. With this work I have
demonstrated that this is indeed possible with vector delivery of either transient or stable
expression into several mammalian cell lines. As mentioned before, once the target cDNA has
been cloned into the pCheck2 dual-luciferase reporter plasmid and the ordered shRNA
oligonucleotides are received, cloning the shRNA into the pPBEG shTest plasmid and assessing
target knockdown efficacy via luciferase assay could be completed in as little as five days. Now
that the shRNA triaging process has been evaluated for functionality, we hope to publish this
method of finding and rapidly assessing shRNA efficacy and specificity in this manner.

Another advantage to this system is that successful shRNA candidates can be readily
cloned from the pBEG shTest plasmid into Gateway compatible lentiviral vectors by
recombination to create constructs for the stable knockdown of endogenous protein. In this work
I describe the use of two different lentiviral vectors, pPLEG shRNA and pTREG shRNA, for the
in vitro delivery of constitutive or inducible shRNA expression, respectively. After infection
with pLEG shRNA lentivirus, endogenous protein in pLEG expressing 293T and melanoma cells
was successfully knocked down. Of course to assess targeting efficiency, antibodies that
effectively detected the expression of PTEN Proximal proteins were identified. Also, primers
were designed to detect PTEN proximal gene expression by quantitative reverse transcriptase
polymerase chain reaction (qQRT-PCR) for future analysis mRNA knockdown efficacy (See
Appendix, Table 6). Unfortunately, I experienced some difficulty in producing effective
knockdown with the pTREG inducible system. More recently, Clustered Regularly Interspaced
Short Palindromic Repeats Associated protein (CRISPR-Cas) systems for gene targeting have

been developed and commercialized with which one can create gene deletions/knockouts of
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target genes rather than knocking down expression of genetic targets via shRNA-mediated
technologies[208-211]. CRISPR-Cas presents an alternative approach to down-regulating the
expression of PTEN proximal genes, especially for targets that prove to be more difficult to
knockdown via shRNA-mediated methods. However, one would not have the option to reverse
CRISPR-Cas9-mediated gene knockouts as you would with pTREG inducible shRNA
expression. Additionally, implementing CRISPR-Cas technology for knockouts of all PTEN
proximal genes could be a labour/cost intensive process (vector acquisition, clone
selection/screening, etc.) not necessarily producing improved suppression of target expression
over shRNA knockdown, which I have demonstrated can produce sufficient target knockdown.
Using the pTREG system for knocking down expression of the PTEN proximal genes would be
ideal for experiments involving the assessment of viability and apoptosis. One could control the
timing of knockdown and thus more closely monitor these effects after treating cells with
doxycycline to induce shRNA expression. Additionally, non-treated pTREG infected cells serve
as a convenient built in control. Thus, ensuring the seamless use pTREG-mediated knockdown
became a priority for much of the time spent on my project.

To improve pTREG knockdown efficacy, I first attempted to increase shRNA expression
levels by increasing the lentiviral MOI at which melanoma cells were being infected. This
proved to be problematic because at higher MOIs (MOI >1) the lentiviral infections were
extremely toxic to the cells. I attempted to reduce infection cytoxicity potentially associated with
VSV-pseudotyped lentivirus by pseudotyping the virus with LCMV-WE, MokolaG, and
RDI114A, envelope glycoproteins reported to have reduced cytotoxic effects[212-218].
Unfortunately, the titers produced by MokolaG and RD114A pseudotyped lentivirus were
insufficiently low, and LMCV-WE pseudotyped virus did not appear to reduce lentiviral toxicity
compared to VSV-G pseudotyped virus. Furthermore, VSV-G infectivity on melanoma cells was
much more efficient than the infectivity of LCMV-WE, with VSV-G producing cells with higher
levels of construct expression. Since greater levels of construct expression is what was desired, I
continued to use VSV-G to produce lentivirus for melanoma pTREG infections. As suggested in
the literature, removing serum from the medium during virus production can greatly reduce the
risk of introducing additional agents, some of which might be contributing to the cell death
resulting from lentiviral infection[219]. Indeed, removing serum from the medium during

lentivirus production was the most fruitful in terms of reducing pTREG infection cytotoxcity,
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allowing for infections to be done at higher MOI. On the melanoma cells lines tested, lentivirus
produced in serum-free medium was much less toxic to the cells and had an improved effect
when compared to simply removing serum from the medium during infection.

To ensure the proper execution of pTREG lentiviral infections and use of inducible
shRNA expression in melanoma cells, other factors involving viral titration, doxycycline
induction, and the miRNA cassette were optimized. After suspecting that titering pTREG virus
using limiting dilution with puromycin drug selection was producing titer results that were a
gross underestimate of the actual viral titer and not always reproducible, I discovered a much
more reliable and efficient method of titering pTREG virus involving limiting dilution with
TurboRFP-positive colony counting after doxycycline induction[186]. With newly titered
pTREG virus (produced in serum-free medium), a range of infection MOI was determined to
ensure optimal knockdown and minimal cytotoxicity for future pTREG infections. Another issue
that arose with the use of pTREG-mediated shRNA knockdown was the effect of doxycycline on
the viability of the melanoma cells, an effect observed previously by others[220-222]. This was
realized when I attempted to treat with a higher concentration of doxycycline (10 pg/mL
compared to 1 ug/mL) to try to increase shRNA expression levels. With viability assays, I
determined that even at a concentration of 1 pg/mL melanoma cell viability is reduced. At
doxycycline concentrations 0.10 to 0.25 pg/mL cell viability was minimally affected, and that
doxycycline treatment with 0.25 pg/mL produced the same level of knockdown as treatment with
1 pg/mL. Lastly, when assessed by luciferase reporter assay or pTREG mediated endogenous
protein knockdown, the miRNA-E backbone was determined to produce improved knockdown
(in luciferase assays and in melanoma cells) over the miRNA-30 backbone for one particular
AKTI1 shRNA (shRNA #5). Since miRNA-E knockdown was not any worse than miRNA-30
knockdown as determined by luciferase assay and could provide improved knockdown for
certain shRNAs, moving forward, newly designed shRNAs will be cloned into expression

vectors to contain the miRNA-E backbone instead.

4.2. Future Work

Now that functional shRNAs targeting the PTEN proximal genes have been identified,
and the framework has been laid out for optimal use of the pLEG and pTREG shRNA lentiviral

vectors, determining the contribution of PTEN proximal proteins to melanoma malignancy and
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drug resistance is more feasible. It may remain difficult to knockdown the expression of certain
targets with this system depending on the stability of target mRNA and protein in each
melanoma cell line. In such an instance, pharmacological inhibition could be used as an
alternative approach. In the past few years, many more isoform-specific PI3K and AKT
inhibitors have been designed and become commercially available[154, 223, 224]. For the
purposes of this research, pharmacological inhibition could also be used as a complimentary
technique to confirm any biological effects observed as a result of shRNA-mediated target
knockdown.

BRAFY" melanoma pTREG shRNA cell lines carrying shRNAs specific to PTEN
proximal genes are being generated for these future experiments. Using these melanoma cell
lines, the effect of PTEN proximal gene knockdown will be assessed via quantitative
proliferation, viability, transformation analyses, such as growth curves, resazurin viability
assays, colony formation assays for anchorage independent growth, and fluorescence activated
cell sorting (FACS) analysis to assess cell cycle profile, proliferation, and apoptosis. To build
upon what is already known about the PI3K/AKT pathway in melanoma tumourigenesis, it will
be important to assess if the contribution of each PTEN proximal protein is dependent upon
tumour stage (RGP, VGP, and metastasis) and PTEN-deficiency. We also have the tools to
produce lentiviral vectors containing daisy-chained shRNAmirs in a single construct (described
in[192]). Thus, multiple shRNAs targeting several different proteins of interest can be expressed
simultaneously to determine the specific PTEN proximal proteins that cooperate with BRAF %"
to contribute to melanoma’s malignant characteristics.

