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Abstract

MEKK?2 is a protein serine/threonine-kinase involved in the activation of many MAP-kinase
signalling pathways. In a previous study, SMY D3-mediated methylation at K260 of MEKK2
was demonstrated to promote aberrant input downstream of oncogenic Ras-signaling, promoting
Ras-driven PDAC and LAC progression. Our lab has previously characterized the role of
MEKK?2 phosphorylation at T283 and has recently discovered a novel second phosphorylation
site at T263. We show that together, these sites form the bipartite binding group for 14-3-3
adapter proteins. This study focuses on characterizing T263 and T283 as regulatory phosphosites
in K260 methylation and implicates 14-3-3 as a promoting factor in facilitating SMYD3-
mediated methylation at K260. Our findings provide a potential mechanism of MEKK2
oncogenic function, whereby 14-3-3 preserves phosphorylation at T263 and T283, together
promoting K260 methylation and MEKK?2 activation. Our study characterizes T263 and T283 of

MEKK?2 and 14-3-3 phosphoadapter proteins as potential therapeutic targets in PDAC and LAC.
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Chapter 1: Introduction and Research Objectives

1.1 Posttranslational Modifications

Proteins commonly undergo reversible modifications known as posttranslational modifications
after translation. These reactions involve the addition of a modifying group to one or more amino
acids within a target protein. These modifications cause functional alterations to the protein
which allow for regulation of cellular processes, such as protein-protein interactions and
signalling pathways.! Posttranslational modifications and the crosstalk between these protein
modifications not only play critical roles in normal cellular processes, but they are also linked to
many oncogenic signalling events involved in tumorigenesis.? This study focuses on the
reversible posttranslational phosphorylation, methylation, and ubiquitination of single amino

acid sites.
1.1.1 Phosphorylation

Protein kinases catalyze the transfer of the terminal phosphoryl group of ATP to their specific
protein substrate.® The addition of the phosphate group occurs at either a serine, threonine, or
tyrosine residue. This chemical modification can be reversed by phosphatases, which catalyze
the removal of the phosphate group from the substrate protein. Serine and threonine
phosphorylation is usually involved in the regulation of processes such as cell-cycle progression,
the DNA-damage response, and cellular growth. Phosphorylation of tyrosine residues primarily
regulates the activation of signalling cascades that control cellular proliferation and

differentiation.*



1.1.2 Methylation

In eukaryotic cells, methyl groups are predominately added to basic and positively charged
lysine and arginine residues in target proteins. When methylation occurs on the nuclear histone
proteins in the cell nucleus, it plays a role in histone modification and transcriptional regulation.!
However, non-histone proteins are also subject to regulation by methylation at the
posttranslational level. The regulatory effect of methylation on protein activity will depend on
the site and degree of methylation. Methylation of lysine and arginine residues on non-histone
proteins has emerged as an important regulator of cellular signal transduction mediated by many
signalling pathways, including the mitogen-activated protein kinase (MAPK) signalling
pathway.®> Unique to methylation, this chemical modification can result in three different
methylated states on the same residue, mono-, di-, or tri-methylated. The methylation status of

target proteins is controlled by two groups of enzymes, methyltransferases and demethylases.*®

1.1.3 Ubiquitination

Protein ubiquitination occurs in a three-step reaction involving ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin-protein ligase (E3). This process results in the
covalent linkage of a ubiquitin molecule, a short modifier protein, to the ubiquitination site of a
protein substrate. Additional ubiquitin molecules can be attached to the lysine residues, ubiquitin
attachment sites, in each preceding ubiquitin molecule to form ubiquitin chains. These ubiquitin
chains serve as the recognition signal for proteosomes to initiate proteolysis of these
polyubiquitinated proteins.*”® Although ubiquitination often results in the degradation of the
ubiquitinated protein through the ubiquitin-proteasome pathway, this modification of the protein

can alternatively function to alter protein-protein interactions.’



1.2 MAP Kinase Signalling Pathways

Mitogen-activated protein kinases (MAPKSs) are serine/threonine kinases that regulate signal
transduction pathways in response to various external stimuli. All eukaryotic cells possess
multiple MAPK pathways that coordinate to regulate cellular processes such as gene expression,
mitosis, proliferation, metabolism, differentiation, motility, survival, and apoptosis. The
biological response to MAPK activation depends on the type of stimulus present and the specific
MAPK pathway that becomes activated.®*? The most extensively studied types of MAPKs are
the conventional MAPKSs which are categorized into four groups comprised of the extracellular
signal-regulated kinases 1/2 (ERK1/2), c-Jun (N)-terminal kinases 1/2/3 (JNK1/2/3), p38
isoforms (a, B, v, and §) and ERK5.%2 Each of these MAPK groups are composed of a set of three
evolutionarily conserved and sequentially-acting kinases: a MAP kinase kinase kinase
(MAPKKK/MEKK/MAP3K), a MAP kinase kinase (MAPKK/MEK/MAP2K), and a MAP

kinase (MAPK).%1012

1.3 MAPK Pathway Activation

MAP kinase pathway activation involves a conserved series of signalling events resulting in
phosphorylation of each sequential MAP kinase in the cascade. The general sequence of a MAP
kinase signalling cascade involves the sequential activations of a MAP3K followed by a
MAP2K, and lastly a MAPK® Extracellular stimuli such as stress signals, growth factors,
mitogens, and cytokines interact with cell surface receptors and cause activation of membrane-
bound GTPase proteins of the Ras/Rho family and other membrane-localized protein kinases,
such as Src family kinases and Akt. Interaction with these GTPase proteins or phosphorylation
by protein kinases are typically responsible for the activation of the MAP3K in the cascade.'14

Following activation, the MAP3K serine/threonine kinase will phosphorylate its substrate

3



MAP2K on a conserved Ser/Thr motif: Ser-X-X-X-Ser/Thr.*> Once activated, the MAP2K
activates the MAPK through dual phosphorylation of the threonine and tyrosine residues within
the conserved (Thr-X-Tyr) motif located in the activation loop of the kinase domain.*?® MAPKs
are serine-threonine kinases that, once activated, facilitate a biological response by causing
changes in protein function and gene expression. MAPKSs can directly phosphorylate cytoplasmic
substrates, causing changes in protein function, or they can translocate to the nucleus where they

can regulate the activity of transcription factors controlling gene expression.t’

Signal specificity within the MAPK signalling network is extremely crucial to maintaining
normal regulation of cellular processes. The MAPK is equipped with docking sites for the
appropriate upstream MAP2K and downstream substrates which promotes signal specificity in
MAPK signalling. These docking sites allow high-affinity protein interactions and activation of
specific downstream target proteins, ensuring the appropriate biological response is carried
out.*+18.19 Specificity in MAPK signalling is also achieved at the level of extracellular

stimulation, as specific MAPKSs are activated in response to specific stimuli.?

1.4 The Ras-Raf-MEK-ERK MAPK Pathway

The Ras-Raf-MEK-ERK pathway is a mitogen-activated protein kinase (MAPK) pathway that
plays a key regulatory role in various cellular processes, including proliferation, differentiation,
survival, and migration.?! The involvement of this MAPK pathway in the survival and
development of tumour cells has been widely documented in various cancers.?? Driver mutations
within Ras genes, predominately K-Ras, is the most prevalent oncogenic factor across diverse
cancers, accounting for approximately 30% of all cancer types and impacts nearly 10% of cancer
patients.?? An overview of the oncogenic mechanism of the Ras-Raf-MEK-ERK cascade is

illustrated in Figure 1.1.
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Figure 1.1. Oncogenic Ras-Raf-MEK-ERK signalling and transcriptional targets of ERK1/2. G-protein-
coupled receptor (GPCR) and receptor tyrosine (RTK) activation induced by growth factors, cytokines, or
mitogens, promotes Ras-GDP to Ras-GTP exchange and activation. Mutated Ras oncoprotein drives
oncogenic activation of the Ras-Raf-MEK-ERK cascade. Upon activation, ERK1/2 translocates to the
nucleus following dual phosphorylation by MEK1/2. Within the nucleus, ERK1/2 upregulates activation
of various transcription factors including EIk-1, c-Jun, c-Myc, and Ets-1, promoting unregulated cellular
processes such as growth, proliferation, survival, invasion, and migration, contributing to cancer
progression. Created with BioRender.com.



1.4.1 Ras Oncogene and Isoforms

The Ras gene family, including H-Ras, K-Ras, and N-Ras, comprise the most frequently mutated
oncogenes in human cancer. With the highest mutation frequencies observed in lung, colorectal,
and pancreatic cancer — the top three causes of cancer-related mortality in the United States — the
development of Ras-inhibitory drugs remains a primary focus in cancer research.?® Five Ras
mutations account for 70% of all cancers characterized by a Ras mutation: G12D, G12V, G12C,
G13D, and Q61R.?* Specifically, G12D or G12C mutations with in K-Ras have been observed to
upregulate MAPK signalling within the Ras-Raf-MEK-ERK cascade. Oncogenic mutations in
Ras genes are typically defined by single-base substitutions that allow constitutive Ras-MAPK
pathway activation.?® K-Ras is the most commonly mutated member with the Ras family of
GTPases and is considered to be the most common oncogenic driver gene in human cancers.?
Notably, the K-Ras isoform is mutated in approximately 84% of all Ras-mutated cancers, with
nearly 100% K-Ras mutation frequency in pancreatic ductal adenocarcinoma (PDAC), which is
considered the most Ras-dependent cancer type.?® Due to its prevalence and significance in
cancer, identifying therapeutic targets and developing therapies to inhibit mutated K-Ras activity

in cancers marked by oncogenic K-Ras activation has become a focus in cancer research.

1.4.2 Ras Activation by RTKs

Ras is a small membrane-localized GTP-binding protein that initiates the Ras-Raf-MEK-ERK
MAPK signal transduction pathway upon extracellular stimulation. Many growth factors,
including epidermal growth factor (EGF), bind extracellularly to transmembrane receptors with
intrinsic tyrosine kinase activity.?” For instance, the EGF-receptor (EGFR) functions as a
receptor tyrosine kinase (RTK), to which EGF will bind as a ligand and promote RTK

activation.?® RTKs are generally activated by receptor-specific ligands which, upon binding, will
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promote ligand-induced receptor dimerization and trans-autophosphorylation of multiple tyrosine
residues in each tyrosine kinase domain.?® Src homology 2 (SH2) domain-containing signalling
proteins, including Grb2, can then bind these tyrosine-phosphorylated residues within the
intracellular regions of the activated RTK.?” Grb2 exists cytoplasmically in a complex with SOS,
a guanylnucleotide exchange factor, and converts inactive Ras-GDP to its active Ras-GTP state.
The Grb2-SOS complex binds to the activated RTK where Grb2 serves as an adaptor protein to

activate SOS and allow the Ras GDP/GTP exchange.?"*

1.4.3 Raf Kinases

The Raf family of serine/threonine kinases, including isoforms such as A-Raf, B-Raf, and C-Raf
(or Raf-1), function as MAP3Ks and upstream kinases in the MAPK signalling pathway.®! In
quiescent cells, Raf kinases remain in the cytosol as inactive monomers. Raf autoinhibition is
maintained through intramolecular interactions between its regulatory and catalytic domains,
coupled with binding of a 14-3-3 dimer to specific serine phosphosites.®? Raf activation is
initiated by a direct interaction with active Ras-GTP, recruiting Raf to the membrane.® Raf
autoinhibition is relieved upon Ras binding, promoting a conformational change requires to
allow Raf homodimerization and kinase activation.3>3 Raf kinases catalyze phosphorylation of

$218/222 of MEK1 and S222/S226 of MEK2 with in the activation segments.3*%

1.4.4 Mitogen-Activated Protein Kinase/ERK kinase

MEKZ1/2 is a dual-specificity serine/threonine MAP2K, capable of phosphorylating ERK1/2 at
both threonine (T202/185) and tyrosine residues (Y204/187), within its activation loop.**2¢ This
dual phosphorylation is essential for the full activation of ERK and subsequent downstream

signalling.®” Upon activation, MEK1/2 phosphorylates its primary substrate ERK1/2 with high



selectivity, ensuring the precise and coordinated activation of ERK1/2 signalling and regulation
of cellular processes.3® However, oncogenic Ras activation results in dysregulation of MEK1/2,
leading to aberrant ERK1/2 activation and thereby contributing to tumorigenesis in various

cancers such as melanoma, pancreatic, lung, colorectal, and breast cancers.*

1.4.5 Extracellular Signal-Regulated Kinase and Oncogenic Functions

ERK1/2 is a serine/threonine MAPK that play a key regulatory role in cell proliferation and is
activated in response to mitogenic growth factors including epidermal growth factor (EGF),
insulin-like growth factor-1 (IGF-1), and platelet-derived factor (PDGF).12%40 ERK1/2 has also
been shown to respond to ligand stimulation of heterotrimeric G protein-coupled receptors
(GPCRs), osmotic stress, and cytokines.'? ERK1/2 is characterized by an extensive substrate
specificity, having both nuclear and cytosolic targets, thereby contributing to the regulation of

various cellular processes in both normal and oncogenic pathway signalling.®®

The ERK1 and ERK2 module controls cell proliferation by targeting various effectors including
transcription factors that regulate immediate early genes (IEGs) involved in the early stages of
the cell cycle and positive regulators of the cell cycle.>** Upon activation and nuclear
translocation, ERK1/2 directly phosphorylates nuclear transcription factors such as EIk-1,
through docking interactions. Elk-1 is an transcription factor involved in expression of
immediate-early (IE) genes, such as c-Jun and c-Fos.*+%? The expressed c-Jun protein is
stabilized through direct phosphorylation by ERK1/2, promoting association with c-Fos, a
transcription factor involved in cell cycle progression.*3#* Together, these proteins form the early
response AP-1 (activating protein-1) transcription complexes. AP-1 complexes activate
expression of cell cycle regulators, cyclin D1, which, in turn, forms complexes with cyclin-
dependent kinases CDK4 and CDK®, allowing G1/S transition and cell cycle progression.*>*6 In

8



cancer, driver mutations in upstream Ras or Raf genes result in overactivation of the Ras-Raf-
MEK-ERK signalling cascade. Consequently, sustained activation of ERK1/2 promotes
uninterrupted cell cycle progression and proliferation, contributing to tumorigenesis and cancer

progression.*’

ERKZ1/2 enhances survival of cancer cells through the promotion of pro-survival signals in
response to RTK activation. ERK1/2 signalling regulates the function and expression of various
anti-apoptotic proteins, including Mc1-1, a member of the Bcl-2 family proteins.*® The intrinsic
apoptosis pathway is regulated by the Bcl-2 family of pro-survival and pro-apoptotic proteins.*°
Therefore, Mcl-1 upregulation by oncogenic Ras-ERK1/2 activation contributes to survival of

cancer cells by supressing the intrinsic apoptotic pathway.*84°

The proto-oncogene c-Myc is a transcription factor that regulates numerous signalling pathways
involved in cell metabolism, growth, and proliferation.>® ERK1/2 regulates c-Myc at the
posttranslational level through direct phosphorylation at S62, promoting c-Myc stabilization and
increasing transcriptional activity.>>*> Consequently, oncogenic K-Ras-driven ERK1/2 activation
promotes c-Myc accumulation, resulting in upregulated c-Myc-mediated expression of genes that
regulate cell growth and proliferation, including cell-cycle regulators cyclin D1 and CDK4/6.%%°!
Therefore, dysregulated c-Myc activity contributes to uncontrolled proliferation and survival of

cancer cells driven by aberrant K-Ras-ERK signalling.

The Ets-1 proto-oncogene is a member of the Ets family of transcription factors. Ras-mediated
ERKZ1/2 activation results in direct phosphorylation of Ets-1 at T38, increasing Ets-1
transcriptional activity.>® Ets-1 Ras-responsive elements have been identified in the promoters of
genes encoding matrix metalloproteases (MMPs) MMP1, MMP9, and PLAU.>* MMPs are

proteolytic enzymes that are known to be involved in cellular invasion and migration, which are
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key processes in cancer progression and metastasis.>**> MMPs promote cancer invasion by
degrading components of the ECM, creating pathways for cancer cells to migrate into
surrounding healthy tissues.® Consequently, Ets-1 upregulation contributes to the metastatic

ability of cancers resulting from oncogenic Ras-ERK1/2 activation.

1.5 MEKK2 and MEKK3 Pathways

MEKK2 (MAP3K2) and MEKK3 (MAPK3K3) are Ser/Thr protein kinases expressed in various
types of tissue and belongs to the MEKK/STE11 subgroup of the MAP(3)kinase family.>” These
MAP3Ks initiate the MAPK cascade through integration of various extracellular signals
including growth factors, cytokines, cellular stressors and mitogenic signals, allowing regulation
of cellular responses to diverse stimuli.®®®* MEKK2 and MEKK3 share significant amino acid
sequence homology and substrate specificity.®% MEKK2/3 stimulate the activation of all four
classical MAPKs: JNK 1/2/3, ERK5, ERK1/2, and p38 o/p/5/y 12606466 MEKK2/3 signalling has
been documented to result in transcription factor nuclear factor-kappa B (NF-xB) activation
downstream of MAPK activation, promoting expression of genes involved in immune responses,
inflammation, cell growth, survival and development.®” Therefore, MEKK2 and MEKK3 play
crucial roles in regulating many cellular processes including cell growth, proliferation,
differentiation, apoptosis, and immune responses.*222896° An overview of MEKK2/3 signal

integration and activation of various MAPK downstream effectors is illustrated in Figure 1.2.

