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Abstract

14-3-3 proteins are a group of widely expressed, highly conserved homo/heterodimeric
acidic proteins. They usually bind to serine/threonine phosphorylated proteins, but also bind to
proteins in a phosphorylation-independent manner. 14-3-3 proteins have over 200 binding
partners. 14-3-3 proteins are involved in multiple cellular processes acting mainly as a scaffold
protein. Mammals have seven 14-3-3 isoforms (o/B, €, 1, v, o, 1/0, and 6/(), which are encoded
by separate genes and are expressed on different chromosomes. While the existence of multiple
isoforms may represent one more level of regulation in 14-3-3 signaling, knowledge regarding
the isoform-specific functions of 14-3-3 proteins is very limited. Determination of the subcellular
localization of the different 14-3-3 isoforms could give important clues into their specific
functions. Most of the subcellular localization studies have been done in yeast, flies and plants
and little isoform-specific subcellular localization studies have been done in mammals. By using
immunocytochemistry, subcellular fractionation, and immunoblotting, I studied the subcellular
localization of the total 14-3-3 protein and each of the seven 14-3-3 isoforms, their redistribution
throughout the cell cycle and their translocation in response to EGF. In this thesis, I showed that
14-3-3 proteins are broadly distributed throughout the cell and associated with many subcellular
organelles/structures including the plasma membrane, endosomes, mitochondria, endoplasmic
reticulum, nucleus, centrosomes, microtubules, and actin fibers. I conclude that different
isoforms of 14-3-3 have distinct subcellular localizations, which suggest their distinct cellular
functions.

I then focused my research to identify the novel binding partners of 14-3-3 proteins.
Racl, a member of the Rho GTPases, promotes the reorganization of actin filament

polymerization in lamellipodia and membrane ruffles. It is interesting to notice that both 14-3-3
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proteins and Rho GTPases regulate cytoskeleton remodeling and cell migration, which suggests
a possible interaction between the signaling pathways. Indeed, previous research has only shown
indirect interactions between 14-3-3 proteins and various Racl regulators and effectors.
However, it is not clear if 14-3-3 proteins bind to Racl directly. Using co-immunoprecipitation, I
show in this thesis that 14-3-3 proteins bind to Racl through serine 71 in a phosphorylation-

dependent manner.
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Preface

This thesis is an original work by Daniel Brandwein. All the experimental work in this
thesis was designed and conceived by myself under the guidance and mentorship of my
supervisor Dr. Zhixiang Wang.

Sections of the thesis are based partly on my previous works. Part of Chapter 1 of this
thesis has been published as a literature review: Brandwein, D., & Wang, Z. (2017). Interaction
between Rho GTPases and 14-3-3 Proteins. International Journal of Molecular Sciences, 18(10),
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original article: Abdrabou, A. M., Brandwein, D., Liu, C., & Wang, Z. (2019). Rac1 S71
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Chapter 1: Introduction
1.1  Overview

The family of 14-3-3 proteins (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein) comprise seven isoforms in mammals and exist as homo/heterodimers in
cells. 14-3-3 proteins play important roles in many signaling networks as they specifically bind
to serine/threonine phosphorylated proteins by altering the conformation, activity, and
subcellular localization of their binding partners (Thomas et al., 2005; Freeman and Morrison
2011; Gardino and Yaffe, 2011; Zhu et al., 2015). 14-3-3 proteins interact with many proteins
involved in cytoskeleton remodelling, DNA repair, and transcriptional regulation and regulate
cell cycle development, cell proliferation, cell motility and apoptosis. The Rho GTPase family
mediates a plethora of cellular processes including the regulation of cell size, proliferation,
apoptosis/survival, cytoarchitecture, cell polarity, cell adhesion, cell motility and membrane
trafficking (Benitah et al., 2004). The Rho GTPase family accounts for as many as 20 members.
Among them, the Ras homolog gene family, member A (RhoA), ras-related C3 botulinum toxin
substrate 1 (Racl), and cell division cycle 42 (Cdc42) have been the most well-characterized
(van Aelst and D’Souza-Schorey, 1997; Aznar and Lacal, 2001). Like all members of the small
GTPases superfamily, Rho proteins act as molecular switches to control cellular processes by
cycling between active, GTP-bound states and inactive, GDP-bound states.