Additionally, it remains to be determined if knocking down specific isoforms of PI3K
and AKT, or PDK1 can sensitize BRAF'*® melanoma cell lines to BRAF and/or MEK
inhibitory drugs. It is already known that co-targeting these pathways can decrease the
tumourigenic properties of melanoma in preclinical in vitro and in vivo assessments[138, 151,
155-161]. Unfortunately, clinical use of this combination to treat cancer patients has proven to be
challenging due to synergistic toxicities[63, 162, 163]. Specifically, the efficacy and tolerance of
pan-PI3K inhibitors has been limited due to the dosages required to successfully inhibit all PI3K
isoforms. At the dosages required, clinicians see toxicities associated with adverse off-target
effects of inhibitors not sufficiently selective for PI3K, and on-target effects of inhibiting all

class I PI3K isoforms whose function are essential to non-tumour cells[223]. For this reason,
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recently several isoform-selective inhibitors have been designed and are emerging in clinical
use[223]. Using isoform-specific PI3K inhibitors has the potential to block the function of
relevant PI3K isoforms at better tolerated doses by avoiding on- and off-target broad inhibition.
Thus, there is a critical need to determine which inhibitors targeting specific PTEN proximal
proteins should be prioritized for testing in patients, especially in the context of MAPK
inhibition in BRAF mutant melanoma.

One other aspect to consider in this targeting model is that dual PI3K-mTOR targeting
has been demonstrated as an effective strategy to overcome the cross-talk and feedback loops
that can reactivate both the MAPK and PI3K-AKT pathway[158, 178, 225]. Similarly to how
concurrent BRAF and MEK inhibition provides improved overall inhibition of the MAPK
pathway activation and extended response to therapeutic inhibition in melanoma[120, 129, 226],
targeting multiple nodes of the PI3K-AKT pathway might be necessary to achieve optimal
inactivation of the pathway and increase clinical efficacy. In light of this observation, for future
experiments PTEN proximal genes could be targeted in conjunction with genetic or
pharmacological inhibition of mTOR to investigate combinations that would most effectively
sensitize BRAFY*" melanoma cells to MAPK inhibition. Identifying which of the PTEN
proximal proteins specifically cooperate with mTOR to confer a proliferative or survival
advantage could help circumvent the toxicities associated with clinical use of pan-PI3K and
mTOR inhibitors for example[111, 163, 164, 179].

VO0OE 1elanoma cell lines to

Mr. Lewis has begun testing the sensitivity of various BRAF
BRAF and MEK inhibition with the goal of determining if knockdown of specific PTEN
proximal genes can further sensitize these cells to the MAPK targeting drugs. Others have
demonstrated that melanoma cell lines can be differentially sensitive to BRAF and MEK
inhibition[227, 228]. Future work in the lab will be geared towards determining how PTEN
proximal genes contribute to this intrinsic nature of resistance with regard to tumour stage and
PTEN-deficiency. To determine contributors to acquired resistance, PTEN proximal genes will
be targeted with concurrent BRAF and/or MEK-inhibition in melanoma cell lines made resistant
to BRAF and MEK inhibition. These cell lines can be created by chronic treatment with these
drugs as described previously[155, 157, 229]. With shRNA-mediated knockdown of PTEN

proximal genes in melanoma cells sensitive and resistance to BRAF and MEK inhibition, it will

be determined which of these proteins cooperate to contribute to intrinsic and acquired resistance
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to MAPK inhibition. An improved understanding of the PTEN proximal proteins critical to
development of resistance will facilitate decision making when determining which combinations
of MAPK and PI3K-AKT targeting drugs will be prioritized for clinically testing in the treatment

of BRAF mutant melanoma.

5. Conclusion

In summary, using a unique shRNA triage method based on a dual-luciferase reporter
system, I have identified shRNAs that are effective and specific in targeting PTEN proximal
proteins that function in the PI3K-AKT signaling pathway. In this work, methods to detect the
mRNA and protein expression of these targets have been established. I validated that the
successful shRNA candidates were functional in ablating their intended target via delivery of
transient shRNA expression with the pPBEG shTest plasmid and with stable shRNA expression
with the pLEG shRNA lentiviral plasmid. Lentiviral targeting plasmids were constructed via the
use of Gateway cloning technologies, the pLEG shRNA plasmids for constitutive shRNA
expression, and the pTREG shRNA plasmids for doxycycline inducible shRNA expression.
After some difficulty with obtaining adequate knockdown with the inducible system, attempts
were made to improve and enhance lentiviral delivery of pTREG to achieve greater targeting
efficiency. In these attempts, I determined that using serum-less medium for virus production
reduced the cytotoxicity of lentiviral infection on melanoma cells, allowing for infection at
higher MOI, and thus increased shRNA expression. Also, an efficient method of titering pTREG
lentivirus was identified and replaced a less efficient and less reliable method. For induction of
pTREG shRNA expression, appropriate doxycycline treatment concentrations were determined
for multiple melanoma cell lines that would minimize off-target effects on viability but maintain
adequate levels of knockdown. Further assessment of this is required, but a reportedly improved
miRNA-30 backbone, termed miRNA-E, was tested and shown to produce better target
knockdown when used in the pTREG inducible system. All of this work contributes to the
greater goal of interrogating the role of PTEN proximal genes in BRAF"****-driven melanoma

malignancy in vitro.
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7. Appendix

7.1. Optimizing pTREG shRNA Knockdown

Soon after starting to use pTREG-mediated shRNA expression in melanoma cells, it
became evident that it would be more difficult to successfully target some of the PTEN Proximal
genes than originally thought based on the preliminary experiments done in the 293T cells. I
initially chose to target a subset of the PTEN Proximal genes, the AKT isoforms, in experiments
wherein I would induce AKT shRNA expression in melanoma pTREG shRNA cells with
doxycycline for several days and count the number of cells at the end point of doxycycline
induction. By comparing cell counts between + and — doxycycline samples, I could assess if
knockdown of any of the AKT isoforms had an effect on overall cell number (called “cell
counting assays” from here on). Since I needed to elucidate the role of each of the PTEN

V60 - -
% melanoma cell lines, these cell counting

proximal genes on malignancy in several BRAF
assays were to serve the purpose of a medium/high- throughput method to screen each target for
its potential role in sustaining proliferation and viability. Unfortunately, with the experimental
conditions used for these initial assays, doxycycline treatment appeared to reduce cell number
even when using a non-targeting shRNA control, Also, I was unable to achieve suitable levels of
knockdown for AKT2 and AKT3 in some of the melanoma cell lines. Once theses issues with
the pTREG system were realized, I pursued many avenues to try to resolve the problems

surrounding proper controls and insufficient knockdown. Efforts to improve pTREG-mediated

shRNA expression are discussed in detail in the following sections.

7.1.1.  Insufficient Knockdown with pTREG
Initially, I chose to do the pTREG shRNA cell counting assays with two
BRAFY®/PTEN mutant cell lines, WM9 and WM278 melanoma cells. These cells were
transduced with a 1:1 mix of unconcentrated lentivirus to culture media, as was usually the
procedure for other lentiviral infections performed in the lab. After this first set of infections, it
became apparent that even though the same volume of each pTREG shRNA virus was being
used to do the infections, expression levels of the lentiviral insert differed between the AKT]I,

AKT?2, and AKT3 shRNA-expressing cells (as visualized by accompanying doxycycline-induced
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expression of TurboRFP, not shown). This was most likely due to differences in lentiviral titer
between the pTREG shRNA viruses resulting in varying infection efficiencies. Although virus
producing 293T cells are initially transfected with a standard amount of lentiviral DNA for virus
production, invariably viral titer can differ between viral preparations as a result of differences in
such things as quality of the DNA preparations, inoculum volume of the vector, and producer
cell number[230, 231]. Variable levels of RNA intereference (i.e shRNA or siRNA) can cause
variable degrees off-target effects including phenotypic changes (e.g. changes in cell viability)
[17, 232] [233-235]. To avoid the potentially confounding results of different degrees of off-
target sShRNA effects in assessing knockdown phenotype, I decided to infect cells at the same
multiplicity of infection (MOI) to reduce variability in shRNA expression levels.