As discussed, MEKK2/3 become activated upon extracellular stimulation and initiate the
activation of various MAPK cascades. MEKK2/3 follow the typical canonical MAPK signalling
mechanism, whereby the activated MAP3K will phosphorylate and activate downstream
MAP2Ks (also known as MEKs or MKKSs), which in turn phosphorylate and activate the final
MAPK effectors in the MAPK cascade. %1012
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In the activation of stress-responsive c-Jun N-terminal kinase (JNK), MEKKZ2/3 initiates the
MAPK cascade by signalling to MAPKKSs, MKK4 (MEK4) and MKK7 (MEK7) which then
directly phosphorylate and activate INK.”>"* The JNK signalling pathway is involved in the

regulation of many cellular processes, including growth, transformation, and apoptosis.’

In response to growth factors, mitogens, cytokines, and stressors, MEKK2/3 phosphorylates
MEKS5, a specific MAP2K for ERKS5, activating ERKS5 by phosphorylating its activation loop
within the kinase domain.”®"® MEKK2/3 are the only two of the 19-member MAP3K
superfamily to encode the conserved protein binding PB1 domain.®2% MEKK2/3 facilitates
interaction with MEKS5 through their protein binding PB1 domains, establishing a signalling
complex, thereby coordinating the transmission of activating signals from MEKK2/3 to
ERKS5.7-"® ERKS5 activation typically results in the activation of genes that control cell

proliferation, growth, differentiation, survival, and migration.”>76:8

While ERK1/2 activation is primarily mediated by Raf MAP3KSs upon Ras signalling, MEKK2/3
are also capable of activating the ERK1/2 MAPK pathway through direct phosphorylation of
MAP2Ks MEK1/2 in certain cellular contexts, including MEKK2/3 overexpression.®%%98! The
ERK1/2 MAPK pathway is primarily responsive to growth factors, stress, and mitogenic signals,
and typically governs regulation over genes involved in cellular proliferation, growth, survival,

and differentiation.12698283

The four p38 isoforms are strongly responsive to various stimuli, including stress and
inflammatory cytokines and regulate expression of genes involved in cellular inflammation,
differentiation, growth, and apoptosis.*?848 Upstream p38 MAP2Ks are activated by various
MAP3Ks, including MEKK2/3, and selectively activate all p38 MAPK isoforms by dual

phosphorylation in the conserved TGY motif in the activation loop. MKK3 (MEK3) selectively
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phosphorylates and activates p38a, p386, and p38y isoforms, while MKK6 (MEK®6) strongly

activates all p38a, p38p, p385, and p38y isoforms. 128488

1.5.1 MEKKZ2/3 Activation and Regulation

The precise mechanisms through which upstream cellular and membrane-bound receptor
elements integrate extracellular signals to induce activation and regulation of MEKK2/3 lack
sufficient evidence. However, MAPKKKSs are often activated through phosphorylation by
upstream Kinases or as a result of direct interaction with small GTP-binding proteins of the
Ras/Rho family.1287 Activation by upstream kinases may be facilitated MAP4Ks, belonging to
the Ste20-like family of S/T-kinases, which have been documented to promote JNK activation
upon activation of MAP3K signalling.®8 Evidence suggests that MEKK2/3 can form pre-
activation complexes with other receptor-proximal upstream signalling proteins, facilitating the
integration of various extracellular signals and promote MEKK?2/3 activation, leading to

downstream MAPK pathway activation.5263

Additionally, G-protein-coupled receptor (GPCR) activation is correlated with activation of the
major MAPK pathways.%! GPCRs are the largest family of membrane proteins and respond to
extracellular stimuli such as, stress factors, hormones, and cytokines to mediate majority of
cellular processes.®*8%% There are many potential mechanisms of MAPK activation by GPCRs,
however the activation of specific G-protein subunits promotes downstream signalling cascades
that result in phosphorylation and subsequent activation of MEKK2/3.53°1 The potential
mechanisms underlying MEKK2/3 activation by upstream activating elements are illustrated in

Figure 1.2.
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Figure 1.2. MEKK2/3 signal integration and downstream effectors. The available data suggests that
MEKK?2/3 activation is facilitated by the integration of various extracellular stimuli through G-protein-
coupled receptors (GPCRs) and receptor tyrosine kinases (RTKSs) or phosphorylation by upstream
kinases. Guanine nucleotide exchange factors (GEFs) are generally recruited to the cell membrane upon
RTK activation, resulting in the activation of small GTPases which interact with MEKK?2/3 to promote
activation. MEKKZ2/3 activate all four major MAPK pathways which regulate various cellular processes.
Created with BioRender.com.
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However, it is widely understood that MEKK2/3 undergo autoactivation through
homodimerization and subsequent autophosphorylation. Upon activating signals, MEKK2 or
MEKK3 homodimerize, promoting transautophosphorylation of MEKK2 or MEKKS3 regulatory
sites S519 and S526 in the activation loop, respectively.538467.92 Transautophosphorylation of
these sites are required for full activation of MEKK2/3 and subsequent initiation of MAPK
cascades.®%2 An MEKK2-interacting protein, identified as Mip1, regulates MEKK2 activity by
forming a complex with inactive and non-phosphorylated MEKK2 monomers, inhibiting dimer
formation and subsequent activation.>® Upon extracellular stimuli, such as EGF, the Mip1-
MEKK?2 complex dissociates, resulting in increased levels of available MEKK2. Therefore,
MEKK?2 overexpression, detected in various cancers, is sufficient to promote dimerization,
resulting in autophosphorylation and activation.>”*3% |t is likely that Mip1 also regulates
MEKK3 dimerization due to its high degree of conservation with MEKK2, however these

investigations have not been conducted.

The specific phosphorylation of various serine and threonine residues within the kinase
activation loop of MEKK2/3 is induced by distinct activating stimuli to regulate activation of
various downstream pathways.*® For instance, interleukin-1 (IL-1) induces phosphorylation at
S526 of MEKK3, promoting activation of MAPK and NF-«B pathways, while lysophosphatidic
acid (LPA) stimulation promotes phosphorylation at T516 and S520, leading to IKK/NF-xB
pathway activation.®*¢7:%3 While there is limited data regarding mechanisms of MEKK2/3
downregulation, protein phosphatase 2A (PP2A) has been well documented to regulate
phosphorylation and activation of MEKK2/3. Following LPA-induced MEKK3 phosphorylation
in the activation loop, the catalytic subunit of PP2A binds MEKKS3 and dephosphorylates T516

and S520, inactivating MEKK3 and thereby reducing activation of the IKK/NF-xB pathway.%?

14



Alternatively, PP2A has been documented to act as an allosteric inhibitor to indirectly prevent
activating phosphorylation of MEKKZ2. The regulatory subunit of the trimeric PP2A complex has
been detected to directly interact with MEKK2, preventing activating phosphorylation by

upstream kinases and other activating signals.®*%

1.5.2 MEKKZ2/3 Promote Tumorigenesis of Various Cancers

Due to the ability of MEKKZ2/3 to activate various cellular pathways, regulatory mechanisms are
crucial to control MEKK?2/3 activation and signalling. Consequently, dysregulation of MEKK?2/3
can lead to aberrant activation of downstream effectors such as all four classical MAPK
pathways and NF-«xB.12%8 Qverexpression of MEKK2 has been detected in breast, prostate,
colorectal, lung, and pancreatic cancers, while elevated MEKK3 expression has been identified
in breast, ovarian, cervical, lung, kidney, and esophageal cancers.>” 2% The role of MEKK2/3
as oncoproteins in the development and progression of various forms of cancer should be further

studied for the development of targeted therapeutic interventions.

MEKK3 upregulation has been detected in esophageal dysplasia, which promotes tumorigenesis
of esophageal squamous cell carcinoma (ESCC).% In cervical cancer, there is a positive
correlation between MEKKS3 expression and survivin expression, an anti-apoptotic protein
associated with survival of cancer cells, thereby contributing to the development and progression
of cervical cancer.2%%1% Similarly, MEKK3 overexpression has been shown to correlate to
increased expression of survivin and STATS3, a transcription factor associated with increased
development and metastasis of renal cell cancers (RCC).1921% Qverexpression of MEKKS3 is
frequently detected in breast and ovarian cancers, leading to increased NF-xB and upregulation

of cell survival genes, which in turn promotes cellular resistance to apoptosis.'#1% In lung

15



cancers, upregulated MEKKS3 is associated with aberrant INK and p38 activity, resulting in

proliferation, migration and invasion of lung cancer cells. %

Dysregulation of MEKK2 has been shown to promote migration of invasive breast cancer cells
through regulation of cellular adhesion complexes, leading to metastasis.®”% Furthermore,
MEKK2-MEKS5-ERKS signalling has been implicated in the proliferation and growth of breast
cancer cells.®® Overexpression of MEKK?2 is correlated to the tumorigenesis of pancreatic ductal
adenocarcinoma (PDAC) and lung adenocarcinoma (LAC), whereby MEKK2 becomes
methylated at K260 by overexpressed SMYD3 lysine methyltransferase (KMT), which prevents
regulatory control by protein phosphatase PP2A, and promotes MEKK2 signalling to MEK1/2

downstream of oncogenic Ras.%

1.6 14-3-3 Adapter Proteins: Binding and Function

14-3-3 proteins comprise a family of eukaryotic phospho-S/T-binding adaptor proteins that
regulate all major cellular signalling pathways, including MAPK pathways, thereby modulating
diverse cellular processes including cell cycle progression, signal transduction, protein
trafficking, and apoptosis.1®’~110 14-3-3 proteins consist of seven isoforms that interact with
phosphorylated serine and threonine residues within specific consensus sequences.?” Majority of
14-3-3 binding sites conform to a Mode | motif, having at least one basic (K/R) residue in the -3
to -5 positions, relative to the phosphoserine or phosphothreonine, followed by a +2

proline 111112

Each 14-3-3 monomeric unit contains one phosphopeptide-binding site located within the
amphipathic groove. Consequently, a 14-3-3 dimer can bind two phosphosites simultaneously

within the same protein or from two different proteins, acting as a scaffold. While 14-3-3

16



isoforms can interact with target proteins individually as monomers, they predominantly exist

and interact as dimers.110.113.114

The role of 14-3-3 interaction depends on its specific target, however 14-3-3 proteins are known
to mask nuclear localization or export signals, modify protein conformation to activation or
inhibitory states, and inhibit the binding of other interacting proteins, including phosphatases,
consequently protecting targets from dephosphorylation.1%11411°> Consequently, 14-3-3 proteins
can contribute to vital processes in cancer progression including apoptosis, cell cycle

progression, autophagy, glucose metabolism, and cell motility.1%’
1.6.1 MEKK2/3 Regulation by 14-3-3

As mentioned, MEKK?2/3 activation is regulated through phosphorylation at distinct serine and
threonine residues.® 14-3-3 proteins have been demonstrated to regulate MEKK2/3 activity
through their ability to function as scaffolds to facilitate protein-protein interactions.!® There is
evidence to suggest that 14-3-3 proteins interact with specific threonine residues on MEKK2/3 to
regulate their activity. Multiple studies conducted by Matitau et al. have demonstrated T294 of
MEKK3 and the analogous site T283 of MEKK?2 as regulatory sites that control the activation of
downstream MEKK2/3 effectors.>®% In MEKK3 studies, the introduction of a phosphorylation-
resistant mutant T294A MEKKS3 disturbs the ability for 14-3-3 adaptor proteins to bind, resulting
in sustained levels of S526 phosphorylation within the activation loop, promoting amplification
of activating signals to downstream NF-kB, in the presence TNF-a stimulation.*® Thus, it was
concluded that T294 phosphorylation promotes 14-3-3 binding, providing a potential mechanism

by which MEKKS3 signalling is regulated.
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Further investigations regarding the role of 14-3-3 in modulating MEKK?2 activity demonstrated
that 14-3-3 also interacts with MEKK?2 at T283. This interaction alters MEKK?2 activity by
limiting homodimerization and subsequent S519 phosphorylation in the activation loop, resulting
in kinase inactivation. Similar to the regulatory control elicited on MEKKS3 activity, expression
of T283A MEKK?2 prevented 14-3-3 interaction, resulting in enhanced stress-activated JNK
activity and IL-6 expression, while simultaneously reducing ERK activation and subsequent
cellular proliferation rates.%® These findings indicate that 14-3-3 interacts with MEKK?2 at

phosphorylated T283 to control MEKK?2 activity.

1.7 SMYD3 Methyltransferase Function and Oncogenesis

SMYD3, SET and MYN-domain containing 3, is a lysine methyltransferase (KMT) that has been
implicated in the development and progression of various types of cancers.!” SMYD proteins
catalyze the transfer of the methyl group from S-adenosyl-L-methionine (SAM), a methyl donor
involved in the methylation of many cellular compounds, onto the lysine residue of both histone
and nonhistone protein substrates.'!31° SMYD-mediated lysine methylation influences protein
activity, stability, and function, resulting in diverse biological outcomes including regulation of

gene expression and cell signalling pathways. 34119120

Experimental findings from tumour biopsies indicate upregulation of SMYD3 in diverse cancer
types, including breast, ovarian, prostate, liver, colon, lung, and pancreatic cancer. Elevated
SMYD3 levels has been associated with tumour progression and metastasis, resulting in poor
disease outcome and increase mortality rate.*?* One mechanism by which SMYD3 contributes to
the progression of cancer is through methylation of non-histone proteins involved in cellular

signalling, resulting in increased cell proliferation, growth, and migration.??
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1.7.1 SMYD3-Mediated Methylation of K260 of MEKK2 Promotes Tumorigenesis

Mazur et al. explored the correlation between activating Kras mutations (G12D) and upregulated
Smyd3 expression in tumour development using mouse models of PDAC and LAC.% SMYD3-
mediated K260 methylation enhances MEKK2 input to MEK1/2 increases ERK1/2 activation,
which promotes rapid proliferation of cancer cells and overall worsens cancer prognosis.*’
ERK1/2 activation was shown to significantly decrease in Kras®*?®/Smyd3-deficient mouse
models, co-occurrent with a significant reduction in pancreatic intra-epithelial neoplasia (PanIN),
a precursor to PDAC, and increased lifespan. These results indicate that SMYD3 is required for
the progression and worsened prognosis of pancreatic ductal adenocarcinoma (PDAC) following
oncogenic K-Ras activation. Similarly, mouse models showed significantly smaller and less
advanced lung adenomas following Smyd3-deletion, inferring SMYD3 is also responsible for
lung adenocarcinoma (LAC) tumorigenesis.*> MEKK2 methylation status in LKR10 cells
(mouse LAC cells) showed decreased methylation in vitro upon SMY D3-directed RNA-
inference. Further insights into the oncogenic role of SMYD3 and its targeting of synergistic
oncogenic signals may be useful in the development of effective treatment for cancers that are

characterized by Smyd3 overexpression.'??

Mazur et al. characterized K260 of MEKK2 as a target of SMY D3 methylation, preventing
MEKK?2 inactivation by hindering phosphatase PP2A association, a known key negative
regulator of the MAPK pathway.* In PDAC and LAC, SMYD3 overexpression leads to aberrant
activation of MEKKZ2, resulting in increased MEKK2 input to MEK1/2 downstream of
oncogenic K-Ras signalling within the Ras-Raf-MEK-ERK signalling cascade.®® They
established that amino acids 249-273 of MEKK2 constitutes the binding site for the PP2A

complex and methylation at K260 inhibits this interaction, therefore inferring that aberrant
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MEKK?2 activation is due to the inability of PP2A to negatively regulate activating
phosphorylation events on MEKK?2 and downstream targets.®® Additionally, they confirmed that
SMYD3 was the only KMT out of eleven tested that could methylate MEKK2. SMYD3 can
catalyze MEKK2 methylation using unmethylated, mono-, or di-methylated K260 as substrates

to generate the fully saturated trimethylated state at K260.%°

1.7.2 Importance of Identifying SMYD3 Targets in Cancer Progression

PDAC is acknowledged as the most lethal form of pancreatic cancer characterized by an average
5-year survival rate of less than 10%, with the majority of patients diagnosed at an advanced
late-stage or metastatic state.!?*12* Similarly, LAC stands as the predominant histological
subtype among non-small cell lung cancers (NSCLC), exhibiting elevated rates of mortality and

proclivity for metastasis.?®

Growing evidence has linked SMYD3 to tumorigenesis in several cancer types where it acts as
an activator of multiple oncogenic mechanisms.'?® As discussed, one of the ways SMYD3
promotes oncogenesis is through its involvement in cellular signalling pathways by targeting
non-histone proteins that are crucial regulators of normal cell proliferation, growth, migration,
and survival.?2 Recent studies have shown that expression of SMYD3 is robustly elevated in
diverse human cancers, suggesting its role as a putative oncogene.?” Therefore, investigating
therapeutic targets in SMY D3-mediated cancer progression provides opportunities for

developing targeted therapeutic interventions.
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1.8 Hypothesis and Research Objectives

The first aim of this study is to characterize T263 as a novel secondary phosphosite on MEKK2
and 14-3-3-binding site. As mentioned, Matitau et al. have demonstrated that MEKK2 interacts
with 14-3-3 through a phosphorylation-dependent association at T283, altering MEKK2 activity
and signalling the MAPK pathway.®® Since T283 is an established phosphosite and 14-3-3
binding site, it was postulated that T263, located 20 amino acids upstream from T283, may also
be a 14-3-3-binding phosphosite. The sequence surrounding T263 is consistent with a Mode |

14-3-3 binding motif, containing a -3 basic lysine residue and a +2 proline [KXXpTXP].11:112

The second aim of this study is to determine whether SMY D3-mediated methylation of MEKK2
at K260 conferred regulatory control over T263 and T283 phosphorylation status and signalling
to downstream MEK and ERK in the MAPK cascade. Direct interactions between neighbouring
methylation and phosphorylation sites represent a distinct class of post-translational modification
(PTM) crosstalk, referred to as a ‘methyl-phospho’ switch.? Methylation at lysine residues is an
emerging mechanism to control phosphorylation at surrounding phosphorylation sites.'?° Recent
studies have recognized the significance of “methyl switches” in regulating PTMs of
neighbouring residues.*?® This type of post-translational regulation is characterized by the
stimulation or inhibition of neighbouring modifications as a result of methylation at one lysine
residue.!?® The crosstalk between phosphorylated and methylated residues allows for fine-tuned
control of protein function and downstream signalling events.> An overview of the objectives of

this study are illustrated in Figure 1.3.