Both 14-3-3 proteins and Rho GTPases regulate similar processes such as cytoskeleton
remodeling and cell migration, which may suggest a possible interaction between the signaling
pathways regulated by these two groups of proteins. My thesis provides novel insights and
answers previously unknown questions about 14-3-3 protein subcellular localization and 14-3-3

protein interaction with Racl.



1.2 14-3-3 protein isoforms

14-3-3 proteins were first identified in 1967 during a systematic classification of a family
of abundant acidic brain proteins found in vertebrates and invertebrates. The name 14-3-3 was
given based on their elution pattern at the 14" fraction number on diethylaminoethyl (DEAE)-
cellulose chromatography, and their position at fraction 3.3 after subsequent purification using
starch gel-electrophoresis (Moore and Perez, 1967). 14-3-3 proteins were then considered
activators of enzymes for dopamine and neurotransmitter biosynthesis (Ichimura et al., 1988).
14-3-3 proteins were later shown to regulate protein kinase C activity (Aitken et al., 1990; Toker
et al., 1990) and act as substrates for c-Bcr serine/threonine kinases (Reuther et al., 1994). 14-3-3
isoforms were then shown to interact with many protein kinases such as Raf (Fantl et al., 1994;
Freed et al., 1994; Fu et al., 1994; Liu et al., 1996; Honda et al., 1997; Franger et al., 1998).

Various types and numbers of 14-3-3 proteins exist in different species (Thomas et al.,
2005). 12 isoforms have been identified in Arabidopsis plants, 2 in Drosophila flies, and 2 in
Saccharomyces yeast (Wang and Shakes, 1996; Rosenquist et al., 2000; Rosenquist et al., 2001).
In mammalian cells, there are seven 14-3-3 isoforms, including alpha/beta, epsilon, gamma, eta,
sigma, tau/theta, delta/zeta (a/B, €, v, 1, 0, ©/0, and 8/C), with a and  representing the
phosphorylated versions of B and (, respectively (Ichimura et al., 1988; Toker et al., 1992;
Gardino and Yafte, 2011; Aghazadeh and Papadopoulos, 2016; Sluchanko and Gusev, 2017).
Each isoform is encoded by a separate gene (YWHAB, YWHAE, YWHAG, YWHAH,
YWHAS/SFN, YWHAQ, YWHAZ) and the genes are located on different chromosomes (Aitken,
2002; Thomas et al., 2005). In mammals, despite their highest expression in the central nervous

system, 14-3-3 proteins are ubiquitously expressed in almost all other tissues, especially in the



intestines and testes (Boston et al., 1982a). Different 14-3-3 isoforms display tissue specificity

and are present at different tissue concentrations (Perego and Berruti, 1997).

1.2.1 14-3-3 structure

X-ray crystallography data shows that the 14-3-3 subunits form a dimer that resembles a
cup or horseshoe conformation. Each monomer contains a highly conserved amphipathic groove
that acts as a ligand-binding channel for target binding (Liu et al., 1995; Xiao et al., 1995;
Rittinger et al., 1999). Therefore, each dimer contains two binding pockets and can interact with
two phosphoserine and/or two phosphothreonine motifs simultaneously. This dimeric structure is
important for proper functioning of 14-3-3 and destabilization of the dimer results in decreased
interaction with various target proteins (Shen et al., 2003; Gu et al., 2005). Each monomer of 14-
3-3 consists of nine a-helices and non-conserved carboxyl-terminal and amino-terminal regions
(Aitken, 2006). The rigid helix of 14-3-3 may provide a functional basis for target protein
binding (Bridges and Moorhead, 2004). The amino-terminal region is important for dimerization,
which determines the specific combinations of isoforms (Bridges and Moorhead, 2004; Aitken,
2006). Also, certain pairs of 14-3-3 isoforms are more similar to each other based on their
primary structure (Figure 1.1). This is consistent with previous research that used different
software packages to phylogenetically group the isoforms based on shared regions of homology
in their primary sequence (Aitken, 2002; Sluchanko and Gusev, 2010). The isoforms share about
50% amino acid identity and, consequently, highly similar protein conformations form either
homodimers or heterodimers that serve as the functional protein units. Most 14-3-3 isoforms
form homodimers and heterodimers in vitro and in vivo. 14-3-3¢ and { were shown to form

heterodimers in vivo (Jones et al., 1995). 14-3-3y and o prefer to homodimerize while 14-3-3¢