For the first round of transductions done at a standardized MOI, I transduced cells with
unconcentrated pTREG AKT shRNA lentiviruses at an MOI of 1. To do so, pTREG shRNA
lentiviruses had to be titered to know the exact concentration of transducing viral units of each
viral preparation. For the titration, 293T cells were infected with serial dilutions of lentivirus and
then subjected to puromycin selection. Viral titer was calculated by counting crystal violet
stained colonies at the end point of puromycin selection. Using the titer data, melanoma cells
were subsequently infected with a standard amount of infectious units to infect cells at a standard
MOI of 1. Successfully transduced melanoma cells were selected for using puromycin and then
split evenly into two separate wells to either serve as the doxycycline-free control (“~-DOX”) or
doxycycline-treated sample (“+DOX”). After five days of shRNA expression induction with
doxycycline, neither the AKT2 nor AKT3 proteins were knocked down in either of the WM9 or
WM278 cell lines (Figure 7.1).

I considered many reasons for why knockdown was not achieved under these
experimental conditions. As indicated by TurboRFP expression, similar levels of each AKT
shRNA should have been expressed (Figure 7.1B). This suggests that unsuccessful knockdown
could be the result of overwhelming levels of mRNA and/or protein. Perhaps mRNA and/or
protein for AKT2 and AKT3 is more stable or produced at higher levels than AKTI, thus
potentially requiring higher levels of shRNA to target AKT2 and AKT3 mRNA more effectively
or an extended period of treatment time with doxycycline to ensure enough time for degradation
of existing protein. It is possible that if the duration of doxycycline-induction time was extended,

suitable knockdown could be achieved by the end-point of the assay. Another possibility is that
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Figure 7.1. pTREG-mediated knockdown in melanoma cells (A) Western blot analysis of WM9
and WM278 pTREG AKT shRNA cells after 5 days of treatment with doxycycline (1 pg/mL). (B)
TurboRFP expression in WM9 and WM279 pTREG AKT shRNA cells after two and five days of
treatment with doxycycline.

AKT?2 and AKT3 are transcribed at a faster/more frequent rate creating a pool of mRNA that is
too great for the amount of shRNA produced to target effectively.

Although lengthening shRNA-induction time could potentially alleviate the issue of
insufficient protein knockdown, this course of action might not be optimal for future
experimental set-ups. If target knockdown elicits a biological response (e.g. cell death), it would
be preferable for knockdown to occur more immediately after doxycycline induction, thus
allowing me to assay for this response soon after ShRNA expression has been turned on. This
would be more convenient for experimental design as it would allow for assays to be completed

in a more time efficient manner. Therefore, I first tried to improve pTREG-mediated knockdown
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by means that would essentially result in higher levels of shRNA expression. Initially, I
attempted to produce more substantial ShRNA levels by infecting melanoma cells at a higher
MOI with the pTREG shRNA lentivirus. A higher MOI should generate more pTREG shRNA
integration events per cell and as a result, should translate to higher levels of shRNA expression
upon doxycycline induction. Carrying out infections at higher MOIs proved to be more difficult
than initially anticipated because of issues that arose regarding cytotoxicity of lentiviral
infections on melanoma cells. I had previously been able to infect 293T and A375 cells with
unconcentrated pLEG lentivirus, obtaining efficient target knockdown without any viral toxicity
(Figure 3.6). Additionally, preliminary infections of 293T cells with unconcentrated pTREG
AKT2 shRNA virus produced no noticeable cell death due to the infections and I successfully
obtained sufficient knockdown of AKT2 after induction of shRNA expression with doxycycline
in these cells (Figure 3.5). I suspect that toxicity was not an issue when infecting with
unconcentrated virus because the viral load (i.e. MOI) was below a toxic threshold or perhaps
293T and A375 cells could be more resilient to viral infection than the melanoma cells I infected
thereafter. Also, at this MOI, levels of shRNA expression appeared to be sufficient for target
knockdown in these cells. Achieving adequate knockdown could be dependent on how strongly
expression is driven from the promoter controlling shRNA expression in different cells types.
Indeed, levels of expression produced from the inducible TRE promoter has been shown to vary
in different mammalian cell types with levels of expression produced in 293T cells being on the
higher end of the spectrum[199]. These issues and the methods I used to try to overcome the
cytotoxicity matter will be addressed in the next section (Section 7.1.2). In addition to trying a
higher MOI to improve target knockdown, I also experimented with using higher concentrations
of doxycycline to induce increased shRNA expression (Section 7.1.3) and using a reportedly
optimized version of the miRNA-30 backbone, the miRNA-E cassette, for improved knockdown
(Section 3.1.3).

7.1.2.  Lentiviral Infection Cytotoxicity
Lentivirus produced for the aforementioned infections was pseudotyped with vesicular
stomatitis virus G (VSV-G) glycoprotein envelope. For a host of reasons, VSV-G is the most
popular envelope pseudotype used for delivery of lentiviral vectors. VSV-G pseudotyped virus is

known to have a broad host-cell range, can produce high viral titers, and confers high infectivity
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and high vector particle stability allowing for virus concentration by ultracentrifugation [214,
236]. Indeed, pTREG shRNA lentivirus had to be concentrated by ultracentrifugation to use for
infections at higher MOlIs, since with unconcentrated virus one would have to use impractically
large volumes of virus to accomplish this. Unfortunately, when attempting to infect WM9
melanoma cells at a higher MOI, an MOI of 10, virtually none of the cells survived the infection.
Cytotoxicity of infection with VSV-G pseudotyped lentivirus has been previously reported. This
cell death response has been observed with many different cell types, especially when infecting
with increased viral loads (i.e. higher MOI)[237-240]. A search of the literature revealed that
lentiviral infection can culminate in cell death as a result of programmed innate immunity in
response to viral entry. Viral entry into a cell can cause “prodeath” signaling as a result of
attachment to cell receptors, perturbation of the cell membrane, or other events that occur
following membrane penetration (e.g virus uncoating in endosomes, genomic integration,
etc.)[241-243].

Because of the cytotoxicity issues associated with transducing with an increased viral
load, it was necessary to determine the appropriate MOI at which to transduce melanoma cells in
order to produce optimal target knockdown with minimal cytotoxicity. Whilst doing this, I
performed lentiviral infections in a manner that would allow me to further explore and attempt to
understand the observed cell death post-infection in hopes that my results would reveal a way to
perhaps mitigate the cell death response. To this end, I first attempted infection of WM9 and
293T cells with pTREG lentivirus at MOIs of 1, 5, and 10. Infections were done with two
different lentiviral preps (pTREG shSCR and pTREG shAKT3), including heat-inactivated
versions of each. With these different infection parameters I would be able to shed light on the
effect of cell type, MOI, pTREG prep, and inactive virus on the infection cytotoxicity. As
expected, cytotoxicity increased with increasing MOI for both cell lines (Figure 7.2A). 293T
cells did appear to be more tolerant to infection at higher MOIs than the WM9 cells. For the
293T cells, cells survived after infection at MOI 1, 5, and 10, whereas only the WM9 cells
infected at an MOI of 1 survived. This was the first indication that some cells might be variably
tolerant to infection with lentivirus than others. This might be governed by variations in

2

susceptibility to the “prodeath™ signaling discussed above. Cytotoxity does not appear to be
attributable to shRNA-specific effects since similar cytotoxicities were observed for either of the

pTREG shRNA viruses, the non-targeting scramble shRNA (shSCR) and AKT3-targeting
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MOI 1

MOl 10

MoOI5 il B

293T
No Virus PAX2+PMDG  pTREG shLuc  pLEG shLuc No Virus PAX2+PMDG  pTREGshLuc  pLEG shLuc
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Figure 7.2. Troubleshooting cytotoxicity associated with lentiviral transduction. (A) WM9 and
293T cells infected at MOI 1, 5, and 10 with pTREG shSCR or shAKT?3 lentivirus, active and heat-
inactivated. (B) WM9 and 293T cells infected at an MOI of 1, 5, and 10 with a no virus control,
PAX2/PMDG-produced virus, and pTREG or pLEG shLuc lentivirus. (C) WMO cells infected at an
MOIl of 1, 5, and 10 with PAX2/PMDG, pTREG shLuc, or pLEG shLuc virus produced with either
PEI or Lipofectamine transfection. All photographs were taken three days after the infection before
puromycin selection was started.