As such, I hypothesize that T263 is a novel 14-3-3 phospho-binding site on MEKK2 and
SMYD3-mediated methylation of MEKK?2 at K260 will alter the phosphorylation status of
neighbouring T263, altering downstream MAPK pathway activation.
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Figure 1.3. Determining the role of T263 of MEKK2 in K-Ras-driven tumorigenesis. Oncogenic
activation of the Ras-Raf-MEK-ERK pathway is initiated by a G12D driver mutation in K-Ras.
Overexpressed SMYD3 methylates K260 of MEKK2, preventing PP2A association, and promotes
MEKK?2 input to MEK1/2 downstream of oncogenic Ras signalling. The objectives of the study aim to
characterize T263 as a novel phosphosite that binds 14-3-3 and its phosphorylation status is influenced by
neighbouring K260 methylation. Created with BioRender.com.
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Chapter 2: Procedures, Protocols, and Methodology

2.1 Mutagenesis and DNA Amplification

Plasmids: pPCMV10-FLAG-MEKK2 M. musculus was generated by previous members of the
Scheid lab using p3XFLAG-CMV-10 vector backbone. LV102-FLAG-MEKK2 H. sapiens
construct was obtained from GeneCopoeia (catalog no. EX-Z4520-Lv102-50). pMSCV-FLAG-
SMYD3 H. sapiens was a gift from Julien Sage (Addgene plasmid #85650). pcDNA™4/myc-His
C vector backbone was obtained from Invitrogen™ (ThermoFisher Scientific V863-20).
pPcDNA™4-FLAG-SMY D3 was generated by subcloning FLAG-SMYD3 from pMSCV-FLAG-
SMYD3 into the pcDNA™4/myc-His C vector backbone. All constructs contain

ampicillin/carbenicillin resistance gene controlled by a bacterial promoter.

Polymerase Chain Reaction (PCR) and Mutagenesis: Mutations of pPCMV10-FLAG-MEKK2
and LV102-FLAG-MEKK2 were generated using Q5® Site-Directed Mutagenesis Kit (NEB
E0554S) and were sequence-verified by The Centre for Applied Genomics (TCAG). Forward
and reverse primers were prepared by Invitrogen and were diluted 10-fold to obtain a stock
concentration of 100uM. The following reagents were assembled in PCR tubes on ice: Q5® Hot
Start High-Fidelity 2X Master Mix, 10uM forward primer, 10puM reverse primer, 1-25ng/ul
template DNA, and nuclease-free water, according to the Q5® Mutagenesis protocol (NEB).
Samples were placed in a thermocycler (Eppendorf Mastercycler®) on the following settings:
Initial Denaturation at 98°C for 30 seconds; 25 cycles and a final extension at 72°C for 2
minutes. Each cycle consists of denaturation at 98°C for 10 seconds, annealing at 50-72°C (based
on annealing temperature of primers) for 30 seconds per kb (based on kilobase pair size of

template DNA), and extension at 72°C for 25 seconds per kb. The PCR products were subjected
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to a Kinase, Ligase and Dpnl (KLD) reaction consisting of the following reagents: PCR product,
2X KLD Reaction Buffer, 10X KLD Enzyme Mix, and nuclease-free water (NEB E0554S),

yielding the ligated mutated construct.

Transformation:

High-Efficiency Transformation: This procedure was used following any plasmid ligation step
(ie. KLD reaction and subcloning). 50ul of NEB® 5-alpha (DH5a strain) competent E. coli cells
(subcloning efficiency; NEB catalog no. C2988) were inoculated with the construct on ice for 30
minutes. DH5a E. coli cells were heat shocked at 42°C for 30 seconds and then placed on ice for
5 minutes. The bacteria-plasmid mixture was incubated in SOC Outgrowth Medium (NEB
E0554S) at 37°C for 1 hour. Transformed bacteria was resuspended on a prepared carbenicillin-
containing LB-agar selection plate and was cultured for 16-20 hours at 37°C (inverted). Colonies
were isolated and grown in 5mL Lennox Luria Broth (LB) from Sigma-Aldrich (catalog no.
L.3022) containing 1ug/ml carbenicillin (Sigma-Aldrich C1613). Inoculations were incubated at

37°C for 16-20 hours on a VWR S-500 Orbital Shaker.

Low-Efficiency Transformation for Amplifying Large Quantities of Plasmid DNA: 50ul of
competent DH5a E. coli cells were inoculated with 1ul of plasmid DNA on ice for 5 minutes.
Cells were then heat shocked at 42°C for 30 seconds and were incubated on ice for an additional
5 minutes. Cells were plated on a carbenicillin-containing LB-agar selection plate and were
cultured for 16-20 hours at 37°C (inverted). One colony was isolated and grown in 5ml Lennox
Luria Broth (LB) from Sigma-Aldrich (catalog no. L3022) containing 1pg/ml carbenicillin

(Sigma-Aldrich C1613) and was incubated at 37°C for 16-20 hours on a VWR S-500 Orbital
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Shaker. The 5mL culture was then resuspended in 100ml of LB + carbenicillin and was

incubated at 37°C for 16-20 hours on shaker.

Miniprep: This procedure was used to isolate small amounts of plasmid DNA for the purpose of
sequence verification of mutant constructs. Following the high-efficiency transformation
protocol, cells were pelleted using an Eppendorf 5415D Centrifuge set to the following settings:
3000 rpm, 4°C, 5 minutes. Plasmid DNA was purified from DH5a E. coli cells with PureLink™
HiPure Plasmid Miniprep Kit (ThermoFisher Scientific Invitrogen™ K210011), according to the

manufacturer’s protocol.

Midiprep/Maxiprep: This procedure was used to isolate large amounts of plasmid DNA for
transfections. Following the low-efficiency transformation protocol, cells were pelleted using an
Eppendorf 5415D Centrifuge set to the following settings: 3000 rpm, 4°C, 15 minutes. Plasmid
DNA was purified from DH5a E. coli cells with QIAGEN Plasmid Midi Kit (catalog no. 12143)

or QIAGEN Plasmid Maxi Kit (catalog no. 12162), according to the manufacturer’s protocol.

Plasmid Purity and Concentration: Purity and concentration of plasmid DNA from
Mini/Midi/Maxipreps was determined using the ThermoFisher Scientific NanoDrop™ 2000
Spectrophotometer. Concentrations were recorded in pg/ul. Purity was assessed using the

260/280 ratio, with a ratio of approximately1.8 indicating the presence of pure DNA.

Sequence Verification: Following miniprep of plasmid DNA, samples were prepared by
combining 0.2-2ug of plasmid DNA, 10uM of sequencing primer (only when using custom
primers, otherwise TCAG standard primers were selected and added at their facility) and
nuclease-free water in PCR tubes to a total volume of 7pl. The samples were mailed to The

Centre for Applied Genomics (TCAG, SickKids Hospital, Toronto, Ontario). Construct
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sequences, uploaded to Genesifter, were compared to the wildtype sequence of gene insert using
the Align Sequences Nucleotide BLAST tool (Basic Local Alignment Search Tool) from Nation

Center for Biotechnology Information (NCBI).

2.2 Subcloning of Plasmid DNA

Restriction Enzyme Digestion: pMSCV-SMY D3 was restriction enzyme (RE) digested with
Notl (NEB catalog no. R0189S) and Bglll (NEB R0144S). pcDNA4/myc-His-C was RE
digested with Notl and BamHI (NEB R0136S). Digestions were performed by combining
plasmid DNA, restriction enzymes, 10x NEBuffer™ r3.1 (NEB B6003S), and milliQ water, to a
total volume of 50pl. Reactions were incubated at 37°C for 1 hour, then heat inactivated at 65°C

for 15 minutes to stop digestion.

Agarose Gel Electrophoresis: 1% w/v agarose gels were made by mixing agarose (BioRad
catalog no. 1613102) with TAE buffer pH 8.3 composed of 40mM Tris-base (BioShop TRS001),
20mM acetic acid, ImM EDTA and milliQ water. The mixture was heated to dissolve the
agarose and SYBR® Green | nucleic acid gel stain (Sigma-Aldrich S9430) was added once
slightly cooled. Gels were casted in a flat gel casting tray and well-combs were inserted.
Solidified agarose gels were placed in the Sub-Cell GT Cell apparatus from BioRad and filled
with TAE buffer. DNA samples and 1kb DNA ladder (NEB N3232S) were loaded into wells and
current was applied using a VWR AccuPower Model 300 electrophoresis power supply unit at a

constant voltage of 175V (volts) for 45 minutes.

Gel Extractions: DNA fragments were visualized on an agarose gel under UV light. Specific

bands of interest were excised from the gel using a clean blade. DNA was then purified from the
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gel using PureLink™ Quick Gel Extraction kit from ThermoFisher Scientific (Invitrogen™

K210012), according to the manufacturer’s protocol.

Ligations: To ligate the RE digested and purified FLAG-SMY D3 gene insert into the pcDNA4-
myc-His C vector backbone, the following components were combined on ice: 10X T4 DNA
ligase buffer (NEB B0202), vector DNA, insert DNA, T4 DNA ligase (NEB M0202), and milliQ
water. Insert DNA to vector DNA was added at a ratio of 3:1. Two negative controls were
performed as follows: T4 DNA ligase was not added to the reaction in control 1, which yielded
no colonies post-transformation, and only vector DNA was added to the reaction in control 2 (no
insert DNA) to assess for vector self-ligation. The reactions were incubated for 2 hours at room
temperature (RT) and subsequently transformed following the high-efficiency transformation
protocol described above, using carbenicillin-containing LB-agar selection plates. To confirm
successful insertion of FLAG-SMYD3, the subcloned construct was RE (Notl) digested and then

analyzed for size (kb) using agarose gel electrophoresis (see methods above).

2.3 Cells Lines and Cell Culture Conditions

Cell Lines: Human Embryonic Kidney (HEK) 293T cells were obtained from American Type
Culture Collection (ATCC). HEK 293Ta lentiviral packaging cells were purchased from
GeneCopoeia (catalog No. LT008). HAP1 parental and custom HAP1 mekk2 knock-out cells

were generated using CRISPR/Cas-9 gene-editing and purchased from Horizon Discovery.

Cell Culture: 293T and 293Ta cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) from ThermoFisher Scientific (Gibco™ 11995065) supplemented with 10% fetal
bovine serum (FBS) from ThermoFisher Scientific (Gibco™ 12483020) and 1% penicillin and

streptomycin (Pen Strep) from ThermoFisher Scientific (Gibco™ 15140122). HAP1 cells were
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cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) from ThermoFisher Scientific

(Gibco™ 12440053). Cells were incubated at 37°C with 5% CO..

Passaging: When cells reached 70-80% confluency in a 100mm dish, spent media was aspirated
and cells were washed once with 10ml of 1X phosphate-buffered saline (PBS) pH 7.4 from
ThermoFisher Scientific (Gibco™ 10010023). Cells were incubated with 1ml of 0.25% Trypsin-
EDTA (1X) from ThermoFisher Scientific (Gibco™ 25200056) at 37°C with 5% CO; for 2
minutes (293T and 293Ta cells) or 5 minutes (HAP1 cells). Cells were resuspended with 9ml of

appropriate media and plated to a ratio of 1:10 for general maintenance.

Long-Term Storage/Freezing: Once cells reached 70-80% confluency in a 100mm dish, cells
were washed with 1X PBS, trypsinized, and pelleted at 1200 rpm, RT, for 3 minutes. Spent
media was aspirated and cells were resuspended in freezing media consisting of DMEM (293T
and 293Ta cells) or IMDM (HAPL1 cells), 20% FBS, and 10% dimethyl sulfoxide (DMSO)
cryoprotectant from Sigma-Aldrich (catalog no. D5879). Cells were stored in 1ml aliquots in

cryogenic vials and stored at -80°C until further use.

Thawing: Cells were thawed in a water bath set to 37°C. 1ml of thawed cells were plated in a

100mm dish with 9ml of appropriate media. The media was aspirated and replaced after 24

hours.

2.4 Expression of Exogenous DNA in Mammalian Cells

Transfection: This procedure was used to achieve transient expression of wild type and mutant
FLAG MEKK?2 from various constructs in HEK 293T cells. Cells were seeded at a ratio of 1:10
in 6-well plates or 100mm dishes and grown to 70-80% confluency. The following components

were equilibrated to RT prior to transfection: Opti-MEM® | (Reduced Serum Medium) from
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ThermoFisher Scientific (Gibco™ 31985070), polyethyleneimine (PEI; transfection reagent)
from Sigma-Aldrich (catalog no. 408727), and plasmid DNA. Per one well of a 6-well plate,
cells were suspended in 2ml of medium. 2.5ug of plasmid DNA was diluted in 125ul of Opti-
MEM® | and incubated at RT for 5 minutes. 7.5ul of PEI was diluted in 125ul of Opti-MEM® 1.
For 100mm dishes: cells were suspended in 10ml of medium. 15ug of plasmid DNA was diluted
in 750l of Opti-MEM® | and incubated at RT for 5 minutes. 45ul of PEI was diluted in 750ul
of Opti-MEM® I. For both conditions, DNA and PEI mixtures were combined and incubated at
RT for 20 minutes to allow DNA-PEI complexes to form. DNA-PEI complexes were added
dropwise into the culture medium, avoiding direct contact with the cells. Cells were incubated
for 24 hours at 37°C with 5% CO. The culture medium was aspirated, and the cells were rinsed
once with 1X PBS. Fresh medium, supplemented with 10% FBS and 1% antibiotics, was
carefully added to the cells. The cells were incubated for another 24 hours under the same

conditions, after which they were subjected to treatment or immediate harvest, Figure 2.2.

Co-Transfection: To transfect two plasmids simultaneously in mammalian cells, the standard
transfection procedure was followed with the modification that total plasmid DNA consisted of
an equal mixture of DNA from both plasmids. For SMYD3 co-transfections with MEKK2
constructs in HEK 293T cells, 7.5ug (100mm dishes) or 1.25ug (6-well plates) of pcDNA4-Flag-
SMYD3 was co-transfected with an equal amount of MEKK2 plasmid DNA in the SMYD3-
positive condition. In the SMYD3-negative condition, pcDNA4-myc-His C empty vector was

co-transfected with MEKK2 using the same method.
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2.5 Generation of HAP1/MEKK2-Stable Cell Line

Puromycin Selection Assay: HEK 293Ta cells were seeded at a 1:10 ratio and were grown to
70-80% confluency in a 6-well plate. Once confluent, each well was incubated with varying
concentrations of puromycin from ThermoFisher Scientific (Gibco™ A1113803), and cell death
was assessed. The following concentrations of puromycin were used: 0.25ug/ml, 0.5ug/ml,
0.75ug/ml, 1pg/ml, 1.5ug/ml, 2ug/ml. The concentration in which cell death was first observed

was used to select for puromycin-resistance following viral transduction (ie. 1ug/ml).

Lentiviral Particle Production: Lenti-Pac™ HIV Expression Packaging Kit from GeneCopoeia
(catalog no. LT021) was used to produce MEKK2-containing lentiviral particles in HEK 293Ta
cells. The kit contained a pseudo type packaging mix (TSP) consisting of lentiviral packaging
plasmids, eGFP (enhanced green fluorescent protein) positive control plasmid, EndoFectin™
Lenti transfection reagent, and TiterBoost™ Reagent (500X). HEK 293Ta cells were seeded at a
1:10 ratio in 6-well plates and were grown to 70-80% confluency. LVV102-Flag-MEKK2
constructs were co-transfected with packaging plasmids at a 1:1 ratio, using EndoFectin™ Lenti
diluted in Opti-MEM® I. For the positive control, packaging plasmids were co-transfected with
the eGFP positive control plasmid at a 1:1 ratio. For the negative control, packaging plasmids
were solely transfected. After 24 hours, TitberBoost™ was added at a 1:500 ratio to the culture
medium to boost lentiviral production. Following 48 hours from initial transfection, the culture
medium was harvested which contained lentiviral pseudoparticles released from the transfected
HEK 293Ta cells. The medium was taken up into a 5ml syringe and filtered through a 0.45um
PES low protein-binding filter. The resulting viral supernatant was used to transduce HAP1/-

cells, Figure 2.1.
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Lentiviral Transduction and Polyclonal Selection: Particular modifications to transduction
methods were as outlined in Chapter 3.7 Generally, HAP1/- cells were seeded at a 1:10 ratio in
6-well plates or 2100mm dishes and grown to 50-60% confluency. Viral supernatant was added to
the culture medium and incubated for 76 hours at 37°C with 5% CO,. Spent medium was
aspirated and washed once with 1X PBS, and fresh culture medium containing 1-2ug/ml of
puromycin was added. Clonal expansions were lysed and pooled together upon reaching 80-90%
confluency, yielding a polyclonal population of transduced cells that may exhibit varying levels
of MEKK2 expression. Lentiviral transduction of HAP1/- cells with MEKK?2 constructs is

illustrated in Figure 2.1.