14-3-3Epsilon 0.22012
14-3-38igma 0.18733
14-3-3Tau/Theta 0.10776
14-3-3BetalAlpha 0.06979
14-3-3zeta/Delta 0.06136
14-3-3Gamma 0.06443
14-3-3Eta 0.06565

Figure 1.1 Phylogenetic tree depicting homology of the primary structure of the seven 14-3-
3 isoforms using ClustalOmega. The primary structure of certain pairs of 14-3-3 isoforms,
namely n and v, B and , as well as ¢ and 1/0 are quite similar to each other. However, the ¢
isoform is significantly different from the other six 14-3-3 isoforms (unpublished figure created

by A. Abdrabou).



prefers to heterodimerize in PC12 and COS-7 cells (Chaudhri et al., 2003). 14-3-3y prefers to
heterodimerize mainly with 14-3-3¢. 14-3-3¢ heterodimerizes with 14-3-3f3, n, y and { but do not
homodimerize.

14-3-3 proteins are 28 kilodaltons (kDa) to 33 kDa and are regarded as a class of
evolutionarily conserved, widely expressed homo/heterodimeric acidic proteins that bind vast
numbers of intracellular proteins in normal cells and cancer cells (Mhawech, 2005; Cheng et al.,
2012). There are many mammalian 14-3-3 isoforms, yet the protein binding partners interact on
the same sites at specific recognition motifs (Wang et al., 1999). 14-3-3 proteins have been
shown initially to bind to two phosphorylation-dependent high affinity binding motifs: 14-3-3
consensus binding motif mode I (RSXpSXP) and 14-3-3 consensus binding motif mode II
(RXY/FXpSXP) (Yaffe et al., 1997; Rittinger et al., 1999). However, 14-3-3 proteins also bind
to variations on the canonical motifs, for example, the +2 proline is present in only around half
of validated 14-3-3-binding sites (Madeira et al., 2015). In addition to the two binding motifs, it
was shown later that 14-3-3 proteins exhibit binding to the extreme C-terminus (pSX1-2—
COOH) of numerous proteins, lately defined as mode III (Shikano et al., 2005; Coblitz et al.,
2006; Sluchanko and Gusev, 2017). 14-3-3 proteins can also bind target proteins in a
phosphorylation-independent manner. These proteins include phosphatase cell division cycle
25B (CDC25B) (Mils et al., 2000), human telomerase reverse transcriptase (hnTERT) (Seimiya et
al., 2000), serum- and glucocorticoid-activated protein kinase 1 (SGK1) and tau, a microtubule
associated protein (MAPT) (Chun et al., 2004), amyloid -protein precursor intracellular domain
fragment (AICD) (Sumioka et al., 2005), heat shock protein 60 (HSP60) and cellular prion
protein (PrP®) (Satoh et al., 2005), enteropathogenic Escherichia coli translocated intimin

receptor (Tir) protein (Patel et al., 2006), exoenzyme S (Ottmann et al., 2007), Nicotiana



tabacum Ca*-dependent protein kinase 1 (NtCDPK1) (Ito et al., 2014), liver kinase B1 (LKB1)
(Lu et al., 2017), regulator of G protein signaling 14 (RGS14) (Gerber et al., 2018) and non-
muscle myosin II (West-Foyle et al., 2018). Among these proteins, SGK1, LKB1, NtCDPK1,
and RGS14 interact with 14-3-3 in both phosphorylation-dependent and phosphorylation-

independent manners.

1.2.2  14-3-3 function and subcellular localization

As mentioned above, 14-3-3 proteins are involved in many dynamic cellular processes,
such as mitogenesis, cell cycle control, DNA damage checkpoints, and apoptosis (Moores et al.,
2000; Aghazadeh and Papadopoulos, 2016; Sluchanko and Gusev, 2017). Recently, a growing
number of proteins involved in actin remodeling have been identified as 14-3-3 binding partners.
14-3-3 proteins have been shown to play important roles in signal transduction pathways and
cancer progression; however, the mechanisms have not been elucidated (Freeman and Morrison,
2011). Determining 14-3-3 isoform subcellular localization could provide new insights into their
specific functions. However, most studies on 14-3-3 protein subcellular localization have been
done in yeast, flies and plants (Su et al., 2001; Paul et al., 2005). It was previously reported that
Rad24, a yeast 14-3-3 protein, acts as an attachable nuclear export signal to enhance the nuclear
export of Cdc25 in response to DNA damage (Lopez-Girona et al., 1999). However, it was later
shown that 14-3-3 mostly localized to the nucleus without binding to the ligand, but translocated
to the cytoplasm following ligand-binding (Brunet et al., 2002). There have also been some
studies done in mammals showing that both 14-3-3y and ¢ isoforms associate with the
centrosome in tissues such as the human spleen (Pietromonaco et al., 1996). It has also been