shRNA (shAKT3). However, one would not expect an shRNA-specific effect since shRNA

expression is inducible and these infections were carried out in doxycycline-free conditions. Of
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note is that no cell death was observed in cells “infected” with heat-inactivated samples of the
pTREG lentiviruses. Lentiviruses are completely inactivated at high temperatures, in other
words, rendered completely incapable of infecting cells. The absence of cell death after exposure
to heat-inactivated viral preps strongly suggests that lentiviral entry and/or integration is the
cause of the observed lentiviral toxicity, and not simply a response to a toxic component secreted
by 293T producer cells or present in 293T cell growth medium that might be concentrated along
with the virus in the viral supernatant. However, it could be argued that such a toxic component
is also destroyed by the heat-inactivation process, hence the absence of cell death after heat-
inactivating the viral prep. To confirm toxicity is due to the lentivirus, I did mock infections with
virus-free 293T growth medium prepared and concentrated in the same way as regular lentiviral
preps, but without transfection of packaging plasmids and lentiviral vectors. No cell death was
observed with this mock infection, ensuring that the culture medium itself is not toxic when
concentrated (Figure 7.2B). However, it is possible that the 293T cells could be producing a
toxic compound only when producing virus.

To further investigate the root cause of cytotoxicity, cells were infected with viral preps
collected from 293T cells transfected with only the packaging plasmids (i.e. PAX2 and PMDG,
and no lentiviral vector). According to the literature, virus is in fact assembled in 293T cells
transfected with just the packaging plasmids. It has been reported that lentiviral RNA is not
required for virion assembly[244, 245]. Non-specific interactions of capsid proteins (Gag,
encoded for by PAX2) with endogenous RNA promotes Gag polymerization and virion assembly
because it is thought that this RNA is used as scaffolding during assembly. Because of the
associations that form between Gag and the endogenous RNA, some of this RNA is incorporated
into virions. This is the same method by which lentiviral RNA is packaged, by association with
the Gag protein. Although in the case of viral RNA, the lentiviral RNA is preceded by a psi
sequence which has a strong affinity to the nucleocapsid (NC) domain of the Gag[246]. This
specific interaction is critical for viral RNA packaging and efficient gene delivery[246]. Once
released into a recipient cell, unlike lentiviral RNA, non-lentiviral endogenous RNA is non-
integrating because it lacks the required 5’ and 3’ LTR recognized by integrase. With this in
mind, I could use virus produced with just the packaging plasmids to infect cells and observe the
extent of cell death to determine if it is the process of lentiviral integration into the genome or the

process of lentiviral entry that is eliciting the cytotoxic response. These infections were
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compared to infections performed with pTREG and pLEG shRNA lentivirus produced and
concentrated in parallel. The pLEG lentivirus was included in this experiment to find out is cells
are more prone to cell death when infected with the pTREG vector. The extent of cell death
resulting from packaging plasmid viral infection was very similar to that resulting from infection
with pTREG or pLEG shRNA lentivirus (Figure 7.2B). These suggest that the process of
lentiviral entry (including events prior to integration) could be mediating the cell death
phenotype rather than the process of lentiviral integration into the genome. If cell death was
slightly greater in pTREG or pLEG infected cells I speculated that it was because virion
assembly should be more efficient in 293T cells transfected with the packaging plasmids and a
lentiviral vector as compared to the packaging plasmids alone. Based on the fact that RNA can
be used as scaffolding for the assembly of the viral capsid, and that lentiviral RNA would have
more of an affinity for the Gag capsid protein than random endogenous RNA, one could imagine
that virion production would be more efficient in cells transfected with packaging plasmids and a
lentiviral construct as compared with cells transfected with just the packaging plasmids. Viral
RNA would be directed and more available for Gag polymerization scaffolds compared to non-
specifically interacting endogenous RNA. If more virus is assembled in the former, this could
explain the additional cytotoxicity seen in the pTREG and pLEG infections. These experiments
also confirmed that infection cytotoxicity is not a specific to the pTREG lentiviral construct.

In another attempt to reduce cytotoxicity, Lipofectamine was used instead of
polyethylenimine (PEI), as the transfecting agent to deliver the packaging plasmids and lentiviral
construct into the 293T producer cells. Lipofectamine serves as a cationic lipid carrier for DNA,
whereas PEI is a cationic polymer carrier. Because these agents are non-degradable, they can
bioaccumulate resulting in cytotoxicity[247-250]. Out of concern that residual PEI was
differentially affecting the virus production process or concentrating along with the virus in such
a way that would be more toxic to the recipient cells during transduction, melanoma cells were
transduced with concentrated lentivirus produced using Lipofectamine transfection.
Unfortunately virus produced with Lipofectamine transfection proved to be just as cytotoxic as

that produced with PEI (Figure 7.2C).
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After these initial rounds of troubleshooting, I was able to better understand the source of
lentiviral infection cytotoxicity. By using concentrated virus I could attempt to infect cells at a
higher MOI. Viral overloading, and not specific viral preparation procedures, seemed to be the
most likely cause for the observed cytotoxicity. Also, increasing the viral load for higher MOI
infections appears to produce a variable degree of excessive cytotoxicity among different cell
types. 293T cells were more tolerant to lentiviral infection, withstanding pLEG and pTREG
shRNA infections up to an MOI of 10. With the resulting 293T pLEG shRNA cells infected at an
MOI of 1, 5, and 10, I was able to demonstrate that at increasing MOlIs, greater levels of pTREG
expression, and thus target knockdown, can be achieved (Figure 7.3). The difference in
knockdown produced by increasing MOI appeared to be more noticeable after a longer period of

shRNA induction, albeit a modest difference.
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Figure 7.3. Affect of increased MOI on pTREG-mediated TurboRFP expression and target
knockdown. (A) TurboRFP expression of 293T cells 5 days post-infection with pLEG shLuc
lentivirus at MOI 1, 5, and 10. Also shown are cells that were exposed to heat-inactivated samples of
the virus (for infections with heat-inactivated virus, equivalent volumes of virus to that used with
active virus samples were used). Western blot analysis of 293T pTREG shSCR and shAKT3 cells

infected at MOlIs of 1, 5, and 10 +/- doxycycline treatment (1 ug/mL doxycycline for a total of two or
five days).

7.1.2.1. Viral Pseudotyping and Serum-less Medium for Virus Production and
Infection

A search of the literature revealed that others have overcome the issue of cytotoxicity
associated with VSV-G pseudotyped lentivirus by using lentivirus pseudotyed with alternative

envelope (Env) glycoproteins (GPs) derived from other viruses [212-216]. Unfortunately,
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specific research on viral pseudotyping for melanoma cells could not be found in the literature.
In hopes of reducing infection cytotoxicity on melanoma cells, lentivirus was produced using
three other viral Env glycoproteins: a modified version of the feline endogenous RD114 virus
Env GP (RD114A), Lymphocytic choriomeningitis virus strain WE Env GP (LCMV-WE), and
Mokola virus Env GP (MokolaG). These pseudotypes were chosen because they were suggested
by multiple sources as alternatives to VSV-G for lentiviral production and had previously
reported to successfully produce high viral titers and reduced cytotoxicity[212-218]. An initial
infection of 293T cells with unconcentrated pLEG-eGFP-iPuro lentivirus pseudotyped with
either of the four Env GPs was carried out to obtain a rough indication of relative titer production
by assessing infection efficiency. The pLEG-eGFP-iPuro vector was used for this round of
infections to allow for rapid assessment of infection efficiency by visualization of constitutive
eGFP expression. In line with what has been previously reported, VSV-G yielded the highest
infectivity (i.e. highest titer), followed by LCMV-WE, MokolaG, then RDI114A (Figure
7.4A)[214, 215, 251]. Increasing the ratio of LCMV-WE, MokolaG, and RD114A-encoding
plasmid DNA transfected for virus production, as suggested by Kutner et al., did not markedly
improve infectivity either[218]. WM cells were also infected using the unconcentrated virus to
roughly assess infectivity and cytotoxicity that might result from the various pseudotypes. As
expected, infection efficiency was very poor for MokolaG and RD114A pseudotyped virus (not
shown), and was relatively high for VSV and LCMV-WE pseudotyped virus, with VSV having
slightly higher infectivity than LCMV-WE (Figure 7.4B). Interestingly, the WM9 cells infected
with the VSV lentivirus had all died a few days after infection, whereas those infected with the
LCMV-WE virus were still viable, even though the cells appeared to have been infected at
similar efficiencies (Figure 7.4B). This initial assessment of the infection of melanoma cells
showed that LCMV-WE pseudotyped lentivirus held promise for producing similar titers to that
of the VSV pseudotyped virus, and for having a less cytotoxic effect on melanoma cells.