Isolation of Monoclonal Cells: Following selection and clonal expansion, 6mm round filter
papers soaked with 0.25% Trypsin-EDTA (1X) were place over 6 individual colonies, for each
transduced construct. Monoclonal cells were then transferred into individual wells of a 6-well
plate by placing the filter paper directly into the IMDM culture medium. Colonies adhered to the

well and were expanded to 80% confluence, and then sub-cultured into 100mm dishes.

2.6 Cell Treatments and Stimulations

SMYD3 Inhibition: BAY-6035 is a potent and selective inhibitor of SMYD3 which prevents
SMY D3-mediated methylation of MEKK2. BAY-6035 powder (Sigma-Aldrich SML2325) was
suspended in DMSO to a stock concentration of 5mM. Following 48 hours of transfection, HEK

293T cells were incubated with 250nM of BAY-6035 at 37°C with 5% CO- for 2 hours prior to

harvest. BAY-6035 was added directly to the spent medium, with gentle agitation of the dish.

Stimulation: HAP1/- and HAP1/MEKK?2-stable cells were seeded at a ratio of 1:10 and grown

to 75-80% confluency in IMDM culture media. Cells were starved for 16 hours prior to
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stimulation by aspirating the culture media and rinsing the cells with 1X PBS and supplementing
the cells with a starvation media that lacked FBS. The starvation media was composed of IMDM
and 1% Pen Strep and contained 2ug/ml puromycin to maintain selection. The cells were either
stimulated with 10% FBS (serum), 10ng/ml TNF-a. (cytokine) from ThermoFisher (Gibco™
PHC3016) or 100ng/ml IGF-1 (growth factor) from ThermoFisher (Gibco™ PHGO0078).
Stimulant was added to the starvation medium, and cells were incubated for 0 min, 5 min, 10

min, or 20 min at 37°C with 5% CO,. After the specific incubation period, the cells were

immediately lysed. For 0 min, cells were not stimulated and were immediately lysed.

2.7 Cell Lysis and Immunoprecipitation

Cell Lysis and Harvest: Spent medium was aspirated and cells were washed twice with cold 1X
PBS. Cell lysis buffer (RIPA) with protease and phosphatase inhibitors were added to the cells
(1ml per 107 cells), and cell lysate was transferred into microcentrifuge tubes, on ice. RIPA
buffer was composed of 140mM NaCl, 10mM Tris-HCI (pH 8.0), 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS and diluted in milliQ water. Protease inhibitors added were
10ug/ml Pepstatin A (ThermoFisher Scientific 78436), 0.2mM AEBSF (ThermoFisher Scientific
78431), 10ug/ml Leupeptin (ThermoFisher Scientific 78435), and 1ug/ml Aprotinin
(ThermoFisher Scientific 78432). Phosphatase inhibitors added were 1mM sodium fluoride
phosphatase inhibitor, and 20mM -glycerophosphate phosphatase inhibitor (Sigma-Aldrich
(G9422). Sonication was applied in three 5 second intervals until the lysate become clear to
disrupt cell membranes and facilitate protein release. Lysate was centrifuged at 12,000 rpm for
10 minutes at 4°C. Supernatant was transferred into new microcentrifuge tubes and the pellet was
discarded. Cell lysates were total protein normalized using the Pierce™ BCA Protein Assay Kit

(ThermoFisher Scientific 23225), according to the manufacturer’s protocol. To prepare lysate
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samples to load into SDS-PAGE, 150ul of lysate was transferred into new microcentrifuge tubes
and was boiled with 50ul of 4X Sample Buffer (3:1 lysate to 4X Sample Buffer), containing
200mM Tris-HCI (pH 6.8), 40% glycerol, bromophenol blue, 8% SDS, 10% B-Mercaptoethanol,

and milliQ water, at 95°C for 5 minutes.

Immunoprecipitation: Anti-FLAG® M2 Affinity Gel (Sigma-Aldrich A2220) agarose beads
were maintained in a 1:1 bead to gel slurry and upon IP, were washed and resuspended in RIPA
buffer. 20ul of packaged gel volume was added to the cell lysates and incubated at 4°C for 1
hour to overnight on a rotator. IP samples were centrifuged at 12,000 rpm for 1 minute at 4°C
and supernatant was aspirated. The pelleted beads were washed with RIPA buffer three times.
For any IP’s involving HEK 293T cells, protein elution FLAG-tagged proteins occurred by
boiling the beads with 200ul of 1X Sample Buffer at 95°C for 5 minutes. For any IP’s involving
HAP1 cells, elution was performed by combining 150ug/ml of 3X FLAG Peptide (Sigma-
Aldrich F4799) with RIPA buffer to achieve a total volume of 100ul, which was then combined
with the washed beads and rotated at 4°C for 1 hour. The beads were pelleted at 12,000 rpm for 1
minute and supernatant was transferred to new microcentrifuge tubes. 4X Sample Buffer was
added to the supernatant at a ratio of 3:1 (supernatant to 4X Sample Buffer) and was boiled at

95°C for 5 minutes, Figure 2.2.

2.8 Protein Gel Electrophoresis

NuPAGE Gel Casting Protocol: Handcast gels were prepared using Mini-PROTEAN® gel
casting apparatus from BioRad. 10% resolving gel consisted of 30% Acrylamide/Bis solution
(BioRad 1610156), 7x Bis Tris Buffer (2.5M Bis-Tris (Sigma-Aldrich B9754) and 1.5M HCI),

Tetramethylethylenediamine (TEMED) (BioRad 1610801), 10% Ammonium Persulfate (APS)
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(BioRad 1610700), and milliQ water. Once APS was added, resolving gel was pipetted into the
gel casting apparatus and topped with 70% ethanol. Once the acrylamide had polymerized (20-30
minutes), the ethanol was removed, and 4% stacking gel was layered on top of the resolving gel.
10-well or 15-well combs were added into the stacking gel and gels were allowed to polymerize

for an additional 20-30 minutes. Gels were stored at 4°C for future use.

SDS-PAGE: Proteins were separated on a 10% polyacrylamide gel using sodium dodecyl-
sulfate polyacrylamide gel electrophoresis. Proteins were boiled in SDS-containing Sample
Buffer during sample preparation, as previously descried, to denature proteins and confer a
uniform negative charge on the proteins, allowing proteins to be separated by mass. Electrode gel
cassettes were assembled in the Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BioRad).
The outer chamber of the electrophoresis cell was filled with 1X XT MOPs running buffer
consisting of 20X XT MOPs (BioRad 1610788) diluted in milliQ water and 5mM of sodium
bisulfate reducing agent (Sigma-Aldrich 243973). Between 10-50mg/ml of protein was loaded
into each well and Precision Plus Protein Dual Color Standards (BioRad 1610374) 10-250kD
protein ladder was loaded into the first lane of each gel. The inner chambers were filled with 1X
XT MOPs buffer, and the cell lid was assembled. A constant voltage of 120V was applied to the

gels for 1 hour or until the dye front ran off the gel, Figure 2.2.

2.9 Fluorescent Western Blotting

Figure 2.2 provides an illustration of all below methods.

Transfer: Proteins were transferred from the acrylamide gels following SDS-PAGE to
Immobilon-P Polyvinylidene Fluoride (PVDF) Membrane (Millipore Sigma IPVVH00010).

Transfer membranes were cut to the size of the gel and preactivated by soaking in 100%
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methanol for 5 minutes. Membranes were then soaked in Bis-Tris transfer buffer pH 7.2
composed of 25mM bicine, 25mM Bis-Tris, ImM EDTA, and 10% methanol. Fisherbrand™
Pure Cellulose Chromatography Paper (Fisher Scientific 05-714-4) was used as transfer paper
and was cut to the exact size of the transfer membranes. Once the gel had finished running, the
gel and transfer papers were briefly soaked in transfer buffer and assembled on a Semiphor
Semi-dry transfer unit from Amersham Pharmacia Biotech. Transfer buffer was lightly applied to
the base and lid of the transfer unit. The order of the transfer assembly are as follows: 4 pieces of
transfer paper, PVDF membrane, gel, and 4 more pieces of transfer paper, all soaked in bis-tris
transfer buffer. Current was calculated based on area of covered surface on transfer machine
multiplied by 0.8milliamps (mA). Constant current was applied to the transfer machine for 1

hour.

Blocking: Membranes were incubated in 3% powder skim milk dissolved in 1X PBS for 1 hour

to overnight at 4°C.

Immunoblotting: Primary antibodies were suspended in a solution composed of 50% blocking
solution and 50% Western Wash buffer (1X PBS, 0.1% Tween-20, 0.01% SDS). Membranes
were incubated with primary antibodies with rocking for 2 hours at RT over overnight at 4°C.
Membranes were washed 3 times for 5 minutes with Western Wash buffer. Fluorescent
secondary antibodies were suspended in Western Wash buffer and incubated with membranes for
1 hour at RT in dark (covered with aluminum foil). Membranes were washed again prior to
imaging. Working concentrations of primary and secondary antibodies are listed in Table 2.1 and

Table 2.2, respectively.
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Detection: Fluorescent secondary antibodies with fluorophores emitting at 700nm and 800nm

were detected using the Odyssey® Infrared Imaging System, Model 9120.

2.10 Microscopy

Fluorescence Microscopy: An Olympus microscope was used to visualize enhanced green
fluorescent protein expression (eGFP) in HAP1 mekk2 knockout cells following lentiviral
transduction the eGFP gene (GeneCopoeia catalog no. LT001-02). Images were captured with a

QImaging 2000R camera connected to the QCapture Pro program.

2.11 Statistical Analysis

All statistical analysis was performed using GraphPad Prism version 10.0.0 for Windows,
GraphPad Software, Boston, Massachusetts USA, www.graphpad.com. Graphical
representations of data were generated by GraphPad Prism. Significance was set to the following
conditions: ns; p > 0.05, *; p < 0.05, **; p < 0.01, ***; p <0.001, ****; p <0.0001. Statistical
tests performed included one-way ANOVA and two-way ANOVA followed by Dunnett’s or

Sidak’s multiple comparisons tests, respectively.
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2.12 Antibodies

Table 2.1. Primary antibodies used for immunoblotting.

Primary Antibody Concentration | Catalog No.

Mouse monoclonal anti-FLAG® M2 | 1:10,000 Sigma-Aldrich F3165

Rat monoclonal anti-HA High Affinity | 1:10,000 Roche 11 867 423 001

Rabbit anti-P-p44/42 MAPK 1:1000 Cell Signaling Technology 9101S
(T202/Y204) (Erk1/2) Cell Signaling Technology 4370S
Mouse anti-p44/42 MAPK (Erk1/2) 1:1000 Cell Signaling Technology 4696S
Rabbit anti-14-3-3 (pan) 1:1000 Cell Signaling Technology 8312S
Rabbit monoclonal anti-Myc-Tag 1:20 (IP) Cell Signaling Technology 55464S
(Sepharose® Bead)

Rabbit anti-MEKK?2 1:1000 Cell Signaling Technology 19607S
Rabbit monoclonal anti-Dme-Lysine 1:1000 Cell Signaling Technology 14117S
Rabbit monoclonal anti-Tme-Lysine 1:1000 Cell Signaling Technology 14680S
Rabbit anti-phosphor-T263 MEKK2 1:20,000 GenScript Custom

Rabbit anti-phosphor-T283 MEKK?2 1:10,000 Open BioSystems Custom

Table 2.2. Fluorescent secondary antibodies used for detection using Odyssey® Infrared Imaging

System.

Secondary Antibody

Concentration

Catalog No.

IRDye® 680LT Goat anti-Rabbit 1:10,000 LI-COR 926-68021
IRDye® 680RD Goat anti-Rabbit LI-COR 926-68071
IRDye® 800CW Goat anti-Rat 1:10,000 LI-COR 926-32219
IRDye® 800CW Goat anti-Mouse 1:10,000 LI-COR 926-32210
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2.13 Lists of Common Reagents

All aqueous acids, bases, and alcohols were purchased from Science Store located in the Petrie
Science and Engineering Building, York University.

Table 2.3. Common reagents purchased from BioShop Canada.

Name Catalog No.
Ethylenediaminetetraacetic acid (EDTA) EDTO002
Sodium Acetate (NaCH2COOH) SAA304
Sodium Chloride (NaCl) SOD004
Sodium Dodecyl Sulfate (SDS) SDS001
Tris (tris(hydroxymethyl)aminomethane) TRS001
Tris-hydrochloride (HCI) TRS004
Tween®-20 TWN510

Table 2.4. Common reagents purchased from BioRad.

Name Catalog No.
Ammonium persulfate 1610700
Precision Plus Protein Dual Colour Standards | 1610374
20X XT MOPs Running Buffer 1610788
10X PBS (Phosphate Buffered Saline) 1610780
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Chapter 3: Discoveries, Findings, and Results

3.1 Demonstrating T263 as a Novel Phosphosite and 14-3-3 Binding Site

Previous work from our lab showed that T283 of MEKK?2 is a phosphorylation site that binds to
the phosphor-adapter protein 14-3-3.%2 Each monomeric unit of 14-3-3 can interact with a single
phosphopeptide. Therefore, 14-3-3 dimerization enables interaction with two phosphosites
simultaneously as a bipartite complex.t** Baodong Wu and Dr. Michael Scheid conducted initial
experiments to identify the presence of a second phosphorylation site on MEKK2. These
experiments demonstrated that mutation of T263 resulted in complete loss of 14-3-3 co-
immunoprecipitation (Wu and Scheid, unpublished observations). This promoted Wu and Scheid
to generate a phosphor-specific antibody to T263 to investigate the ability of this site to undergo

phosphorylation.

Initial experiments were conducted by Wu and Scheid, in which HEK 293T cells were
transfected with pCMV10-FLAG empty vector (FLAG vector) and pPCMV10-FLAG-MEKK?2,
containing wild-type (WT) or harbouring substitution mutations of the M. musculus MEKK2
gene. Cells were lysed, immunoprecipitated (IP), and Western Blots were performed. Blots were
probed for total FLAG MEKK?2, phosphor-T263, phosphor-T283, and endogenous 14-3-3. All
MEKK?2 point mutations were made using Q5 site-directed mutagenesis and include T263A
MEKK?2 and T283A MEKKZ2, threonine to alanine substitution, preventing phosphorylation at
these residues. K385M MEKK?2, a kinase dead mutant resulting from a loss of function mutation

of a critical lysine residue within the active site, was also investigated.

The results of this experiment primarily showed that T263 phosphorylation was lost upon T263A

mutation, Figure 3.1A The T263A MEKK2 mutant displayed a 90% reduction in T283
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phosphorylation and the T283A MEKK2 mutant displayed a 60% reduction in T263
phosphorylation, relative to WT MEKKZ2, suggesting that these two sites interfere with or
regulate each other’s phosphorylation. This result was partially replicated in Figure 3.1B,
displaying an 80% reduction in phosphor-T283 signal in the T263A mutant. K385M MEKK2 did
not produce a significant change in either T263 or T283 phosphorylation and 14-3-3 co-
immunoprecipitation was maintained in K385M MEKKZ2, inferring that kinase activity is not

required for 14-3-3 interaction, Figure 3.1A.

There was no observed 14-3-3 co-immunoprecipated with either T263A MEKK2 and T283A

MEKK?2, despite being present in the lysate, Figure 3.1A. Upon replication of the experiment in
triplicate transfections of both T263A MEKK2 and T283A MEKKZ2, Figure 3.1B, both mutants
displayed complete loss of 14-3-3 co-IP relative to WT MEKKZ2. Therefore, 14-3-3 co-IP’s with

WT MEKK?2 and K385M MEKK?2 but does not interact with either T263A or T283A MEKK2.

A subsequent peptide competition assay was performed in support of the first objective, which
was to demonstrate T263 as a novel phosphosite and the second site of the 14-3-3 bipartite
binding group. Custom peptides were generated by GenScript to correspond to the animo acids
surrounding T263 of MEKK2. HEK 293T cells were transfected with only either FLAG vector
or WT MEKKZ2, lysed, and incubated with either T263-phosphorylated or T263-
nonphosphorylated antigen peptides. Proteins were then immunoprecipated with anti-FLAG.

Western Blots were probed for total FLAG MEKK2, phosphor-T263, and endogenous 14-3-3.

When no peptide was added to the IP, 14-3-3 was able to co-IP with WT MEKK2, Figure 3.2A,
B. Upon addition of the phosphorylated peptides, a significant 80% reduction in T263

phosphorylation signal was observed, Figure 3.2A. Furthermore, the addition of non-
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phosphorylated peptides did not significantly alter T263 phosphorylation status of WT MEKK2.
To achieve further confidence, the experiment was repeated and a 60% reduction in T263
phosphorylation was observed, Figure 3.2B. The data from both replicate studies was analyzed
for statistical significance by performing one-way ANOVA followed by Dunnett’s multiple
comparisons test, using GraphPad Prism, and significance was set to p<0.05. It was found that
the difference between the means representing T263 phosphorylation signal of WT MEKK2 +
no-peptide and WT MEKK?2 + phosphorylated-peptide groups was statistically significant,
p<0.01, Figure 3.2C. As expected, the difference between the means of WT MEKK2 + no-
peptide and WT MEKK2 + non-phosphorylated peptide T263 was not statistically significant,

p>0.05.