shown that 14-3-3y localized to the centrosome and that loss of 14-3-3y leads to centrosome



amplification (Mukhopadhyay et al., 2016). As mentioned above, 14-3-3 was initially discovered
in brain extracts and it was later shown that 14-3-3 proteins were detected in cytoplasmic
compartments of the rat hippocampus, while 14-3-3y and € were also present in mitochondrial
and microsome-enriched fractions (Schindler et al., 2006). Specifically, 14-3-3y and ¢ colocalize
and interact with HSP60 in the mitochondria of human neuronal progenitor cells in culture
(Satoh et al., 2005). 14-3-3C was initially shown to localize in the glial cell progenitor cytoplasm,
but later translocated into the nucleus when the progenitor differentiated (Lamba et al., 2009).
14-3-3C was also reported to regulate nuclear trafficking of protein phosphatase 1o (PP1a)
(Jerome and Paudel, 2014). 14-3-3C was also shown to regulate actin dynamics by binding to
phosphocofilin to depolymerize actin (Gohla and Bokoch, 2002; Birkenfeld et al., 2003). 14-3-
3n has been shown to localize and regulate cell apoptosis and oxidation in the mitochondria
(Sreedhar et al., 2015; Liu et al., 2018). 14-3-31/6 also was shown to localize to both the nuclear
and cytoplasmic compartments and also form a ternary protein complex with SGK1 and tau
(Chun et al., 2004). Many more tissue and cell-specific expression of 14-3-3 isoforms have been

reported in the literature (Lamba et al., 2009; Inamdar et al., 2018).

1.2.3 14-3-3 and cancer

Global downregulation of 14-3-3 expression causes tumor suppression, while
overexpression of 14-3-3 proteins is often seen in many cancerous phenotypes (Nakanishi et al.,
1997; Masters et al., 2002; Cao et al., 2006; Radhakrishnan and Martinez, 2010; Wang et al.,
2011; Lee et al. 2012). 14-3-3B, €, v, /0 and { isoforms have been shown to produce oncogenic
effects in solid tumours (Nakanishi et al., 1997; Takihara et al., 2000). Specifically, B, €, v, ©/0

and  14-3-3 gene expressions have been shown to be higher in lung cancer (Q1 and Martinez,



2003). High levels of 14-3-3f have been found in glioblastoma cells, while 14-3-3¢, 1/0 and {
have been linked to human meningioma malignancy. 14-3-31/0 binds to the cyclin-dependent
kinase inhibitor 1 or CDK-interacting protein 1 (p21Waf1/Cip1) and induces ubiquitin-
independent proteasomal degradation of p21, promoting cell growth (Wang et al., 2010).
Overexpression of 14-3-31/0 is frequently observed in human breast cancer cells and is
associated with lower patient survival, possibly by increasing invasion and metastasis by
inhibiting Rho guanine dissociation inhibitor alpha (RhoGDIa) (Xiao et al., 2014). However,
there has yet to be a direct link between 14-3-31/0 overexpression in breast cancer and breast
cancer metastasis. Of all the 14-3-3 gene isoforms, 14-3-3c (stratifin) and { have been most
directly linked to cancer. 14-3-3c and { isoforms produce opposite effects in mammary epithelial
cells (Hong et al., 2010). 14-3-3c is shown to have tumor suppressor effects by inducing cell
cycle arrest at the second gap phase to mitosis DNA damage checkpoint (G2/M) transition.
(Hermeking et al., 1997). 14-3-3c expression is downregulated in bladder (Moreira et al., 2004),
prostate (Cheng et al., 2004), and ovarian cancers (Ravi et al., 2011). By contrast, 14-3-3c has
also been shown to have tumorigenic effects by binding with pro-apoptotic signaling factors such
as the human homologue of the v-Abl Abelson murine leukemia virus (c-Abl) and the Bcl-2-
associated death promoter (BAD) (Donovan et al., 2002; Yoshida et al., 2005). In contrast,
increased expression of 14-3-3C has been linked to enhanced tumor growth in glioma, cervical
carcinoma, leukemia, lung cancer, prostate cancer and breast cancer. 14-3-3( has been shown to
be a potential marker for cancer prognosis and 14-3-3C inhibition may be used as a targeted

therapeutic strategy in the treatment of prostate cancer (Neal and Yu, 2010; Goc et al., 2012).