We then proceeded to produce and concentrate (by ultracentrifugation) pLEG-eGFP-
iPuro virus on a large scale for all four viral pseudotypes. This virus was to be used to infect
melanoma cells at different MOIs to compare the cytotoxic effects of each of the viral
pseudotypes. Since our initial infections with unconcentrated virus indicated that the viral titer
with LCMV-WE would be slightly lower than with VSV, we transfected double the amount the
LCMV-WE Env encoding plasmid for virus production compared to VSV. Likewise, since the
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Figure 7.4. Affect of lentiviral vector pseudotyping and serum-less media on the infectivity and
cytotoxicity of infection. (A) eGFP visualization of 293T cells infected with unconcentrated pLEG
eGFP lentivirus produced with VSV-G, LCMV-WE, MokolaG, and RD114A pseudotypes. (B) WM9
cells infected with unconcentrated VSV and LCMV-WE pseudotyped pLEG eGFP lentivirus. One day
post-infection: upper two panels, 100X magnification. Six days post-infection: bottom panel, 40X
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visualization ay 100X maginification. (D) WM9 and WM1617 cells infected in serum-containing or
serum-free medium with VSV or LCMV-WE pseudotyped pLEG eGFP lentivirus. eGFP expression

was visualized two days post-infection.

titers MokolaG, and RD114A were considerably lower than VSV and LCMV-WE as indicated

by the unconcentrated virus infection, for these two Env plasmids we transfected 10X as much
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DNA compared to VSV. Viral titers of the MokolaG and RD114A pseudotyped lentivirus were
still considerably lower (~10* — 10° transducing units(TU)/mL) compared to the titers produced
by LCMV-WE (~10” TU/mL) and VSV (~10° TU/mL). The titers for RD114A and MokolaG
were so much lower that we decided not to continue on with testing these two pseudotypes in the
cytotoxicity assessment. Our concern with using these viruses was that we would need to use
much greater volumes of virus to infect the melanoma cells at the MOIs we wanted to test for
infections (MOI 1, 5, and 10). This would not be practical considering the small volume of virus
(~1 mL) you get using the ultracentrifugation concentration process.

Following this, concentrated VSV and LCMV-WE pseudotyped pLEG-eGFP-iPuro
lentivirus was used to infect WM9 and WM1617 cells at an MOI of 1, 5, and 10 to qualitatively
compare the cytotoxic effects on those melanoma cells. To assess the effect that presence of
serum during transduction might have on melanoma cell toxicity post-transduction, we also
compared conducting the infections in serum-containing and serum-free medium. It has been
previously reported that in some cell types, when attempting to transduce at higher MOlIs, using
serum-free medium can not only improve lentiviral transduction efficiency but also decrease
levels of cytotoxicty when compared to transduction in serum-containing media[252-254]. I had
previously tested the affect of presence of serum in the infection medium on WM9 cells infected
with pTRIPz shLUC at an MOI of 3 (Figure 7.4C). With serum, lentiviral infection was clearly
more cytotoxic to the cells as compared to without serum. Five days post-infection (pre-
selection), there was extensive cell death occurring in the cells infected in serum-containing
medium and the remaining living population of cells looked generally unhealthy (abnormal
morphology and slow growth/proliferation), in contrast to the cells infected in serum-free
conditions in which the cells appeared relatively healthy (normal morphology and
growth/proliferation rate). After puromycin selection, infection efficiency was assessed through
visualization of doxycycline-induced TurboRFP expression to determine if the cells infected in
serum-free conditions were being infected as efficiently as those infected in serum-containing
media (Figure 7.4C). Visualization of TurboRFP revealed that cells were infected at a seemingly
higher MOI with serum in the media, and this could possibly account for the observable
increased cell mortality compared to the cells infected under serum-free conditions. The VSV

and LMCV-WE pLEG-eGFP-iPuro infections were conducted in serum-containing or serum-free
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medium to further explore the effect of serum on infection cytotoxity when infecting at higher
MOls.

By visually examining the cells after transduction, it appeared that LCMV-WE
pseudotyped virus was only marginally less cytotoxic to WM9 cells than VSV pseudotyped virus
(not shown). Viral pseudotype had no noticeable difference on WM1617 cell mortality post-
transduction either. However, it appeared that VSV pseudotyped virus consistently infected both
WM9 and WM1617 cells more efficiently at any MOI (Figure 7.4D). Any additional cytotoxicity
observed could then potentially be attributed to infection at an effectively greater MOI. Also,
performing the infections in serum-free medium only marginally decreased WM9 and WM1617
cell mortality post-transduction (not shown). Having serum in the media for transduction
increased the infectivity of the virus at MOI 1 and 5 (as previously seen with the pTREG
infections, Figure 7.4C), but at an MOI of 10, transduction efficiencies appeared to be about
equal between the two serum conditions when judged by eGFP expression. Perhaps the few cells
that are dying from the serum-transduced conditions are those that have been infected at a higher
rate, high enough to elicit the cell death response. If those cells were still viable after
transduction, one could imagine how there might be higher levels of eGFP expression observed
compared to what was observed for the cells transduced in serum-free media.

In conclusion, it seems that at lower MOIs (1-5), if we want greater transduction
efficiencies with VSV-pseudotyped virus, it is best to use serum-containing media. Beyond a
certain point (somewhere MOI of >5), cell mortality post-transduction could increase due to
higher infection rate per cell, and this seems to impede our ability to acquire cells expressing
higher levels of the lentiviral insert. In other words, there appears to be an upper limit to how
many infections one cell can handle in serum-containing media. In serum-free media, this upper
limit of infections per cell seems to be higher. This is in line with what others have reported in
lentiviral transduction studies. In a study by Uchida ef al., at an MOI of 5 transduction of CD34+
hemopoeitic stem cells with a lentiviral insert encoding for eGFP resulted in greater eGFP
expression when transduced in serum-containing media as compared to serum-free media[253].
But at an MOI of 50, having serum in the media yielded much lower transduction rates and most
of the cells died post-transduction in contrast to cells transduced in serum-free conditions which
had markedly higher transduction rates at an MOI of 50 and cell viabilities similar to that of the

no viral control [253].
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Overall, using LCMV-WE pseudotyped virus and/or serum-less transduction had only a
minor, if any, effect on reducing infection cytotoxicity. In fact, barely any cell death was
observed with either pseudotype, even at an MOI of 10. This was unlike what I had observed
previously with pTREG shRNA and pLEG shRNA transductions at higher MOIs, wherein WM9
cells could not tolerate infections at MOIs of 5 and 10, leaving only the cells infected at an MOI
of 1 viable post-transduction (Figure 7.2). It could be that cytoxicity is partially mediated by the
type of viral vector transduced. Besides the fact that pTREG shRNA and pLEG shRNA encode
shRNAmirs, these vectors also differ from pLEG-eGFP-iPuro in other ways in what they encode
for under control of a constitutive promoter. Once integrated, they all constitutively express
puromycin resistance gene, but additionally, the pTREG shRNA vector exprsses rTta protein,
and the pLEG shRNA vector expresses dsRED instead of eGFP. Interestingly, constitutive
expression of a transactivator domain can reportedly cause phenotypic changes in mammalian
cells, including cytotoxicity[255-259]. Also, dsRED expression has associated cytotoxic effects
and has been shown to be more cytotoxic to cells than eGFP[222, 260]. Perhaps these elements,
the rTta and dsRED, are the cause for the additional cell mortality observed post-transduction
compared to what was observed with the pPLEG-eGFP-iPuro lentiviral transductions.