Furthermore, the complete loss of 14-3-3 co-IP in Figure 3.2A and B, demonstrates that T263-
phosphorylated peptides outcompete WT MEKK2 in binding to 14-3-3. Additionally, 14-3-3 co-
IP was maintained in the non-phosphorylated T263 peptide condition, indicating WT MEKK2
outcompetes non-phosphorylated T263 peptides in binding 14-3-3. Despite slightly faint 14-3-3
signal in WT MEKK2 + non-phosphorylated peptide lanes, Figure 3.2B, strong co-IP signal was
observed in Figure 3.2A to indicate no significant change in 14-3-3 interaction with MEKK2.
Overall, the loss of T263 phosphorylation and 14-3-3 co-IP following T263A MEKK2 mutation,
Figure 3.1, and upon competition with T263-phosphorylated peptides, Figure 3.2, provides
evidence to characterize T263 as a novel phosphosite on MEKK2 and a novel site of

phosphorylation-dependent 14-3-3 interaction.
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Figure 3.1. T263 is a novel phosphorylation site on MEKK2 and 14-3-3 interacts at T263 and T283. A)
FLAG vector (p3XFLAG-CMV-10), WT FLAG MEKK2, T263A FLAG MEKK?2; threonine 263
substituted to alanine, T283A FLAG MEKKZ2; threonine 283 substituted to alanine, or K385M FLAG
MEKK2; kinase dead, lysine 385 substituted to methionine, were transfected into HEK 293T cells for 24
h, lysed, immunoprecipitated with anti-FLAG conjugated beads, and fractioned by SDS-PAGE. MEKK?2
and mutants were detected by anti-FLAG, anti-phosphor-T263, and anti-phosphor-T283. Endogenous 14-
3-3 was detected using pan-specific 14-3-3 antibody. Fluorescent secondary antibodies were detected by
Odyssey infrared imaging; band density was measured using ImageJ software. Phosphor-signal to total
MEKK?2 ratios are representative of the average band intensity between duplicates for each MEKK2
variant, normalized to WT MEKK2. IP, immunoprecipitated; P, phosphorylated. Performed by Baodong
Wau, Scheid Lab. B) FLAG vector, WT FLAG MEKKZ2, T263A FLAG MEKK2, or T283A FLAG
MEKK?2 were transfected in HEK 293T cells and immunoprecipitated as in A. MEKK2 and mutants were
detected by anti-FLAG, anti-phosphor-T283, and pan-14-3-3 immunoblotting. Phosphor-signal to total
MEKK?2 ratios are representative of the average between triplicates for each MEKK?2 variant, normalized
to WT MEKK?2. Performed by Baodong Wu, Scheid Lab.
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Figure 3.2. T263 phosphorylation and 14-3-3 association assay by peptide competition. A) FLAG vector
and WT FLAG MEKK?2 were transfected into HEK 293T cells for 24 h and lysed. Either no peptides (no-
pep), T263-phosphorylated peptides (peptide-T263-p; pep-p) or non-phosphorylated peptides (peptide-
T263-non-P; pep-no-p) were added to the lysate. A co-IP was performed using anti-FLAG conjugated
beads and proteins were fractioned by SDS-PAGE. MEKK2 was detected by anti-FLAG and anti-
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phosphor-T263 immunoblotting. Endogenous 14-3-3 was detected using pan-specific 14-3-3 antibody.
Fluorescent secondary antibodies were detected by Odyssey infrared imaging; band density was measured
using ImageJ software. Phosphor-signal to total MEKK2 ratio is representative of the averaged band
intensity between duplicates for each MEKK2 variant, normalized to the no-peptide condition. Performed
by Baodong Wu, Scheid Lab. B) Experiment repeated as in A. Performed by Rachel Corridore. C)
Statistical analysis of T263 phosphorylation signal among no-peptide, pep-p, and pep-no-p groups. One-
way ANOVA followed by Dunnett’s multiple comparisons test was performed using GraphPad Prism.
Data reported as Mean+SD, n=4; (**) p<0.01, statistically significant; (ns) not significant, p>0.05.
Significance was set to p<0.05.
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3.2 Endogenous SMYD3 Inhibition

Mazur et al. (2014) demonstrated that SMYD3, a lysine methyltransferase, methylates K260 of
MEKK2.%® K260 is 3 amino acids upstream of our novel MEKK2 phosphorylation site at T263.
Therefore, our next objective was to determine if SMYD3-mediated K260 MEKK2 methylation
has a regulatory role on T263 and T283 phosphorylation status. HEK 293T cells were transfected
with FLAG vector, WT MEKK2, T263A MEKK2, T283A MEKK?2, and K385M MEKK2. Two
hours prior to harvest, cells were incubated with 250nM of SMY D3-inhibitor BAY-6035, a
potent and selective inhibitor which prevents the methylation of MEKK2 by SMYD3.%% Cells
were lysed and proteins were examined by Western blot. Blots were probed for total FLAG

MEKK?2, phosphor-T263, and phosphor-T283.

Phosphorylation signal at T263 increases slightly by 20% in WT MEKK2 with the addition of
BAY-6035, while no change is observed in T283 phosphorylation, Figure 3.3A. In T263A
MEKK?2, loss of T283 phosphorylation was observed in equal amounts before and after BAY -
6035 addition, with slight background signal present in those lanes. In T283A MEKK2, T263
phosphorylation decreases by 10%. In kinase dead K385M MEKK?2, T263 phosphorylation
increases by 30% and T283 phosphorylation increases by 40%. To further investigate the
changes seen in K385M MEKKZ2, the experiment was repeated in triplicates using only WT
MEKK?2 and K385M MEKKZ2, Figure 3.3B. WT MEKK2 once again displayed insignificant
changes in phosphorylation with endogenous SMY D3 inhibition, however no significant changes
in T263 and T283 phosphorylation status in K385M MEKK2 was observed in this replicate

experiment.
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Consistent with our previous findings, loss of either T263 or T283 phosphorylation interfere with
one another, Figure 3.3A. A significant reduction in T263 phosphorylation in T283A MEKK2
was observed, which was similarly observed in T263A MEKK2 with near complete loss of T283

phosphorylation.
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Figure 3.3. SMYD3 inhibition does not impact MEKK2 phosphorylation at T263 and T283. A) EV;
empty vector (FLAG vector), WT MEKK2, T263 MEKK2, T283 MEKK2, and K385M MEKK?2 were
transiently expressed in HEK 293T cells for 48 h. Indicated cells were incubated with 250nM BAY-6035
for 2 h prior to cell harvest and lysis. Lysate proteins were separated by SDS-PAGE and immunoblotted
with anti-phospho-Thr-263, anti-phospho-Thr-283, and anti-FLAG. Fluorescent secondary antibodies
were detected by Odyssey infrared imaging; the density of each band was determined using ImageJ. P-
T263 and P-T283 to total FLAG-MEKK2 ratios were normalized to the no BAY-6035 condition for each
transfected plasmid. B) WT MEKK2 and K385M MEKK2 were transfected in HEK 293T in triplicates as
described in A.

49



3.3 SMYD3-Mediated Methylation at K260 Likely Does Not Regulate MEKK?2 Phosphorylation

at T263 and T283

After observing minimal changes in T263 and T283 phosphorylation following endogenous
SMYDa3 inhibition, our next set of experiments involved the generation of a SMYD3 expression-

vector to perform MEKK2 and SMYD3 co-transfections.

Central to this project was the subcloning of the pMSCV-Flag-SMYD3 plasmid into the
pcDNA4/myc-His C vector. Upon initial co-transfection experiments using pMSCV-Flag-
SMYD3, no SMYD3 signal was detected by anti-FLAG immunoblotting (not shown). It was
deduced that the lack of expression may have been caused by the LTR promoter within the
pPMSCYV vector. Therefore, a vector backbone containing a CMV promoter, supported in HEK

293T cells, was opted for.*3!

As described in Chapter 2.2 pcDNA4/myc-His C empty vector backbone, 5.1kb in size, was
double-digested with BamHI and Notl restriction enzymes within the MCS, Figure 3.4A. This
digestion produced a 5.1kb fragment with 5° overhangs at both ends, with the only excised
nucleotides originating from the original vector being those located within the MCS.
Subsequently, pMSCV-Flag-SMYD3, 8.7kb in size, was RE-digested with Bglll and Notl. This
resulting 6.7kb fragment corresponded to the pMSCV backbone, and the 2kb fragment
corresponded to the FLAG-SMYD3 insert, Figure 3.4B. The Bglll cut produced a 3* overhang
on one end of the SMYD3 insert, which would ultimately ligate with the compatible 5> BamHI
overhang from the pcDNA backbone, destroying the RE sites upon ligation. Simultaneously, the
compatible 5° Notl overhangs from the opposite end of the SMYD3 insert and pcDNA would

ligate, leaving the Notl RE site intact. Successful ligation was confirmed through Notl digestion
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of the ligated plasmid, producing a 7.1kb fragment comprised of the 5.1kb pcDNA backbone and
2kb FLAG-SMYDa3 insert, confirming a subcloned pcDNA4/myc-His-Flag-SMYD3 plasmid

had been generated, Figure 3.4C.

To determine the effect of SMYD3 expression on MEKK2 phosphorylation status, pcDNA4-
Flag-SMYD3 was co-transfected with WT MEKK2, T263A MEKK2, T283A MEKK?2, and
K385M MEKK2 in HEK 293T cells, Figure 3.5. A FLAG-IP was performed to detect di-
methylation signal. Phosphorylation signals were observed within the lysate and compared under
conditions of SMYD3 expression and its absence. Firstly, these results confirmed that pcDNA4-
Flag-SMY D3 produces robust SMYD3 expression in HEK 293T cells, as demonstrated by very
saturated FLAG-SMY D3 signal. Upon initial observation, it appeared that SMYD3 expression
resulted in significantly increased phosphorylation signals in all MEKK2 variants. However,
after quantifying band density and normalizing the phosphorylation to total MEKK2 ratios to the
MEKK2 no-SMYD3 condition for each variant, it was determined that there were only minor
changes in phosphorylation with SMY D3 expression. T263 phosphorylation increased by 20% in
WT MEKK2, 20% in T283A MEKKZ2, and no change in K385M MEKK?2. T283
phosphorylation increased by 40% in WT MEKK2, 10% in T263A MEKK?2, and no change

again in K385M MEKK2.

Furthermore, these increases in MEKK2 phosphorylation in SMY D3-positive lanes is observed
in conjunction with increased total MEKK?2 signal in both lysate and IP, suggesting that
increased phosphorylation signal may be attributed to increased total MEKK2 upon SMYD3 co-
expression. Lastly, di-methylation signal was solely observed in K385M MEKK2 upon SMYD3
expression, using a pan-specific di-methyl lysine antibody. These results indicate K385M

MEKK?2 is di-methylated to a small degree only upon SMYD3 expression.
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The absence of di-methylation signal upon SMYD3 expression in WT MEKK2 was unexpected.
Consequently, the following experiments were designed to detect FLAG-immunoprecipitated
FLAG MEKK?2 in both di-methylated and tri-methylated states. K260R MEKK2 and F258R
MEKK?2, methylation-resistant mutants of MEKK2, were generated by site-directed mutagenesis
to characterize K260 as the sole MEKK2 methylation site. The lysine (K) and the -2
phenylalanine (F) residues are essential for substrate methylation by SMYD3 lysine-

methyltransferase, rendering these MEKK2 mutant methylation-resistant.

As demonstrated in Figure 3.6A and B, WT MEKK2, K260R MEKK2 and F258R MEKK2 were
co-transfected with FLAG SMYD3 in HEK 293T cells. A FLAG-IP was performed, and proteins
were immunoblotted for FLAG MEKK2, FLAG SMYD3, pan-di-methylation and pan-tri-
methylation, and phosphor-T263, and phosphor-T283. Primarily, K260R MEKK2 and F258R
demonstrated complete loss of methylation signal relative to WT MEKK?2, indicating SMYD3-
mediated methylation of MEKKZ2 is occurring at K260, and F258 is required for K260

methylation.

Next, we asked whether K260 methylation influences T263 and T283 phosphorylation status.
FLAG MEKK?2 signal intensity varied between SMYD3 conditions, consistently appearing more
saturated in the SMYD3-positive condition for each MEKK?2 construct. To address this variation
and accurately analyze the effect of SMYD3 on MEKK?2 phosphorylation, phosphorylation to
total MEKK?2 ratios were averaged between triplicate transfections and normalized to the no-
SMYD3 condition for each MEKK2 construct. When observing changes in phosphorylation in
WT MEKK2 upon SMYD3 co-expression, a 30% reduction was observed in T263
phosphorylation and a similar 40% reduction was observed in T283 phosphorylation, Figure

3.6A. The experiment was repeated as illustrated in Figure 3.6B, where a similar 30% reduction
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again observed in T263 phosphorylation. However, T283 phosphorylation appeared to decrease
by 80% in the SMY D3-positive condition. This observation might be attributed to the loss of
protein in lane 6, one of the three replicate transfections, which could have influenced the overall
average signal intensity for T283 phosphorylation, resulting in a lower phosphorylation-to-total

protein ratio.

Despite complete loss of methylation in K260R MEKK?2, T263 phosphorylation appeared to
increase by 40% upon SMY D3 addition in Figure 3.6A. However, T283 phosphorylation was
observed to decrease by 20%. In F258R MEKK2, there was only a 10% reduction observed in
T263 phosphorylation, while a similar 20% reduction was observed in T283 phosphorylation,
Figure 3.6B. Overall, while these findings are inconclusive, they suggest that SMY D3-mediated
K260 methylation appears to have limited influence on the regulation of T263 and T283

phosphorylation in MEKK2.

MEKK3 (MAP3K3) shares significant sequence homology with MEKK?2 and is phosphorylated
at homologous sites; T274 and T294, Figure 3.7A. As in MEKK2, the MEKK3 phosphorylation
sites are also 20 amino acids apart and the lysine 271 residue is -3 to T274. As demonstrated in
Figure 3.6B, F258 of MEKK?2 is required for SMYD3-mediated K260 methylation. It was
hypothesized that the lack of a -2 phenylalanine residue relative to K271 in MEKK3 would
prevent methylation at this lysine residue. To further confirm the observed MEKK2 methylation
was occurring at K260, WT MEKK2 and WT MEKK3 were co-transfected with pcDNA4-Flag-
SMYD3 and immunoprecipitated with anti-FLAG, Figure 3.7B. Through Western Blot analysis,
di-methylation and tri-methylation signal was detected in correspondence with the WT MEKK?2
+ SMYD3 group but was completely absent in MEKK3 + SMYD3 group. Since only MEKK2 is

capable of undergoing SMY D3-mediated methylation, these findings provide further evidence
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that SMY D3-mediated methylation of MEKK2 occurs at K260 and the -2 phenylalanine is
crucial for methylation to occur. This result also demonstrates a divergence in control between
MEKK?2 and MEKKS3, despite highly similar cell signalling roles and activation mechanisms.*
Furthermore, as demonstrated in Figure 3.7B, T263 and T283 phosphorylation levels remained
relatively unchanged in response to SMY D3 expression in WT MEKK2. Furthermore, this
experiment showed that MEKKS3 is phosphorylated at the T263-equivalent site (T274) and that
methylation at K271 is not required for T274 and T294 phosphorylation. Additionally, these
findings provide further evidence to confirm that K260 methylation has limited influence on

MEKK?2 phosphorylation at T263 and T283.
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Figure 3.4. pMSCV-Flag-SMYD3 subcloning into pcDNA4 backbone. A) 5.1kb DNA fragment
corresponding to pcDNA4/myc-His C double-digested with BamHI and Notl within the MCS. Linearized
fragment was excised from the 1% agarose gel. pMSCV-SMYD3 was a gift from Julien Sage (Addgene
plasmid #85650; RRID: Addgene_85650). RE; restriction enzyme, MCS; multicloning site. B) pMSCV-
Flag-SMY D3 was double-digested with Bglll and Notl. RE-digestion produced 6.7kb fragment
corresponding to the pMSCV vector backbone and a 2kb fragment corresponding to the FLAG-SMYD3
insert. 2kb DNA fragments from each lane were excised from the 1% agarose gel. Lanes 2-6 represent
DNA from five independent miniprep samples of pMSCV-Flag-SMYD3. C) Post-ligation Notl single-
digestion of pcDNA4-Flag-SMYD3. RE-digestion yielded a linearized 7.1kb fragment, indicating
successful ligation of the 5.1kb pcDNA4 vector and 2kb FLAG-SMYD3 insert. Top: Lane 1 represents
the vector-only control 2, as described in 2.2 Lanes 2-9 represent DNA from eight selected colonies.
Bottom: Lane 1 represents the vector-only control 2, as described in 2.2 Lanes 2-10 represent DNA from
an additional nine selected colonies.
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Figure 3.5. pcDNA4-Flag-SMY D3 co-transfection with MEKK2 and mutants. FLAG vector, WT
MEKK?2, T263A MEKK2 T283A MEKKZ2, and K385M MEKK?2 were transiently expressed in
HEK?293T cells for 48 h. Indicated cells (+) were co-transfected with pcDNA4-Flag-SMYD3. Whole-cell
lysates were total-protein normalized using BCA Protein Assay Kit. Lysate and immunoprecipitated
proteins were separated by SDS-PAGE and immunoblotted with anti-phospho-Thr-263, anti-phospho-
Thr-283, anti-di-methyl-lysine and anti-FLAG primary antibodies. Fluorescent secondary antibodies were
detected by Odyssey infrared imaging. Band quantification was performed using ImageJ. Phosphorylation
to total MEKK?2 ratios were normalized to the no-SMYD3 condition for each MEKK2 variant.
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Figure 3.6. Effect of loss of methylation on T263 and T283 phosphorylation. FLAG vector, WT MEKK?2
and K260R MEKKZ2; methylation-resistant (A) or F258R MEKK2; methylation-resistant (B) were
transiently expressed in HEK293T cells for 48 h. Indicated cells (+) were co-transfected with pcDNA4-
Flag-SMYD3.Whole-cell lysates were total-protein normalized using BCA Protein Assay Kit.
Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted with anti-phospho-Thr-
263, anti-phospho-Thr-283, anti-FLAG, anti-di-methyl-lysine, and anti-tri-methyl-lysine primary
antibodies. Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Band
quantification was performed using ImageJ. Phosphorylation to total MEKK?2 ratios were averaged
between triplicates and normalized to the no-SMY D3 condition for each MEKK2 variant.
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Figure 3.7. MEKK3 is not methylated by SMYD3. A) M. Musculus MEKK2 amino acid sequence;
UniProt M3M2_MOUSE Q61083. M. Musculus MEKK3 amino acid sequence; UniProt M3K3_MOUSE
Q61084. Homologous sites labelled. B) FLAG vector, WT MEKK2, and WT MEKKS3 were transiently
expressed in HEK293T cells for 48 h. Indicated cells (+) were co-transfected with pcDNA4-Flag-
SMYD3. Whole-cell lysates were total-protein normalized using BCA Protein Assay Kit.
Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted with anti-FLAG, anti-
phospho-T263, anti-phospho-T283, anti-di-methyl-lysine, and anti-tri-methyl-lysine primary antibodies.
Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Assisted by Sormeh
Mehrabi, Scheid Lab.
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3.4 Addressing Increased Total MEKK2 Signal Upon SMYD3 Co-Transfection

Ubiquitination sites can be predicted based on the sequence patterns and motifs that surround the
site. Sequence patterns surrounding ubiquitination sites in human and mice include enriched
hydrophobic residues at positions -4 to +4 and enriched positively charged arginine residues in
the flanking regions.3 In the previous section (Section 3.3 a trend had become apparent where a
significant increase in total FLAG MEKK2 signal was consistently observed upon co-
transfection of pcDNA-Flag-SMY D3, as demonstrated in Figure 3.5 and Figure 3.6. When
comparing total FLAG MEKK?2 signal between the SMY D3-negative to SMY D3-positive
condition for each transfected MEKK?2 variant, there was a significant increase in FLAG
MEKK?2 signal. Based on these observations, it was hypothesized that K260 could serve as a
primary site of MEKK2 ubiquitination. Lysine methylation at ubiquitination sites can stabilize
protein activity by inhibiting the binding of E3 ubiquitin ligase, preventing protein degradation
via the ubiquitin-proteasome pathway.*?°® Consequently, an excess of accessible SMYD3,
following co-transfection, could lead to enhanced MEKK2 methylation at K260, potentially
inhibiting ubiquitination at this locus and consequent degradation of MEKK2. Elevated MEKK2
activity could have severe implications in the dysregulation of MAPK pathways and
tumorigenesis. Therefore, we asked whether K260 is ubiquitination site, and whether SMYD3-

mediated methylation at K260 prevents ubiquitination.