1.2.4 14-3-3 and neurological disease



14-3-3 isoforms are involved in a wide range of neurological disorders including many
neurodegenerative disorders such as Creutzfeldt—Jakob disease (CJD) (Wiltfang et al., 1999;
Baxter et al., 2002; Mackie and Aitken, 2005), Alzheimer's disease (AD) (Layfield et al., 1996),
Parkinson's disease (PD) (Ostrerova et al., 1999) and polyglutamine repeat diseases (Waelter et
al., 2001; Chen et al., 2003; Mackie and Aitken, 2005). 14-3-3y is considered a marker of
different neurodegenerative diseases since 14-3-3y is found to be elevated in certain prion
diseases such as CJD in humans, scrapie in sheep, and bovine spongiform encephalopathy (BSE)
in cattle (Xiao et al., 2005; Pennington et al., 2009). For instance, high concentrations of 14-3-
3B, € and n were detected in cerebrospinal fluid of patients with CJD (Green et al., 2001; Berg et
al., 2003). In addition, PrP® co-immunoprecipitated and formed a complex with 14-3-3 in the
human CNS and this complex might disassociate in prion diseases (Satoh et al. 2005). The levels
of 14-3-3 proteins were also increased in patients with tuberculous meningitis and multiple
sclerosis (MS) (Boston et al., 1982b). Also 14-3-3( has been shown to interact with tau proteins
to stimulate tau phosphorylation by several protein kinases. This leads to aggregation in
neurofibrillary tangles (NFTs) which affect neuronal function (Layfield et al., 1996; Sluchanko
and Gusev, 2011). 14-3-3n has also been associated with and is a potential biomarker candidate
for neuropsychiatric disorders such as schizophrenia, bipolar disorder, and depression (Toyo-Oka
et al., 1999; Jia et al., 2004). However, the underlying molecular mechanisms have yet to be

elucidated.

1.3 Rho GTPases
Rho GTPases are a large subfamily of monomeric, small guanosine triphosphate (GTP)-

binding proteins belonging to the Ras superfamily. The Rho family of GTPases accounts for as



many as 20 candidate members. RhoA, Racl, and Cdc42 have been the most extensively
characterized proteins within the Rho GTPase family (van Aelst and D’Souza-Schorey, 1997;
Aznar and Lacal, 2001; Burridge and Wennerberg, 2004). Rho GTPases play pivotal roles in
many biological processes such as regulating cell size, cell proliferation, cell polarity, cell
adhesion, cell motility, membrane trafficking and apoptosis (Nobes and Hall, 1995; Zhu et al.,
2015). Like all other small GTP-binding proteins, the regulatory cycle of Rho GTPases is exerted
by three distinct families of proteins. Guanine nucleotide exchange factors (GEFs) activate Rho
GTPases by promoting the exchange of guanosine diphosphate (GDP) by GTP. GTPase-
activating proteins (GAPs) negatively regulate Rho GTPases by stimulating its intrinsic GTPase
activity leading to an inactive GDP-bound state. Guanine nucleotide dissociation inhibitors
(GDIs) inhibit the dissociation of GDP from Rho GTPases and prevent the binding of GDP-Rho
GTPases to cell membranes. Rho GEFs, GAPs, and GDIs thus have been established as the
mainstream regulators of Rho GTPases (Aznar and Lacal, 2001; Dvorsky and Ahmadian, 2004).
It has become evident, however, that a simple GTPase cycle cannot solely explain the variety of
functions and signaling initiated by Rho proteins.