To further investigate the effect of serum on pTREG infection cytotoxicity, I tested if
there would be any additional benefit to removing serum from the medium when producing the
virus. As suggested in the literature, removing serum from the medium during virus production
can greatly reduce the risk of introducing adventitious agents, some of which might be
contributing to the cell death resulting from lentiviral infection[219]. To investigate this, pTREG
shSCR virus produced in serum-containing and serum-free medium was used to perform
infections on WM9 and WM1617 cells at an MOI of 1, 5, and 10. Additionally, the cells were
infected with or without serum present in the infection medium. Visual examination of the viable
cells post-infection revealed that using serum-less medium for virus production appreciably
decreases cell death caused by pTREG lentiviral infection (Figure 7.5).

Performing infections in serum-free conditions did not appear to additionally reduce cell
death. Following these results, it could be that serum components being concentrated along with
the lentivirus during ultracentrifugation and/or serum components present in infection medium
are complexing with the lentivirus in a way that elicits a cytotoxic response during the infection

process. Alternatively, serum could be increasing the infectivity of the virus, resulting in an
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Figure 7.5. Presence of serum in virus production and transduction affects viral cytotoxicity.
WM9 and WM1617 cells infected with pTREG shSCR lentivirus at MOI 1, 5, and 10. Virus produced
with or without serum in the medium was used to perform transductions with or without serum in the
transduction medium. Photos were taken six days post-infection and pre-selection. TurboRFP
expression was induced with 1 ug/mL doxycycline for two days before visualization with the
fluorescence microscope.

excessive amount of infections per cell and eventual cell death because of elicited pro-death
signaling. This could also explain why WM1617 cells appear to be more tolerant of lentiviral
infection than WM9 cells. The biology of WM9 cells (e.g membrane composition, downstream
signaling, etc.) could be more amenable to viral infection leading to higher infection rates
resulting in higher susceptibility to cell death-related signaling. Nevertheless, the removal of
serum during viral production seemed to mitigate the extent of cell death caused by lentiviral
infection, and as a result was adopted as common practice for future production of concentrated

lentivirus.

7.1.2.1. Underestimation of Lentiviral Titer/Redefining MOI
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In the last set of infections described, the viral load appeared to be too high for the WM9
infections at any of the MOIs attempted (Figure 7.5). For all of the infection conditions, barely
any of the cells survived, even at infection at an MOI of 1. The extent of cell death was much
greater than any I had observed previously (Figure 7.2). This led me to believe that potentially
the viral titers were being grossly underestimated, resulting in infection at MOIs effectively
much greater than intended. Typically titration by drug selection/limiting dilution yields
significantly lower estimated titers than titration with fluorescence activated cell sorting (FACS)
analysis of a vector-encoded fluorophore. Unfortunately, I was unable to titer pTREG lentivirus
by FACS because the FACS machines at my disposal were not equipped to detect TurboRFP
expression sufficiently. Also, the process would be complicated by having to induce TurboRFP
expression with doxycycline prior to FACS analysis. Another concern was that concurrent
induction of shRNA expression would have secondary effects on determination of titer. Thus,
titration with drug selection/colony counting was the method used for initial titrations of
concentrated lentivirus. This method takes about 12-14 days since one has to wait on
successfully infected 293T cells to grow out as colonies large enough to stain and count. Growth
medium (containing selection drug) is changed several times before the cells are ready for
staining. During medium changes or pre-staining rinses, invariably some colonies are washed
off, even if the plates were pre-coated with an attachment factor (poly-D-lysine). The extent of
colony loss due to washing off would vary from one titration to the next. Not only would this
contribute to the underestimation of viral titer, it could also introduce variability into the titer
estimates. Variability of titer results could also be partially responsible for variable toxicity from
one infection to the next.

In search of a new method to more precisely and accurately determine pTREG lentiviral
titer, I came across a method involving manual counting of pTREG TurboRFP expressing
colonies. This method is the suggested method of titration for pTRIPz (precursor to pTREG) as
described in the pTRIPz Technical Manual (ThermoScientific)[186]. It requires that 293T cells
be transduced with serial dilutions of pTREG lentivirus, followed by incubation in doxycycline-
containing medium. After three days of growth, TurboRFP positive colonies are manually
counted for calculating viral titer. This method is advantageous over drug selection/colony
counting for multiple reasons: (1) It takes 5 days rather than 12- 14 days to complete the titration

protocol (2) The media only changed once during the whole process (to remove virus post-
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transduction), thus reducing the risk of washing off transduced cells and underestimating the
titer, and (3) 293T cells are transduced in 24-well plate format instead of 6-well format and serial
dilutions are prepared in a 96-well plate (using multichannel pipettor) instead of microtubes, so it
is more feasible to titer several viruses at the same time. One potential drawback to the
TurboRFP colony count method is that concurrent shRNA expression could conceivably
deleteriously affect 293T cell growth and/or viability. This could ultimately impact the titer
result from one shRNA to the next. However, 293T cells had been previously infected with
pLEG shRNA lentivirus, and none of the shRNAs targeting PTEN proximal genes appeared to
adversely affect 293T cell growth and viability

After finding a more reliable method of titering virus, pTREG shRNA was produced (in
serum-free medium), concentrated, and titered using this new method. To avoid issues with
insufficient target knockdown (i.e. MOI too low) or extensive cell death following transduction
(i.e. MOI too high), I infected WM9 and WM1617 cells with a subset of shRNA vectors
(pTREG shAKTI1 and shAKT3) at MOIs of differing orders of magnitude (MOI 0.01, 0.1, 1, 10)
and assessed infection efficiency, cytotoxicity, and target knockdown. Characterizing pTREG
functionality in this way would help identify the ideal range of MOI at which to infect cells to
obtain optimal knockdown with minimal cytotoxicty. No cell death was observed post-
transduction when infecting at an MOI of 0.01 and 0.1, but infection efficiency was extremely
low, lower than what would be required for sufficient knockdown (Figure 7.6A). Conversely, a
considerable amount of cell death occurred when cells were infected at an MOI of 10 and the
overall health of surviving cells had clearly been compromised (morphologically abnormal and
retarded proliferation). However, a number of cells survived the infection, unlike with previous
pTREG infections with virus produced in serum-containing medium and titered using drug
selection/colony counting. This indicates that removing serum from virus production staved the
extent of post-transduction cell death and/or a more appropriate viral load was used for the
infection because the new titration method more accurately determines viral titer. Infections at an
MOI of 1 produced the best results as judged by infection efficiency and overall cell health post-
transduction.

Next, the WM9 and WM1617 pTREG cells (MOI1) were used to determine if adequate
protein knockdown could be achieved after various time intervals of doxycycline induction

(WMO: Figure 7.6B, WM1617 with 2 doxycycline concentrations: Figure 7.7D). AKT1 was
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Figure 7.6. Characterization of pTREG-mediated target knockdown at different MOIs. (A) pTREG
shAKT]1 and shAKTS3 virus, titered via the TurboRFP colony count method, was used to infect WM9
and WM1617 cells at an MOI of 0.01, 0.1, 1 and 10. Doxycycline (0.5 pg/mL) was added one day post-
infection. TurboRFP expression was visualized 3 days post-infection. (B) Western blot analysis of WM9
pTREG shSCR, shAKT1, and shAKT3 (MOI of 1) cells treated with doxycycline (1 ug/mL) for the
indicated amount of time. (C) Western blot analysis of WM9 and WM1617 pLEG shRNA cells. Controls
were run on the same gel with the other samples, but lanes were separated by other samples not shown.
(D) Western blot analysis of WM1617 pTREG shAKT]1 cells infected at an MOI of 1, 3, or 5.
Knockdown of AKT1 was assessed after the indicated length of doxycycline treatment times (0.25
ug/mkL).