To test this hypothesis, HA-tagged ubiquitin (HA-Ub) and FLAG SMYD3 were co-transfected
with WT MEKK?2 or K260R MEKK2 in HEK 293T cells, Figure 3.8. The K260R MEKK?2
mutant replaces lysine with an arginine residue, rendering this mutant ubiquitination-resistant as
arginine lacks the necessary functional groups for ubiquitin attachment.*** Proteins were

immunoprecipitated with anti-FLAG and subsequently immunoblotted with anti-HA and anti-
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FLAG antibodies. Upon expression, HA-Ub was observed to co-IP with both WT MEKK2 and
K260R MEKK?2. Importantly, the observed levels of HA-Ub remained unchanged in WT
MEKK?2 following SMY D3 expression. If SMYD3-mediation at K260 was preventing MEKK2
ubiquitination, complete loss of HA-Ub association with WT MEKK2 would have been
observed. These results primarily indicate that MEKK?2 is ubiquitinated however, this
ubiquitination does not occur at K260, as indicated by association of HA-Ub with K260R

MEKK?2.
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Figure 3.8. MEKK2 ubiquitination is not specific to K260. FLAG vector, WT MEKK2 and K260R
MEKK2 were transiently expressed in HEK293T cells for 48 h. Indicated cells (+) were co-transfected
with either pcDNA4-Flag-SMYD3 or HA-Ub. Whole-cell lysates were total-protein normalized using
BCA Protein Assay Kit. Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted
with anti-FLAG. Fluorescent secondary antibodies were detected by Odyssey infrared imaging.
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3.5 MEKK2 Methylation at K260 is Regulated by T263 and T283 Phosphorylation

Following the observation that K260 methylation has minimal impact on T263 and T283
phosphorylation, we next asked if phosphorylation at these sites influences K260 methylation.
The effect of T263 and T283 phosphorylation on K260 methylation was determined through
Western Blot analysis. A double mutated T263/283A MEKK2 (T2A) variant was prepared,
which is phosphorylation-resistant at both phosphosites. This MEKK2 mutant was generated by
site-directed mutagenesis to determine whether loss of phosphorylation at both sites conferred an

augmented affect on K260 methylation than the single T263 and T283 MEKK2 mutants.

WT MEKK2, T263A MEKK2, T283A MEKK2, and T2A MEKK?2 were co-transfected with
pcDNA4-Flag-SMYD3, Figure 3.9A. Following harvest, the cells were lysed, FLAG-
immunoprecipitated, and immunoblotted for FLAG MEKK?2, di-methylation and tri-methylation.
Upon signal quantification, a significant 80% reduction in methylation signal was observed in
T263A MEKK2. Similarly, a 60% reduction in methylation was observed in T283A MEKK2
and T2A MEKKZ2. These data were analyzed for statistical significance by performing one-way
ANOVA followed by Dunnett’s multiple comparisons test, using GraphPad Prism, and
significance was set to p<0.05. The analysis demonstrated a statistically significant difference in
the mean values representing K260 methylation between WT MEKK2 and each
phosphorylation-resistant MEKK?2 variant, Figure 3.9B. The data set was derived from three
independent co-transfections (n=3), and the p-value was found to be less than 0.001 for T263A
MEKK?2 and less than 0.01 for T283A MEKK2 and T2A MEKK?2, indicating statistical
significance. These results indicate that K260 methylation is regulated by T263 and T283
phosphorylation as the absence of phosphorylation at either or both of these sites negatively

regulates K260 methylation.
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Figure 3.9. SMYD3-mediated methylation at K260 requires T263 and T283 phosphorylation. A) FLAG
vector, WT MEKK2, T263A MEKK2, T283A MEKK2, and T2A MEKK2 were transiently expressed in
HEK?293T cells for 48 h. All cells were co-transfected with pcDNA4-Flag-SMYD3. Whole-cell lysates
were total-protein normalized using BCA Protein Assay Kit. Immunoprecipitated proteins were separated
by SDS-PAGE and immunoblotted with anti-FLAG, anti-di-methyl-lysine, and anti-tri-methyl-lysine
primary antibodies. Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Band
density was quantified using ImageJ. Methylation to total MEKK2 signal was averaged between
triplicates and normalized to WT. B) Statistical analysis of K260 methylation in WT MEKK?2, T263A
MEKK2, T283A MEKK2, and T2A MEKK2 from A. One-way ANOVA followed by Dunnett’s multiple
comparisons test was performed using GraphPad Prism. Data reported as Mean+SD, n=3; (**) p<0.01,
(***) p<0.001. Significance was set to p<0.05.
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3.6 Investigating a Direct Interaction Between MEKK2 and SMYD3

To investigate whether SMY D3 directly interacts with MEKK2 when methylating K260, WT
MEKK?2 and all mutants were subjected to analysis by protein purification. WT MEKK2, T263A
MEKK2, T283A MEKK2, T2A MEKK2, K260R MEKK2, F258R MEKK2, and K385M
MEKK?2 were co-transfected with pcDNA4/myc-His-Flag-SMYD3. Cell lysates were subjected
to protein purification using Myc-conjugated agarose beads and subsequently immunoblotted
with anti-FLAG and anti-14-3-3 antibodies. The 14-3-3 signal in lysate in these experiments

serves as a loading control, as 14-3-3 signal in the Myc-1P was not detected.

As demonstrated in Figure 3.10, FLAG MEKK?2 signal from all MEKK2 variants was observed
to co-IP with Myc-FLAG-SMYD3. This co-IP occurred following protein purification through
Myc-immunoprecipitation, affirming the interaction between the respective MEKK?2 variants and
SMYDa3. In WT MEKK2, T263A MEKKZ2, and T283A MEKK2, FLAG MEKK?2 co-IP signal
was enriched by over 2-fold upon co-transfection of SMYD3, relative to background signal
observed prior to SMYD3 addition., Figure 3.10A. T2A MEKK?2 co-IP signal was observed to
increase by 90% upon SMY D3 addition. Similarly, FLAG MEKK?2 co-IP signal corresponding
to methylation resistant K260R MEKK2 was enriched by 70%, however F258R MEKK2 only
displayed a 10% enrichment after quantification, Figure 3.10B. Interestingly, K385M MEKK?2
displayed a 50% loss of co-IP signal. Overall, enrichment in FLAG MEKK?2 co-IP signal in
SMYD3-positive lanes suggests a direct interaction between MEKK2 and SMYD3, regardless of

T263 and T283 phosphorylation or K260 methylation status.
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Figure 3.10. Analyzing a direct interaction between SMYD3 and MEKK2 through co-
immunoprecipitation. A) WT MEKK2, T263A MEKK2, T283A MEKK2, and T2A MEKK2 were
transiently expressed in HEK293T cells for 48 h. Cells co-transfected with pcDNA4-Flag-SMYD3 are
indicated by (+). Whole-cell lysates were total-protein normalized using BCA Protein Assay Kit. Proteins
were immunoprecipitated with Myc-conjugated agarose beads and were separated by SDS-PAGE and
immunoblotted with anti-FLAG and pan anti-14-3-3 antibodies. Fluorescent secondary antibodies were
detected by Odyssey infrared imaging. Band quantification was performed using ImageJ. Co-
immunoprecipated MEKK?2 to total MEKK2 ratio was normalized to the no-SMYD3 condition for each
MEKK?2 construct. B) K260R MEKK?2, F258R MEKK?2, and K385M MEKK2 were transiently expressed
in HEK 293T cells for 48 h. Myc-IP and Western Blot analysis performed as described in A.
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3.7 Generation of Stable MEKK2-Expressing HAP1 Clones from HAP1/- MEKK2 Knockouts

To investigate the role of endogenous MEKK?2 in downstream signalling to ERK1/2, HAP1 cells
with a whole-genome deletion of MEKK2 were generated using CRISPR/Cas-9 genome-editing
technology by Horizon Discovery. Since HAP1 cells are a haploid cell line, these cells have
undergone a complete deletion of the sole mekk2 gene copy in their whole genome, rendering
these cells MEKK2 knockouts. CRISPR/Cas-9 utilizes a guide RNA molecule that recognizes its
complementary target DNA sequence and directs Cas-9 protein to create a break in the DNA. In
the case of DNA deletions, the cell then employs its own repair mechanisms to join the broken

DNA ends together through a process called non-homologous end joining (NHEJ).**®

HEK293Ta cells have a high transfection efficiency and support production and packaging of
lentiviral vectors.®*® Lentiviral particle production, as described in Chapter 2.5 requires co-
expression of lentiviral expression plasmids, containing the gene of interest, with lentiviral
packaging plasmids. HEK 293Ta cells efficiently produce viral packaging proteins, facilitating
the assembly and release of lentiviral pseudoparticles into the cell medium, which then becomes
the viral supernatant used to transduce HAP1/- cells. These pseudoviral particles contain the
transgene and viral proteins that are vital to transduce HAP1/- cells and integrate the gene of

interest into the host cellular genome.

Firstly, a lentiviral expression plasmid containing H. Sapiens WT MEKK2, LVV102-Flag-
MEKK?2, was obtained from GeneCopoeia. MEKK2 mutations were generated using site-
directed mutagenesis and expression was verified by transient transfection in HEK 293T cells.
Cells were transfected with WT MEKK2, T263A MEKK2, T283A MEKK2, K260R MEKK2,

F258R MEKK?2, K385M MEKKZ2, Figure 3.11A. Cell lysates were subjected to Western Blot
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analysis and were immunoblotted with anti-FLAG, anti-phosphor-T263, and anti-phosphor-

T283.

T263A MEKK2, T283A MEKK?2, and K260R MEKK?2 produced strong FLAG MEKK2 signal.
Weak FLAG MEKK?2 signal was observed for WT MEKK2 and K385M MEKK?2, while no
signal was observed for F258R MEKK2. The absence of FLAG signal for F258R MEKK?2
indicated that the mutagenesis had failed and was re-attempted. In Figure 3.11B, FLAG signal
corresponding to F258R MEKK2 was observed, which indicated that the second mutagenesis
attempt had been successful. As with prior mutagenesis using the pCMV10-Flag-MEKK?2
plasmid, the K260R/K385M MEKK2 mutagenesis failed within the LV102-Flag-MEKK?2
vector. Thus, suggesting that these mutations in combination could affect protein function or
stability, demonstrated by a lack of expression. It was observed that the working stock of
LV102-Flag-MEKK2 plasmid had potentially deteriorated or become compromised. This
degradation was inferred by the complete loss of FLAG MEKK2 signal corresponding to WT
MEKK?2. Consequently, LVV102-Flag-MEKK?2 plasmid DNA from the originally obtained stock
was amplified and purified from DH5-a E. coli cultures. Plasmid DNA, obtained from four
individual colonies originating from the transformation, were labelled A-D and subsequently
transfected in HEK 293T cells, Figure 3.11C. It was evident that plasmid DNA from samples B-
D produced the strongest FLAG MEKK?2 and phosphorylation signals, therefore these LV102-

Flag-MEKK?2 plasmids were combined and used for stable cell line generation.

The first method used to generate stable MEKK2 add-back HAP1/- cell lines was the culturing
of a polyclonal population of puromycin-resistant cells. As described in Chapter 2.5 HAP1/-
cells were transduced with WT or mutant MEKK2-containing lentiviral particles and selected

with 1pg/ml of puromyecin. The selected cells, which contained the pac gene originating from the
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LV102 vector, were allowed to proliferate over a period of 1-2 weeks. The polyclonal
expansions were then pooled together, lysed, and analyzed by Western Blot for expression of
recombinant MEKK2, Figure 3.12A. Unfortunately, no FLAG MEKK2 signal was detected in
any of the stable cell line attempts which included HAP1/- + WT, HAP1/- + T263A, HAP1/- +
T283A, HAP1/- + T2A, HAP1/- + K260R, HAP1/- + F258R, HAP1/- + K385M. To increase
selection efficiency, the polyclonal stable generation method was repeated using double the
amount of puromycin and lentiviral supernatant, Figure 3.12B. The results similarly demonstrate
no detection of FLAG MEKK?2 or phosphor-T263 signal from any of the stable transfection
attempts, indicating that stable cell lines had not been generated by either of our first two

attempts.

Polyclonal cell lines are derived from multiple transduced cells which are pooled together to
produce a heterogenous population of cells that yield variable levels of protein expression.*®” The
lack of FLAG MEKK?2 signal may have been caused by variability in protein expression levels
between colonies that were pooled together, yielding overall lower concentrations of MEKK2
protein. Therefore, a new method was used that aimed to generate a monoclonal population of
MEKK?2-expressing cells that share a common progenitor cell, thereby producing similar levels
of protein expression, using colony isolation techniques. As described in Chapter 2.5 six
monoclonal colonies, for each transduced MEKK2 construct, were isolated and expanded. These
clones were lysed and analyzed by Western Blot for FLAG MEKK2 expression, Figure 3.12C.
As demonstrated, FLAG MEKK?2 signal was not detected from any of the HAP1/- MEKK?2 add-
back cells however, faint T263 phosphorylation signal produced by cells originating from colony
4 of K260R MEKK2 was observed. These results indicate that this method also had a poor

transfection efficiency, yielding no to low levels of MEKK2 expression.
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To further investigate the cause of the lack of MEKK2 expression, a GFP expression assay was
performed in native HAP1/- cells to determine the efficacy of the lentiviral particle production
and transduction methods, as described in Chapter 2.10 A lentiviral plasmid containing eGFP,
enhanced green fluorescent protein, was transfected into HEK 293Ta cells and viral supernatant
was produced as previously described. Roughly 50x10°® HAP1/- cells were transiently transduced
with either Oul, 50ul, 150ul, or 300ul of viral supernatant and 10ug/ml of polybrene, which was
used to improve transduction efficiency by promoting adherence of viral particles to HAP1/-
cells. Cells were investigated under fluorescent microscopy after 76 hours, Figure 3.13A. Strong
eGFP fluorescence was detected upon addition of 300ul of viral supernatant to HEK 293Ta cells,

indicating the lentiviral particles are effective at transducing HAP1/- cells.