Rac family members stimulate the formation of lamellipodia and membrane ruffles in
cultured fibroblasts (Ridley and Hall, 1992; Ridley et al., 1992; Ridley, 2001a; Ridley, 2001b;
Burridge and Wennerberg, 2004). The Rac subfamily of Rho GTPases includes Racl (and its
splice variant Raclb), Rac2 and Rac3, which share high sequence similarity (88%) (Boureux et
al., 2007; Bosco et al., 2009). They diverge primarily by 15 residues in their C-termini. Racl is
ubiquitously expressed, Rac2 is expressed in hematopoietic cells and also regulates superoxide
generation via nicotinamide adenine dinucleotide phosphate (reduced form) (NADPH) oxidase in

phagocytes (Didsbury et al., 1989; Shirsat et al., 1990) and Rac3 mRNA is expressed in the brain
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(Haataja et al., 1997; Bolis et al., 2003; Corbetta et al., 2005). Rac1 has a molecular weight of
21.4 kDa and is mainly present at the plasma membrane (PM). It contains a common G-domain
fold, which consists of a six-stranded B-sheet surrounded by a-helices (Vetter and Wittinghofer,
2001). The differences between the GDP-bound and the GTP-bound forms are confined
primarily to two segments, referred to as the switch I and the switch II regions (Milburn and
Jeffrey, 1990). The amino acid sequence for Racl is shown in Figure 1.2. Racl is activated at the
leading edge of motile cells and induces actin-rich lamellipodia formation, which drive cell
movement (Nobes and Hall, 1999; Kraynov et al., 2000; Small et al., 2002). The major
downstream proteins that mediate actin polymerization in lamellipodia protrusions are the
WASP-family verprolin-homologous (WAVE) proteins, which are the activators of the actin-
related protein 2/3 (Arp2/3) complex (Miki et al., 1998; Yamazaki et al., 2003). The activated
Arp2/3 complex induces the rapid polymerization of actin and the formation of the branched
actin filaments in lamellipodia (Welch and Mullins, 2002; Pollard and Borisy, 2003). However,
the precise mechanisms that lead to Racl activation during cell migration are not fully

understood.

1.3.1 Racl regulation and phosphorylation

Rho GTPases are best known for their role in regulating the cytoskeleton and in
regulating gene expression. Racl also regulates important cellular processes relevant to cancer
and transduces signals in many oncogenic pathways. Recent findings suggest that additional
regulatory mechanisms such as post-transcriptional and post-translational regulation might
further contribute to the tight regulation of Rho GTPases (Abdalla and Wang, 2018). These

modifications include microRNAs (Liu et al., 2012), ubiquitination (Mettouchi and Lemichez,
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2012), palmitoylation (Navarro-Lerida et al., 2012), and phosphorylation (Loirand et al. 2006).
Prenylation also plays a role in the regulation of Racl by targeting Rac1 to the PM and Racl
interaction with GEFs (Samuel and Hynds, 2010). RhoA was the first Rho protein shown to be
phosphorylated (Lang et al., 1996; Sauzeau et al., 2000; Forget et al., 2002; Ellerbroeck et al.,
2003). Subsequently, the other members of the Rho family, including Cdc42, RhoE, and Racl
have been shown to be regulated by serine or tyrosine phosphorylation (Kwon et al., 2000;
Riento et al., 2003; Tu et al., 2003; Chang et al., 2011). Racl was shown to be phosphorylated on
serine 71 (S71) by protein kinase B (Akt) (Kwon et al., 2000). This phosphorylation of S71 on
Racl inhibits its GTP binding activity without any significant change in GTPase activity. Both
the GTP binding and the GTPase activities of the Racl mutation of serine 71 to alanine (S71A)
are abolished regardless of Akt activity. In addition, Racl S71 phosphorylation decreases the
pathogenic effect of Clostridium difficile toxin A (TcdA) (Schoentaube et al., 2009). Moreover,
Rac1l S71 phosphorylation represents a reversible mechanism to determine the binding
specificity of Rac1/Cdc42 to their downstream substrates (Schwarz et al., 2012). Racl is also
phosphorylated on Y64 by focal adhesion kinase (FAK) and sarcoma viral oncogene (SRC)
(Figure 1.2). Y64 phosphorylation targets Racl to focal adhesions and the mutation of tyrosine
64 to phenylalanine (Y 64F) displayed increased GTP-binding, increased association with p21-
activated kinase (PAK)-interacting exchange factor B (31PIX), and reduced binding to RhoGDI
compared to Racl WT. Mutating Racl tyrosine to aspartic acid (Y64D) showed less binding to
PAK than Racl WT or Racl Y64F. PAKSs are serine/threonine kinases that bind activated Rac or
Cdc42 (Manser et al., 1994). In vitro assays demonstrated that Racl Y64 is a target for FAK and
SRC (Chang et al., 2011). Finally, extracellular regulated kinase (ERK) phosphorylates threonine