successfully targeted in WM9 and WM1617 cells, with noticeable knockdown being obtained by
Day 5 and 2, respectively. In WM1617 shAKT3 cells, AKT3 protein levels were noticeably
knocked down by Day 8 of doxycycline treatment, but the knockdown produced was not as
effective as compared to AKT1 knockdown. Unfortunately, AKT3 knockdown was unsuccessful
in WM9 shAKT3 cells, even after 8 days of doxycycline treatment. Again, AKT3 proved to be

more difficult to target in these cells. We know that knockdown is possible in these cells using
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the pLEG shRNA vector targeting AKT3 (Figure 7.6C), so it appears that inadequate targeting
with pTREG can be attributed to insufficient levels of shRNA expression. WM9 and WM1617
cells were infected at an MOI of 1, 3, and 5 with the pTREG shAKT lentiviruses to determine if
increasing MOI (to a tolerable level) would allow for the effective targeting of all AKT proteins.
Even though more cell death was observed for infections at MOI of 3 and 5, the infections were
well tolerated and survived for further subculturing. We are currently in the process of assessing
knockdown efficacy in these cell lines. Initial results indicate that with this newly infected set of
cells, inducible knockdown of AKT3 was finally achieved in WM9 pTREG cells (Figure 7.6D).
Also, as expected, increasing infection MOI to 3 and 5 allows for more prompt ablation of
targeted protein (Figure 7.6D). This would be useful for future experiments as it would reduce

the time required before assaying for a biological response to knockdown. Also,

7.1.3.  Doxycycline Toxicity

In another attempt to improve efficacy of pTREG mediated knockdown, higher
concentrations of doxycycline treatment was used to elicit increased shRNA transcription from
the TRE promoter. In preliminary tests wherein higher concentrations of doyxcycline were used,
treatment of 293T pTREG cells with 10 ng/mL of doxycycline resulted in elevated expression of
TurboRFP, as compared to treatment with 1 pg/mL of doxycycline (Figure 7.7A). This was the
first indication that boosting doxycycline concentration could indeed drive increased
transcription off the TRE promoter to produce more TurboRFP, and presumably more shRNA.
Unfortunately, when attempting to treat WM9 pTREG cells with 10 pg/mL of doxycycline, not
only did this impede TurboRFP expression, it was toxic to the cells causing cell death, major
growth retardation, and changes in cell morphology (Figure 7.7B). It had also become evident
that even with treatment at 1 pg/mL of doxycycline in pTREG cell counting assays, doxycycline
treated wells would have decreased cell number when compared to doxycycline-free wells for all
shRNAs including the control (not shown). Others have found that doxycycline treatment can
have deleterious effects on cell metabolism, viability, and proliferation in vitro[220-222].

The emergence of doxycycline toxicity necessitated the need to find a safe concentration
of doxycycline for treatment of pTREG cells. This would ensure that at the onset of doxycycline
treatment, any effects on viability, proliferation, and transformation would be attributable to

induced shRNA expression. Viability assays were performed with 293T, A375, WM1617, and
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Figure 7.7. Effect of doxycycline concentration on pTREG expression and cell viability. (A) 293T
pTREG shSCR cells (post-selection) after 2 days of doxycycline treatment at 1 ug/mL or 10 ug/mL.
(B) WM9 pTREG shSCR cells (MOI 3) treated with either 1 wg/mL or 10 ug/mL of doxycycline for 5
days. (C) Resazurin viability analysis of 293T cells and various melanoma cell lines and the pTREG
shSCR (MOI3) infected versions of these cells when treated with various concentrations of
doxycycline for five days. Error bars represent relative standard error. (D) Western blot analysis of
pTREG-mediated AKT1 and AKT3 knockdown in WM1617 cells (MOI1) when treated with 0.25
ug/mL or 1 ug/mL doxycycline for the indicated times.

WM cells and their pTREG shSCR infected equivalents. As expected, cell viability decreased
with increasing doxycycline concentration. Doxycycline toxicity on pTREG cells compared to

uninfected cells was similar, except for 293T pTREG cells which were much more sensitive to
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doxycycline treatment at any concentration. For the melanoma cell lines, WM 1617 cell viability
appeared to be the most affected, followed by WMO cells and then A375 cells. At the standard
doxycycline treatment concentration of 1 pg/mL, decreased viability of WM 1617 cells was quite
apparent. Treatment at this concentration produced a marginal decrease in viability for A375 and
WMO cells. Following these results, lower concentrations of doxycycline (0.10 to 0.25 pg/mL)
were used for induction of shRNA expression from pTREG for future experiments. Importantly,
Western blot analysis of WM1617 pTREG shAKTI1 and shAKT3 cells confirmed that
doxycycline treatment with 0.25 pg/mL produced the same level of knockdown as treatment
with 1 pg/mL (Figure 7.7D). If using higher concentrations of doxycycline does not in fact
improve knockdown efficacy in pTREG cells, use of lower concentrations of doxycycline is

further justified.
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7.2. Appendix Tables

Table 1. Sequencing primers for shRNA sequence confirmation in shRNAmir containing plasmids.

Primer Name

Primer Target

Sequence (5° - 3°)

ADO0058 pBEG shRNA (Fwd) TGAGCAAAGACCCCAACGAG
ADO0057 pBEG shRNA (Rev) GTCATTTCAGGTCCTTGGG

AD0060 pLEG shRNA (Rev) AGCAGCGTATCCACATAGCG
ADO0051 pTREG shRNA (Fwd) AGAACCTCAAGATGCCCGGCT
AD0052 pTREG shRNA (Rev) TAAGGCCGAGTCTTATGAGCA

Table 2. Cloning primers to construct TOPO compatible AKT2 ¢cDNA PCR product.

Primer Name

Primer Target

Sequence (5° - 3°)

CACCATGGGATCCCCCCCAGGGAGCACT

KDO0052 pDNR-Dual AKT2 (Fwd) AAGCGAGC
KD00S3 pDNR-Dual AKT2 (Rev) CCCCCCCCI(’}%(&:X(&E%%%??%’TGGTCTGA
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Table 3. DNA oligonucleotides for shRNA sequences used in the pBEG system. Underlined are the

sequences homologous to the universal PCR primers. The sense and antisense strands are highlighted in
grey. The bolded letter in the sense strand was changed to be uncomplimentary to the bolded letter in the
antisense strand.

Target

shRNA #

Sequence (5’ - 3°)