In Figure 3.13B, stable expression of WT MEKK?2 recombinant protein in HAP1/- cells was
confirmed. HAP1/- MEKK?2 add-backs were generated by transducing 50x10° HAP1/- cells with
300ul of viral supernatant, carrying either WT MEKK2 or T2A MEKKZ2, and selecting for
puromycin-resistance. As a control, 50x10° HAP1/- cells were transiently transduced using the
protocol previously described but did not undergo the selection process and were harvested after
76 hours. Following FLAG-immunoprecipitation, transient FLAG MEKK2 signal was detected
after transient transduction of HAP1/- cells with WT MEKK2 and T263A MEKK2 and T263
phosphorylation signal was detected corresponding to WT MEKKZ2. Following selection and
potential integration of the MEKK?2 transgene, FLAG MEKK?2 signal corresponding to both WT
MEKK?2 and T263A MEKK?2 significantly declined. However, levels of T263 phosphorylation
signal corresponding to WT MEKK2 remained unchanged between the transient transduction
and stable transduction HAP1/- groups. In Figure 3.13C, FLAG MEKK2 signal corresponding to

WT MEKK2 was increased approximately 10-fold by harvesting HAP1/- add-backs from 10
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individual 100mm dishes. However, FLAG-MEKK2 signal from T2A MEKK2 was not observed
to increase to this degree. Overall, these results indicate that HAP1/- MEKK2 add-back stable

cells had been generated that strongly express recombinant WT FLAG MEKK?2 protein.
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Figure 3.11. LV102-Flag-MEKK2 expression verification troubleshooting. A) Indicated H. Sapiens
MEKK?2 plasmids were transiently expressed in HEK293T cells for 48 h. Whole-cell lysates were total-
protein normalized using BCA Protein Assay Kit. Whole-cell lysates were probed with anti-phospho-Thr-
263, anti-phospho-Thr-283, and anti-FLAG. Fluorescent secondary antibodies were detected by Odyssey
infrared imaging. B) Transfection and Western Blot prepared as described in A. C) WT MEKK2 was
transformed into competent DH5-a E. coli and grown on an ampicillin-resistant LB-agar plate for 20
hours. Four colonies were selected and grown in LB-media with continued ampicillin-selection for 20
hours. LV102-Flag-WT MEKK?2 plasmids were isolated from bacterial cultures originating from the 4
individual colonies and were transiently expressed in HEK293T cells.
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Figure 3.12. Polyclonal and monoclonal stable MEKK2 expression attempts. A) HAP1/- MEKK2 knock-
out cells were transduced with 100ul of lentivirus containing FLAG-WT, T263A, T283A, T2A, K260R,
F258R, K385M MEKK?2 in 100mm dishes for 76 h. Following 5 days of selection in 1jug/ml puromycin,
clonal cells were lysed and pooled. The polyclonal HAP1/- cells were subjected to Western Blot analysis
and probed for FLAG to detect transient MEKK?2 expression. HAP1/- native; non-transduced cells. B)
HAP1/- MEKK2 knock-out cells were transduced with 200ul lentivirus containing FLAG-WT, T2A,
K260R, F258R, K385M MEKK?2 in 100mm dishes for 76 h. Following 5 days of selection in 2ug/ml
puromycin, colonies were lysed and pooled. Polyclonal HAP1/- cells were subjected to Western Blot
analysis and probed for FLAG and pT263 to detect transient MEKK2 expression. C) HAP1/- MEKK2
knock-out cells were transduced with 30ul of lentivirus containing FLAG-WT, T2A, K260R, F258R,
K385M MEKK?2 in 6-well plates for 76 h. Transduced cells were lysed and sub-cultured into three
100mm plates, per construct. Cells were plated in IMDM culture medium containing 2ug/ml puromycin.
Monoclonal cells were isolated and expanded in 6-well plates to 80% confluency, then were sub-cultured
into two 100mm dishes, per construct. Once clones reached 80% confluency, cells were lysed and
subjected to Western Blot analysis, and probed for FLAG and pT263 to detect transient MEKK2
expression. Faint pT263 detected in K260R MEKK?2 clone 4, indicated by the red arrow.
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Figure 3.13. Confirmation of recombinant MEKK2 expression in HAP1/MEKK2-stable cells. A) 50x10°
HAP1 MEKK2 knock-out cells were transduced with Oul, 50ul, 150ul, or 300ul of eGFP-containing
lentiviral supernatant in 6-well plates in a culture medium containing IMDM, 10% heat-inactivated FBS,
and 10pg/ml polybrene. eGFP expression was investigated after 76 h using fluorescence microscopy. B)
50x10° HAP1 MEKK2 knock-out cells were transduced with 300ul WT MEKK2 or T263A MEKK2-
containing lentiviral supernatant in 100mm dishes, in a culture medium containing IMDM, 10% heat-
inactivated FBS, and 10ug/ml polybrene. Transient cells were lysed and FLAG-immunoprecipitated after
76 h. HAP1/- + WT and HAP1/- + T2A stable cells were incubated with 2ug/ml of puromycin. Following
selection, polyclonal expansions were harvested at 80-90% confluency and subjected to Western Blot
analysis. Proteins were immunoblotted with anti-FLAG and anti-P-T263. C) Transduction and polyclonal
expansion as performed as in B, HAP1/- + WT and HAP1/- + T2A add-backs were harvested from ten
100mm dishes.
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3.8 Stimulation of HAP1 Cell Lines

HAP1/- WT MEKK?2 stable-expressing cells were subjected to growth factor and cytokine
stimulation to explore the effect of MEKKZ2 stimulation on phosphorylation at T263 and T283,
and subsequent activation of downstream effector proteins, ERK1/2. For this series of
experiments, HAP1/- MEKK2 knockout native cells and HAP1/- + WT MEKK2 add-backs were
stimulated with either Fetal Bovine Serum (FBS), Insulin-like Growth Factor 1 (IGF-1), or
Tumour Necrosis Factor-o (TNF-a), as described in Chapter 2.6 Levels of T263 and T283
phosphorylation and ERK1/2 phosphorylation were measured by Western Blot analysis at

different time points: 0 min, 5 min, 10 min, and 20 min.

First, TNF-o was used to stimulate HAP1/- native cells and HAP1/- + WT MEKK?2 cells for
increasing durations of time. HAP1/- cells were incubated with 10ng/ml of TNF-a for either 0
min, 5 min, 10 min, or 20 min, and were analyzed by Western Blot for changes in MEKK?2
phosphorylation and downstream ERK1/2 phosphorylation. As illustrated in Figure 3.14, FLAG
MEKK?2 signal appeared just beneath non-specific bands. Therefore, to accurately isolate and
quantify only FLAG-MEKK?2 signal, the averaged value corresponding to background signal
from the HAP1/- native lanes was subtracted from each total FLAG signal from each of the
HAP1- + WT MEKK?2 lanes. Following quantification of band density corresponding to T263
and T283 phosphorylation, no significant change in phosphorylation was observed at either site
at any time point during TNF-a stimulation. After 5 minutes of TNF-a stimulation in HAP1/- +
WT MEKK?2 cells, ERK1/2 phosphorylation was observed to reach a peak, displaying a 50%

increase relative to unstimulated HAP1/- native cells.
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Next, 100ng/ml of IGF-1 was used to stimulate HAP1/- cells using methods described in the
previous experiment. In Figure 3.15A, FLAG MEKK?2 signal again appeared just beneath non-
specific bands, as observed in Figure 3.14. This suggested that anti-FLAG immunoblotting was
not efficient in detecting MEKK2. Nonetheless, FLAG MEKK?2 signal was isolated and
quantified as previously described and MEKK2 phosphorylation was analyzed. The observed
changes in T263 and T283 phosphorylation were remarkably similar between both sites. There
was an approximate 50% increase in phosphorylation observed after 5 minutes of IGF-1
stimulation, reaching a peak at 10 minutes where a 2.4-fold increase was observed, followed by a
decline to approximately basal levels observed in unstimulated HAP1/- + WT MEKK2 cells at
the 20-minute mark. Interestingly, ERK1/2 phosphorylation was observed to decrease following
IGF-1 stimulation in both native and WT MEKK2 add-back cells. However, another common
observation was noted between both cell types, where ERK1/2 phosphorylation reverted to
baseline levels, as observed in unstimulated HAP1/- native cells, after 10 minutes of IGF-1

stimulation.

To further investigate the substantial increase in MEKK2 phosphorylation observed after 10
minutes of IGF-1 stimulation, the experiment was replicated using similar methods. To eliminate
background interference during FLAG immunoblotting, an anti-MEKK?2 antibody was used to
probe for MEKK2 immunoprecipitation. As demonstrated in Figure 3.15B, T263
phosphorylation remained at approximately baseline levels between 0 to 20 minutes of IGF-1
stimulation in HAP1/- + WT MEKK?2 cells. When observing ERK1/2 phosphorylation, HAP1/-
native cells displayed an initial 30% reduction in phosphorylation after 5 minutes of IGF-1
stimulation, followed by a 40% increase in phosphorylation at 10 minutes of IGF-1 stimulation

and a 70% increase following 20 minutes of stimulation, relative to baseline level. Interestingly,
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ERK1/2 phosphorylation originated 50% lower in HAP1/- + WT MEKK?2 add-back cells prior to
stimulation compared to unstimulated than HAP1/- native cells and only increased by
approximately 20% following 20 minutes of IGF-1 stimulation. The experiment was repeated
once more and ERK1/2 phosphorylation was observed through Western Blot analysis, as
demonstrated in Figure 3.15C. In HAP1/- native cells, ERK1/2 phosphorylation again initially
decreased at 5 minutes post-stimulation. However, in contrast to the prior study, phosphorylation
continued to decrease after 10 minutes of stimulation. Phosphorylation levels were then observed
to return to baseline level following 20 minutes. In the MEKK2 add-back cells, ERK1/2
phosphorylation was also observed to initially decrease at 5 minutes post-stimulation, ultimately

returning to unstimulated levels following 20 minutes of IGF-1 stimulation.

Levels of ERK1/2 phosphorylation following IGF-1 stimulation from the three replicate studies
were analyzed for statistical significance by performing two-way ANOVA followed by Sidak’s
multiple comparisons test, using GraphPad Prism, and significance was set to p<0.05. The
analysis demonstrated a statistically significant difference in the mean values representing
ERK1/2 phosphorylation levels between unstimulated HAP1/- native cells and unstimulated
HAP1/- MEKK?2 add-back cells. However, the analysis confirms that changes observed in
ERK1/2 phosphorylation at any other time point between cell types are not statistically

significant.

To understand the baseline effects of starvation and reintroduction of serum on the HAP1/- cells,
HAP1/- native cells and HAP1/- + WT MEKK?2 were each cultured in 100mm dishes and were
starved for 20 hours prior to FBS stimulation. Cells were lysed and proteins were
immunoprecipated with anti-FLAG and probed for MEKK2 phosphorylation and 14-3-3

interaction. In Figure 3.16A, both T263 and T283 phosphorylation signals are observed to
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steadily increase over the 20 minutes of FBS stimulation. T263 phosphorylation was observed to
increase by 2.3-fold, while T283 phosphorylation increased by 90%, following 20 minutes of
FBS stimulation. Although 14-3-3 was not detected in the lysate (not shown), and thus co-IP
signal quantification was not possible, stronger 14-3-3 co-IP signal was observed in HAP1/- +
WT MEKK?2 prior to FBS stimulation (0 minutes). These results could serve as additional
support of the interaction between MEKK2 and 14-3-3, however these results were not
reproduced and therefore any augmentation in 14-3-3 interaction upon reintroduction of MEKK2
is inconclusive. When observing the effects of FBS on ERK1/2 phosphorylation, HAP1/- native
cells demonstrated a steady increase of phosphorylation over 20 minutes of FBS stimulation.
However, HAP1/- MEKK2 add-back cells displayed an initial peak in ERK1/2 phosphorylation

prior to stimulation, which continued to sharply decrease through out the duration of stimulation.

The experiment was repeated in Figure 3.16B, where T263 phosphorylation was observed to
only increase by 30% after 20 minutes of FBS stimulation, with an observed 20% decrease
observed at 10 minutes. However, T283 phosphorylation signal increased by 2.5-fold after 20
minutes of FBS stimulation, demonstrating a similar trend as observed in Figure 3.16A. These
results generally suggest that T263 and T283 phosphorylation increase in HAP1/- + WT MEKK?2

add-back stable cells following 20 minutes of FBS stimulation.
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Figure 3.14. Cytokine stimulation of HAP1/- MEKK2 add-back cells. HAP1/- native and HAP1/- + WT
MEKK?2 cells were each cultured in five 100mm dishes and grown to 75% confluency. Cells were
incubated with 10ng/ml of TNF-a for either 0, 5, 10, or 20 minutes. Cell lysis was performed immediately
following the end of the desired stimulation duration. Whole-cell lysates were total-protein normalized
using BCA Protein Assay Kit. FLAG-immunoprecipitated proteins were separated by SDS-PAGE and
immunoblotted with anti-FLAG, anti-phospho-Thr-263, anti-phospho-Thr-283, anti-ERK1/2, and anti-
phospho-ERK1/2. Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Band
guantification was performed using ImageJ. Total FLAG MEKK2 signal was isolated by subtracting the
averaged value corresponding to background signal from the HAP1/- native lanes from each total FLAG
signal from each of the HAP1- + WT MEKK?2 lanes. MEKK2 phosphorylation to total MEKK2 ratios
were normalized to the unstimulated HAP1/- + WT MEKK2 condition. ERK1/2 phosphorylation to total
ERK1/2 ratios were normalized to the unstimulated HAP1/- native condition.
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Figure 3.15. Growth factor stimulation of HAP1/- MEKK2 add-back cells. A) HAP1/- native and HAP1/-
+ WT MEKK?2 cells were each cultured in five 200mm dishes and grown to 75% confluency. Cells were
incubated with 100ng/ml IGF-1 for either 0, 5, 10, or 20 minutes. Cell lysis was performed immediately
following the end of the desired stimulation duration. Whole-cell lysates were total-protein normalized
using BCA Protein Assay Kit. FLAG-immunoprecipitated proteins were separated by SDS-PAGE and
immunoblotted with anti-FLAG, anti-phospho-Thr-263, anti-phospho-Thr-283, anti-ERK1/2, and anti-
phospho-ERK1/2. Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Band
guantification was performed using ImageJ. Total FLAG MEKK2 signal was isolated by subtracting the
averaged value corresponding to background signal from the HAP1/- native lanes from each total FLAG
signal from each of the HAP1- + WT MEKK?2 lanes. MEKK2 phosphorylation to total MEKK?2 ratios
were normalized to the unstimulated HAP1/- + WT MEKK2 condition. ERK1/2 phosphorylation to total
ERKZ1/2 ratios were normalized to the unstimulated HAP1/- native condition. B) HAP1/- native and
HAP1/- + WT MEKK?2 cells were each cultured in two 100mm dishes and grown to 75% confluency.
Stimulation and IP was performed as described in A. Proteins were immunoblotted with anti-MEKK?2,
anti-phospho-Thr-263, anti-ERK1/2, and anti-phospho-ERK1/2. Signal quantification and analysis was
performed as described in A. C) Western Blot analysis performed as described in B. Proteins were
immunoblotted with anti-MEKK2, anti-ERK1/2, and anti-phospho-ERK1/2. D) Two-way ANOVA
followed by Sidak’s multiple comparisons test was performed using GraphPad Prism. Data reported as
Mean+SD, n=3; (**) p<0.01. Significance was set to p<0.05.
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Figure 3.16. Serum stimulation of HAP1/- MEKK2 add-back cells. A) HAP1/- native and HAP1/- + WT
MEKK?2 cells were each cultured in two 100mm dishes and grown to 75% confluency. Cells were
incubated with 550ul FBS for either 0, 5, 10, or 20 minutes. Cell lysis was performed immediately
following the end of the desired stimulation duration. Whole-cell lysates were total-protein normalized
using BCA Protein Assay Kit. FLAG-immunoprecipitated proteins were separated by SDS-PAGE and
immunoblotted with anti-MEKK2, anti-phospho-Thr-263, anti-phospho-Thr-283, anti-ERK1/2, and anti-
phospho-ERK1/2. Fluorescent secondary antibodies were detected by Odyssey infrared imaging. Band
quantification was performed using ImageJ. MEKK?2 phosphorylation to total MEKK?2 ratios were
normalized to the unstimulated HAP1/- + WT MEKK?2 condition. ERK1/2 phosphorylation to total
ERKZ1/2 ratios were normalized to the unstimulated HAP1/- native condition. B) Western Blot analysis
was performed as in A. Proteins were immunoblotted with anti-MEKK?2, anti-phospho-Thr-263, and anti-
phospho-Thr-283.
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Chapter 4: Discussion, Future Directions, and Conclusion

4.1 T263 and T283 Constitute the 14-3-3 Bipartite Binding Site

MEKK2 (MAP3K?2) is a mitogen-activated protein kinase belonging to the MAP3K family of
S/T-kinases and is a crucial contributor to the regulation of MAPK signalling pathways that are
responsible for normal cell proliferation and function.®® MEKK?2 activates downstream MAPK
proteins in response to various stress and mitogenic stimuli.®® Aberrant regulation of these
intricate cellular pathways have profound implications for cellular function and overall human

health.38

Matitau et al. have demonstrated that MEKK?2 interacts with 14-3-3 through a phosphorylation-
dependent association at T283.%% 14-3-3 proteins are phosphoserine and phosphothreonine
binding modules involved in all major cellular signalling pathways.'® This interaction has been
shown through Western Blotting methods to prevent trans-autophosphorylation of S519 with in
the activation loop, resulting in inactivation of MEKK2 and reduced ERKS5 activation. 14-3-3 is
characterized as a regulator of MEKK2 as it controls MEKK2 input to several MAPK

pathways.%

Following the identification of a threonine residue 20 amino acids upstream from T283, a known
MEKK?2 phosphosite, T263 was assessed for phosphorylation through Western Blot analysis.
The complete abolishment of T263 phosphorylation signal following T263A mutagenesis of
MEKKZ2, phosphorylation-resistant, together with the loss of phosphorylation-dependent 14-3-3
association upon T263A mutation and competition with T263-phosphorylated peptides, depicts
T263 as a novel MEKK?2 phosphorylation site and site of 14-3-3 interaction. Furthermore,

phosphorylation-resistant mutations at either T263 or T283 resulted in significantly reduced
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phosphorylation signal at both sites, demonstrating a co-dependence between T263 and T283
phosphorylation. 14-3-3 phosphoadapter proteins have been documented to protect their targets
from dephosphorylation.*#*> Furthermore, the loss of 14-3-3 binding following T to A
phosphorylation-resistant mutations at either site may potentially increase susceptibility of the
remaining phosphosite to dephosphorylation by protein phosphatases, resulting in reduced

phosphorylation as demonstrated.