Luc

TGCTGTTGACAGTGAGCGCCCGCCTGAAGTCTCTGATTAATAGT
GAAGCCACAGATGTATTAATCAGAGACTTCAGGCGGTTGCCTAC
TGCCTCGGAAT

SCR

49

TGCTGTTGACAGTGAGCGAGAATCTCATTCGATGCATACTAGTG
AAGCCACAGATGTAGTATGCATCGAATGAGATTCCTGCCTACTG
CCTCGGAAT

AKTI1

TGCTGTTGACAGTGAGCGCGACCATGAACGAGTTTGATAGTGAA
GCCACAGATGTATCAAACTCGTTCATGGTCATGCCTACTGCCTCG
GAAT

TGCTGTTGACAGTGAGCGATGGACCACTGTCATCGAATAGTGAA
GCCACAGATGTATTCGATGACAGTGGTCCACTGCCTACTGCCTC
GGAAT

AKT2

TGCTGTTGACAGTGAGCGACTACTTCCTCCTCAAGAATGTAGTG
AAGCCACAGATGTACATTCTTGAGGAGGAAGTAGCTGCCTACTG
CCTCGGAAT

11

TGCTGTTGACAGTGAGCGAAGAATGCCAGCTGATGAATAGTGAA
GCCACAGATGTATTCATCAGCTGGCATTCTGTGCCTACTGCCTCG
GAAT

AKT3

13

TGCTGTTGACAGTGAGCGAGCACTTTTGGGAAAGTTATTTTAGTG

AAGCCACAGATGTAAAATAACTTTCCCAAAAGTGCCTGCCTACT
GCCTCGGAAT

AKT3

16

TGCTGTTGACAGTGAGCGATGCCTTGGACTATCTACATTTAGTGA
AGCCACAGATGTAAATGTAGATAGTCCAAGGCAGTGCCTACTGC
CTCGGAAT

PDK1

18

TGCTGTTGACAGTGAGCGCGGCAAGAGACCTCGTGGAGAATAGT
GAAGCCACAGATGTATTCTCCACGAGGTCTCTTGCCTTGCCTACT
GCCTCGGAAT

22

TGCTGTTGACAGTGAGCGAGCAGCAACATAGAGCAGTACATAGT
GAAGCCACAGATGTATGTACTGCTCTATGTTGCTGCCTGCCTACT
GCCTCGGAAT

PTEN

24

TGCTGTTGACAGTGAGCGAAGGAACAATATTGATGATGTATAGT
GAAGCCACAGATGTATACATCATCAATATTGTTCCTGTGCCTACT
GCCTCGGAAT

26

TGCTGTTGACAGTGAGCGAAAACATTATTGCTATGGGATTTAGT
GAAGCCACAGATGTAAATCCCATAGCAATAATGTTTGTGCCTAC
TGCCTCGGAAT

PIK3CA

30

TGCTGTTGACAGTGAGCGACCAAGAATCCTAGTAGAATGTTTAT
AGTGAAGCCACAGATGTATAAACATTCTACTAGGATTCTTGGGT
GCCTACTGCCTCGGAAT

32

TGCTGTTGACAGTGAGCGCGGCTTATCTAGCTATTCGACATAGT
GAAGCCACAGATGTATGTCGAATAGCTAGATAAGCCTTGCCTAC
TGCCTCGGAAT

PIK3CB

34

TGCTGTTGACAGTGAGCGCGCAACAGCTTTGCATGTTAAATAGT
GAAGCCACAGATGTATTTAACATGCAAAGCTGTTGCATGCCTAC
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TGCCTCGGAAT

TGCTGTTGACAGTGAGCGACTCCTTATGGATATTGACTCCTATTA
36 GTGAAGCCACAGATGTAATAGGAGTCAATATCCATAAGGAGGT
GCCTACTGCCTCGGAAT

TGCTGTTGACAGTGAGCGCGGCCCTGAATGACTTCGTCAATAGT
39 GAAGCCACAGATGTATTGACGAAGTCATTCAGGGCCTTGCCTAC
TGCCTCGGAAT

PIK3CD

TGCTGTTGACAGTGAGCGAAAGACTAATAATAGTGAGAAATAGT
41 GAAGCCACAGATGTATTTCTCACTATTATTAGTCTTCTGCCTACT
GCCTCGGAAT

PIK3CG

TGCTGTTGACAGTGAGCGCAAGCTTTAGAGTTCCATATGATAGT
45 GAAGCCACAGATGTATCATATGGAACTCTAAAGCTTTTGCCTAC
TGCCTCGGAAT

TGCTGTTGACAGTGAGCGACCAAGTTATTTCACAACTTAATAGT
47 GAAGCCACAGATGTATTAAGTTGTGAAATAACTTGGGTGCCTAC
TGCCTCGGAAT

TGCTGTTGACAGTGAGCGCCCACTACAAGTACATGTGTAATAGT
HP65 GAAGCCACAGATGTTACACATGTACTTGTAGTGGATGCCTACTG
CCTCGGAAT

P53

TGCTGTTGACAGTGAGCGCGGAAATTTGTATCCCGAGTATTAGT
HP44 GAAGCCACAGATGATACTCGGGATACAAATTTCCTTGCCTACTG
CCTCGGAAT

TGCTGTTGACAGTGAGCGACCAGTCTACTTCCCGCCATAATAGT
HP18 GAAGCCACAGATGTTATGGCGGGAAGTAGACTGGCTGCCTACTG
CCTCGGAAT

Table 4. The miRNA-30 and miRNA-E backbones.The change from the BamHI site to BgllI site is
shown highlighted in grey. The original miRNA-30 EcoRI site is shown here underlined. This site was
destroyed in the miRNA-E backbone. The new EcoRI site is shown in lowercase letters. The 5’
modification to compliment this change is shown in bold.

miRNA

Sequence Ordered for Cloning (5’ — 3°)

miRNA-30

GGATCCAGCGCTGGCGCGCCATTTAAATCGATAGTTTGTTTGAATGAGGCTTCA
GTACTTTACAGAATCGTTGCCTGCACATCTTGGAAACACTTGCTGGGATTACTT
CTTCAGGTTAACCCAACAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGA
GCGCACGTGATGCCTACTGCCTCGGAATTCAAGGGGCTActttagGAGCAATTATC
TTGTTTACTAAAACTGAATACCTTGCTATCTCTTTGATACATTTTTACAAAGCTG
AATTAAAATGGTATAAATTAAATCACTTTTTTCAATTGGTTTAAACCCTGCAGG
TACGTAACGCGTGGATATC

miRNA-E

AGATCTAGCGCTGGCGCGCCATTTAAATCGATAGTTTGTTTGAATGAGGCTTCA
GTACTTTACAGAATCGTTGCCTGCACATCTTGGAAACACTTGCTGGGATTACTT
CGACTTCTTAACCCAACAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTGA
GCGCACGTGATGCCTACTGCCTCGGAAGTCAAGGGGCTAgaattcGAGCAATTATC
TTGTTTACTAAAACTGAATACCTTGCTATCTCTTTGATACATTTTTACAAAGCTG
AATTAAAATGGTATAAATTAAATCACTTTTTTCAATTGGTTTAAACCCTGCAGG
TACGTAACGCGTGGATATC
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Table 5. Melanoma lines and their mutation status.

Cell line Type of lesion Site Reported mutations
WM278 primary VGP cutis BRAF(V600E),
hemizygous deletion PTEN
WM1617 metastasis cutis BRAF(V600E),
(same patient as WM278) hemizygous deletion PTEN
WM35 early primary RGP scalp/neck BRAF(V600E),
PTEN mutant
WM793 primary VGP - BRAF(V600E),
PTEN mutation/hem. del.,
CDK4 (K22Q)
WM9 metastasis LN axilla BRAF(V600E,)
PTEN hem. del.
WM2664 metastasis skin BRAF(V600D),
PTEN hom. del.
WM451Lu mouse xenograft metastasis lung BRAF(V600E),
(PTEN WT)
Sbcl2 primary RGP - NRAS(Q61R)
A-375 metastasis - BRAF(V600E),
(PTEN WT)
MM485 metastasis LN NRAS(Q61R),
CDKN2A(W110Stop)
MM370 metastasis LN BRAF(V600E),
CDKN2A hom. deletion
Sk-mel-2 metastasis thigh NRAS(Q61R)
(PTEN WT)
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Table 6. Primers for qRT-PCR analysis of PTEN Proximal gene mRNA expression.

Target Primer # Sequence (5’ - 3°)
$28 CJ0039 TCCATCATCCGCAATGTAAAAG
CJ0040 GCTTCTCGCTCTGACTCCAAA
GAPDH CJ0o047 TGCACCACCAACTGCTTAGC
CJ0048 CAGCCTTGGCAGCGCCAGTA
B-Actin CJ0037 GCAAAGACCTGTACGCCAAC
CJ0038 AGTACTTGCGCTCAGGAGGA
PIK3CA CJ0o017 TTAGCCAGAGGTTTGGCCTG
CJ0o018 TCTGGTCGCCTCATTTGCTC
PIK3CB CJ0023 ATCCTTGACATCTGGGCGGT
CJ0024 GGGTAATTGTGAACTTGCTTCCA
PIK3CD CJ0025 GCTCGCTCCACCAAGAAGAA
CJ0026 CGCTATCCGTGTTGGGGTTA
PIK3CG CJ0029 AGGGGAAAGCTTCATAGCCTC
CJ0030 CCTTCGGCAGTTGTCCTCTC
PDK 1 CJ0001 CAGAGAGCGGGATGTCATGT
CJ0002 TCAGCCGTGTAAAATCGGGT
PTEN CJ0035 AAGGCACAAGAGGCCCTAGA
CJ0036 GATTGCAAGTTCCGCCACTG
AKT1 CJ0005 CAGGATGTGGACCAACGTGA
CJ0006 AAGGTGCGTTCGATGACAGT
AKT? CJ0o0o41 AGTGACTCCTCCACGACTGA
CJ0o042 TTCGCAGGATCTTCATGGCG
AKT3 CJ0015 CAGACAGACTGCAGAGGCAA
CJo016 TCCACTTGCCTTCTCTCGAAC
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