Our data suggests that T263 and T283 of MEKKZ2 serve as the bipartite binding group for
phosphoadapter protein 14-3-3. Each monomeric unit within a 14-3-3 complex can bind to one
phosphosite, enabling a 14-3-3 dimer to bind two phosphosites simultaneously.''* 14-3-3 was
confirmed through Western Blot analysis to not interact with either T263A or T283A MEKK?2,
suggesting that MEKK2 must be phosphorylated at T263 and T283 simultaneously to promote
14-3-3 association. Further, this data suggests that 14-3-3 monomers do not independently
interact with either phosphosite individually. Therefore, since 14-3-3 only binds MEKK2 when
phosphorylated at both T263 and T283, and each 14-3-3 monomer binds one phosphosite, 14-3-3
must dimerize to simultaneously interact with both phosphosites within the bipartite binding
group. Further, since 14-3-3 proteins predominately exist as dimers, a dimeric 14-3-3 protein
complex likely cooperatively binds MEKK2 in a phosphorylation-dependent manner.*'14 |n
this context, phosphorylation at both binding sites is necessary to increase the binding affinity for
each monomeric unit of the 14-3-3 dimeric complex to interact with each site. Lastly, we can
infer from our data that kinase activity does not influence the association of 14-3-3 with the
MEKK?2 bipartite binding site, as 14-3-3 co-immunoprecipitation levels in the kinase dead

K385M MEKK?2 mutant remained consistent with WT MEKK2 levels.
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4.2 MEKK?2 is the Sole Target of SMYD3 within the MAPK Family

Using protein array technology, MEKK2 was identified as the only target of SMYD3
methylation among thousands of potential substrates, including various members of the MAPK
pathway.?>1% The presence of a phenylalanine residue at the -2 position relative to K260 confers
selective substrate preference for MEKK2.1%2 Despite high sequence homology between MEKK3
(MAP3K3) and MEKK2, MEKK3 showed no methylation signal at the homologous K271
residue when screened for di- and tri-methylation using Western Blot procedures. Furthermore,
we have demonstrated K260 as the sole locus of SMY D3-mediated methylation of MEKK?2,
shown by the complete abolishment of di- and tri-methylation signal following K260R and
F258R mutagenesis. Taken together, these findings further support the existing data that K260 of
MEKK?2 is the sole target of SMYD3 within the MAPK family and the upstream phenylalanine
residue, F258, is required for SMYD3-mediated methylation at K260 of MEKK2. Therefore,
SMYD3 selectively upregulates MEKK2 signalling and directs signal specificity downstream of
oncogenic Ras signalling, making MEKK?2 the sole therapeutic target of the MAP3K family for

PDAC and LAC treatment.

4.3 T263 Phosphorylation is Required for K260 Methylation

Considering the role of K260 methylation in promoting progression of K-Ras driven
tumorigenesis, several experiments were conducted to investigate the potential influence on
neighbouring phosphorylation at T263. Recent studies have recognized the significance of
“methyl switches” in regulating post-translational modifications (PTMs) of neighbouring
residues, characterized by stimulation or inhibition of neighbouring modifications as a result of
methylation at one lysine residue.*?® Furthermore, lysine methylation has been recognized as a

method of regulating kinase and phosphatase activity, as methylation has been shown to alter the
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conformation of kinase proteins.1*® As this recent data suggests, we hypothesized that K260
methylation would alter phosphorylation status of the neighbouring T263 phosphosite.
Therefore, K260 methylation was hypothesized to also regulate the phosphorylation-dependant

bipartite association of 14-3-3 with MEKK2.

Interestingly, our data suggests the opposite mechanism of regulation between the neighbouring
PTMs, whereby T263 phosphorylation regulates methylation status at K260. Our
phosphorylation analyses of K260R and F258R MEKK?2 mutants, methylation-resistant,
demonstrate no significant alterations in T263 phosphorylation status following loss of K260
methylation. Additionally, BAY-6035-mediated endogenous SMY D3-inhibition also
demonstrated no significant effect on T263 or T283 phosphorylation. Multiple replicates of this
data suggest with high confidence that K260 methylation does not exert regulatory control over

T263 and T283 phosphorylation.

Conversely, it was concluded through Western Blot analysis that K260 methylation is
significantly reduced following T263A, T283A, and T2A mutagenesis of MEKK2. These
findings suggest that phosphorylation at both phosphosites is required to promote efficient
SMYD3-mediated methylation at K260, thereby serving as a regulatory mechanism to control
K260 methylation. This data suggests T263 and T283 as therapeutic targets in the treatment of
PDAC and LAC, where the development and progression of these cancers have been correlated
with aberrant K260-methylation resulting in upregulated MEKK?2 activity and input downstream

of oncogenic Ras signalling.*®

Given the distal proximity of T283 relative to K260 and T263, it was interesting to also observe
a loss of K260 methylation upon abolishment of T283 phosphorylation. Whether T283 can be

considered a neighbouring amino acid to K260 is dependent on its spatial proximity in the three-
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dimensional structure of MEKK2.2#! Hence, assuming that T283 may not be within range to
exert crosstalk control via PTMs, alternative explanations may exist for the observed reduction in
K260 methylation upon loss of T263 and T283 phosphorylation. Phosphorylation can create a
docking site for a methyltransferase enzyme or protein complex that promotes methylation at a
nearby methylation site.}*> Additionally, phosphorylation could induce a conformational change
in the protein structure that exposes or enhances the accessibility of adjacent methylation sites to
methyltransferases.*® Furthermore, loss of T263 and T283 phosphorylation results in complete
loss of the 14-3-3 binding dimer, and thus SMYD3 could require 14-3-3 to efficiently methylate

K260, either directly, or by maintaining T263 phosphorylation.

4.4 14-3-3 Interaction Potentially Facilitates K260 Methylation

When exploring the mechanism of interaction between MEKK2 and SMYD3, Van Aller et al.
resolved a co-crystal structure of SMYD3 bound to a substrate MEKK?2 peptide, which revealed
that the backbone amide of T263 is required to hydrogen-bond with SMYD3.%* These finding
indicate that a direct interaction at T263 must be established to facilitate SMY D3-mediated
methylation of K260. Additionally, our data provides some evidence of a direct interaction
between MEKK2 and SMYD3, as suggested by an enrichment in MEKK?2 co-IP signal upon
SMYD3 expression. However, this signal enrichment was observed in both phosphorylation and
methylation resistant MEKK2 mutants, inferring that phosphorylation status nor methylation
capability influences the interaction between the two proteins. Therefore, we explored other

potential mechanisms by which T263 and T283 phosphorylation promotes K260 methylation.

Catalytic efficiency of SMYD3-mediated K260 methylation is dependent on phosphorylation at
both T263 and T283, suggesting phosphorylation at the MEKK?2 bipartite binding sites as a
regulatory mechanism to control methylation at K260. Furthermore, together with our findings
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that 14-3-3 regulates T263 and T283 dephosphorylation, 14-3-3 may indirectly facilitate K260

methylation by maintaining the necessary phosphorylation at neighbouring phosphosites.

As mentioned, 14-3-3 phosphoadapter proteins have been documented to protect their targets
from dephosphorylation, thereby influencing the activity and interactions of their target
proteins.1}411> T263-phosphorylated peptides were repeatedly observed to out-compete MEKK2
to bind 14-3-3, following multiple peptide competition assays. This resulted in a significant
reduction in T263 phosphorylation, corresponding to abolishment of 14-3-3 co-IP. Our data
demonstrated that loss of 14-3-3 association resulted in T263 dephosphorylation, suggesting that
14-3-3 regulates MEKK2 phosphorylation status and activity by binding the T263 and T283
bipartite binding group on MEKK2 and shielding these sites from exposure to phosphatases.
Further, our data shows that 14-3-3 only binds MEKK2 when phosphorylated at T263 and T283
and that dual phosphorylation at these sites is required for SMYD3-mediated K260 methylation.
Since SMYD3-mediated K260 methylation is dependent on T263 and T283 phosphorylation and
14-3-3 has been implicated in preserving phosphorylation at these sites, 14-3-3 may contribute to
the progression of K-Ras-driven tumorigenesis and should be implicated as an additional

therapeutic target in the treatment of PDAC and LAC.

4.5 Agonist Stimulation of HAP1/- + WT MEKK2 Cells was Inconclusive

Stable-expressing HAP1/- + WT MEKK?2 cells were generated to explore the impact of
endogenous MEKK?2 activation on T263 phosphorylation and subsequent downstream signalling.
Through our preliminary experiments, we were able to demonstrate that TNF-a stimulation may
induce a short-term increase in ERK1/2 activation in HAP1/- + WT MEKK?2 cells, with no
observed significant change in T263 and T283 phosphorylation. However, due to the lack of
replicate data, significance was not determined. When analyzing the apparent increase in T263
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and T283 phosphorylation following IGF-1 stimulation in HAP1/- + WT MEKK2 cells, the use
of anti-MEKK?2 direct antibody, opposed to anti-FLAG, greatly increased MEKK2 detection and
therefore allowed for more accurate signal quantification. Thus, our secondary observation that
T263 and T283 phosphorylation is not significantly altered following IGF-1 stimulation is more
likely to be accurate than the prior preliminary experiment. IGF-1 stimulation data was produced
in triplicates, where no significant change in ERK1/2 activation was observed following
stimulation. There was a significant reduction in ERK1/2 activity observed in HAP1/- + WT
MEKK?2 cells, relative to HAP1/- native cells, prior to IGF-1 stimulation. However, this
observation was not evident prior to stimulation with TNF-a or FBS (serum), raising concerns
regarding the reliability of these findings. The FBS stimulation experiments generally indicate a
positive correlation between T263 and T283 phosphorylation and duration of stimulation in
HAP1/- + WT MEKK?2 cells, however significance was not determined. Overall, TNF-a and
IGF-1 stimulation of endogenous MEKK2, as described in Section 3.8 generally appeared to
have no significant influence on T263 and T283 phosphorylation and subsequent ERK1/2

activation, however further investigations are required.

4.6 Limitations & Future Directions
4.6.1 Exploring a Regulatory Role of PP2A in Oncogenic MEKK2 Activity

Western Blots were conducted to explore T263 as a target of dephosphorylation by PP2A. The
experimental design included duplicate transient transfections of WT MEKK2, T263A MEKK?2,
and K260R MEKK?2 in the presence and absence of SMYD3 co-expression. As a result of
repeated unsuccessful attempts to immunoblot PP2A subunits A, B, and C for co-IP detection
using a PP2A antibody kit (Cell Signalling 9780), the experiment was abandoned. The

heterotrimeric PP2A complex is composed of the structural PPP2R1A subunit (A), the regulatory
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PPP2R2A subunit (B), and the catalytic PPP2CA subunit (C). Mazur et al. established that amino
acids 249-273 of MEKK2 constitutes the binding region for the PP2A complex and methylation
at K260 inhibits this interaction, therefore inferring that aberrant MEKK2 activation is due to the
inability of PP2A to negatively regulate activating phosphorylation events on MEKK2 and
MEKK?2 downstream targets.®® They have also established that the regulatory PPP2R2A subunit
directly interacts with MEKK2 when unmethylated at K260. Given that T263 is within this
binding range, it was hypothesized that PP2A negatively regulates oncogenic MEKK?2 activity
by dephosphorylating T263, thereby reducing SMY D3-mediated K260 methylation. Since PP2A
binds to MEKK?2, dephosphorylation could additionally occur at S519, within the activation
loop, thereby providing an additional potential mechanism whereby PP2A inactivates
MEKK2.%3% QOverall, due to the lack of Western Blot data we are unable to draw any
conclusions regarding the regulatory role of PP2A, however we postulate a mechanism by which
SMYD3 overexpression leads to large quantities of methylated MEKK?2, preventing the PP2A
complex from dephosphorylating T263 and S519, thereby resulting in oncogenic MEKK?2 input

to the Ras pathway in PDAC and LAC.

4.6.2 Improving Stable-Expressing MEKK2 Cell Lines and Stimulation

The generation of stable-expressing MEKK2 add-back cell lines played a crucial role in our
strategy to investigate the impact of T263 phosphorylation on endogenous MEKK?2 activation
and downstream signalling. Given the limited reliability and ambiguous understanding of its
relevance, the stimulation data is inconclusive and requires additional reproduction to verify the
validity of these findings. Vital to this strategy was the generation of mutant MEKK?2 stable-
expressing add-back cell lines, including T263A, T283A, T2A, F258R, K260R, and K385M

MEKK?2. The lack of data from the failed generation of these cell lines contributes to the
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ambiguous interpretation of the data produced by the stimulation experiments, since the only
point of reference is HAP1/- MEKK2-null cells. MEKK2-MEK5-ERKS5 and MEKK2-MEK1/2-
ERK1/2 pathway activation were the intended pathways of observation in this study, as we
aimed to determine whether phosphorylation at T263 and T283 exerts regulatory control over
K260 methylation and subsequent ERK1/2 activation, as observed in our transient experiments

in HEK 293T cells.

Another factor that could have contributed to the lack of substantial data following stimulation of
HAP1 add-back cells could have been the use of the use of improper concentrations of stimuli or
the use of stimuli that do not consistently and reliably activate MEKK2 across all conditions. For
instance, the use of Epidermal Growth Factor-1 (EGF-1), which has been demonstrated to
strongly correlate with the activation of MEKK2 and MAPK pathways in various cellular
contexts.** Future investigations involving the generation of mutant MEKK?2 add-back stable
cell lines would require substantial time and resources. The production of significant protein
quantities from stable cell lines is imperative to yield discernible and relevant observations. The
use of a different host cell line could be considered to support MEKK2 expression, as well as the
use of lentiviral plasmid possessing more than one FLAG epitope, to improve FLAG-MEKK?2

detection.

The use of HAP1 cells as our host cell could be another limitation contributing to the lack of
significant ERK1/2 activation and the accuracy of these findings in the context of PDAC and
LAC. While isolating PDAC and LAC cells directly from patient tissue samples might have
yielded more reliable and clinically relevant data, the limited accessibility to these cells posed a

significant challenge. Additionally, isolating sufficient quantities of cells for multiple series of
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experiments, particularly when observing endogenous changes in post-translational

modifications, would be substantial access to resources.

4.6.3 Future studies

For future investigations, genetic manipulation techniques such as CRISPR/Cas9 gene editing
could potentially be used to induce relevant activating mutations in KRAS and overexpression of
smyd3 in HEK 293T cells. Alternatively, the use of human PDAC cell lines such as Capan-1,
MIA PaCa-2, and Panc-1, which harbour K-Ras driver mutations, could also provide valuable
models for studying pancreatic cancer and generating data with clinical relevance.*® These cell
lines closely mimic the genetic alterations observed in human pancreatic cancers, and therefore
could enhance the translational relevance of research findings, making them useful tools for drug
development and preclinical studies. Additionally, investigations could be conducted to identify
the target loci of PP2A-mediated dephosphorylation on MEKK?2. These experiments would
determine whether P-T263 and P-S519 are targets of PP2A-mediated negative regulation of
MEKK?2, further characterizing these residues as regulatory phosphorylation sites and potentially
identifying a mechanism by which SMYD3-mediated K260 methylation promotes oncogenic

MEKK?2 activity.
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4.7 Conclusion

In summary, we have demonstrated that T263 and T283 of MEKK2 form the bipartite binding
group for 14-3-3 phosphoadapter proteins and that this interaction occurs in a phosphorylation-
dependent manner. Mazur et al. have demonstrated that SMY D3-mediated methylation of
MEKK?2 at K260 results in MEKK2 input downstream of oncogenic K-Ras signalling, leading to
worsened prognosis of PDAC and LAC in mouse models.® Recent studies have shown that
expression of SMYD3 is robustly elevated in diverse human cancers, suggesting its role as a
putative oncogene.'?” Therefore, investigating the role of SMYD3 in cancer progression provides
opportunities for developing targeted chemotherapeutics. Furthermore, inhibition of SMYD3
activity could be explored as a treatment for cancers marked by SMY D3 overexpression, making

research on the oncogenic function of SMYD3 critical for therapeutic development.

In this study we’ve characterized T263 and T283 as the bipartite phospho-binding sites for
dimeric 14-3-3 and discovered a regulatory role of T263 and T283 phosphorylation in
controlling SMY D3-mediated methylation at K260 methylation, depicting T263 and T283 as
potential therapeutic targets in mediating oncogenic activation of MEKK2. Additionally, we’ve
implicated 14-3-3 as another potential therapeutic target as its interaction with the phosphosites
may contribute to sustained phosphorylation, therefore facilitating K260 methylation and
MEKK?2 oncogenic function. Figure 4.1 provides an overview of our findings and implications.
Our findings have discovered novel regulatory targets in the oncogenic function of SMYD3,

paving the way for further exploration in the treatment of the treatment of PDAC and LAC.
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Figure 4.1. MEKK?2, 14-3-3, and SMY D3 model depicting MEKK2 oncogenic function. Within the
cancer cell, mutated K-Ras initiates oncogenic activation of ERK1/2. Upon phosphorylation of MEKK2
at T263 and T283, a 14-3-3 dimer binds and presumably sustains phosphorylation, promoting SMYD3-
mediated K260 methylation. 14-3-3 binding has also been demonstrated to negatively regulate S519
phosphorylation and MEKK2 activity (Matitau et al. 2013). Methylation prevents PP2A association and
negative regulation of MEKK2, potentially by preventing dephosphorylation at T263 and S519, overall
resulting in increased input to MEK1/2 downstream of oncogenic K-Ras signalling and progression of
tumorigenesis (Mazur et. al 2014). Unphosphorylated MEKK2 does not associate with 14-3-3 and
prevents SMYD3-mediated K260 methylation. Thickness of arrow indicates strength of signal. Created
with BioRender.com.
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