108 (T108) of Racl in response to epidermal growth factor (EGF) stimulation (Tong et al.,
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1 maqaikcvvvg dgavgktcll isyttnafpg eyiptvfdny
41 sanvmvdgkp vnlglwdtag gedydrirpl sypqtdvfli
81 cfslvspasf envrakwype vrhhcpntpi ilvgtkidir
121 ddkdtieklk ekklitpityp qglamakeig avkylecsal

pntp: PLC-y1 SH3 binding sites and Erk phosphorylation site
kkrkrkcl Il: PBR (polybasic region) and Erk docking site (D-site)
kkrkrk: NLS (nuclear localization signal)

k147 and k166: Ubiquitination sites

S71, T108 and Y64: Phosphorylation sites
clli: CAAX box

Figure 1.2 Racl amino acid sequence depicting motifs and phosphorylation sites

(Brandwein and Wang, 2017).
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2013). This phosphorylation alters Rac1 activity, subcellular localization and cell migration. The
subcellular localization of Racl is also regulated by its C-terminal polybasic region (PBR)
(Figure 1.2). It was shown that the PBR of Rac1 has a functional nuclear localization signal
(NLS) sequence, which acts as an NLS for protein complexes containing Racl (Lanning et al.,
2003) (Figure 1.2). Racl is phosphorylated at multiple sites; however, the function and the

significance of these phosphorylations are not clear.

1.4 Interactions between 14-3-3 proteins and Rho GTPases

Accumulating evidence suggests that the interaction between the signaling pathways of
14-3-3 proteins and Rho proteins play important roles in the regulation of cytoskeleton
remodeling and cell migration (Figure 1.3). Most findings support the role of 14-3-3 proteins
regulating Rho GTPases. Research indicates that 14-3-3 proteins regulate RhoA through
interactions with Rho GEFs and Rho GAPs. Previous research using a yeast two-hybrid screen
shows 14-3-31 and € as p]1 90RhoGEF binding partners. Deleting the p190RhoGEF 14-3-3
binding site abolishes their interaction in vitro as well as the ability of 14-3-3n to alter the
cytoplasmic aggregation of pl90RhoGEF in cotransfected cells (Zhai et al., 2001). The findings
suggest a potential role for 14-3-3 in modulating p190RhoGEF activity. Other research shows a
phospho-dependent 14-3-3 binding site on the A kinase anchoring protein (AKAP-Lbc). AKAP-
Lbc is a GEF for Rho GTPases. Protein kinase A (PKA) induces 14-3-3 protein binding to
AKAP-Lbc, which suppresses Rho activation in vivo (Jin et al., 2004). 14-3-3f3 negatively
regulates the GEF activity of dimeric B1Pix only, which suggests a role of B1Pix GEF activity
modulation by 14-3-3f3 (Chahdi and Sorokin, 2008). KN Motif and Ankyrin Repeat Domains 1

(KANK1) is shown to be a candidate tumor suppressor gene for renal cell carcinoma (Mettouchi
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Figure 1.3 Reported interactions between 14-3-3 proteins and Rho GTPases. 14-3-3 proteins
interact indirectly or directly with many Rho regulators, eventually affecting multiple functions
of Rho GTPases including cytoskeletal remodeling and cell migration. Arrows represent

activation and T-bars represent inhibition (Brandwein and Wang, 2017).
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and Lemichez, 2012). KANKI negatively regulates the formation of actin stress fibers and
regulates cell migration through inhibiting RhoA activity, which is controlled by KANK1
binding to 14-3-3 in the phosphoinositide 3-kinase-Akt (PI3K-Akt) signaling pathway
(Kakinuma et al., 2008). Deleted in liver cancer 1 (DLC1) is a Rho GAP that is downregulated in
various tumor types. In vitro, DLCI1 inactivates the small GTPases RhoA, RhoB and RhoC
through its GAP domain and this contributes to its tumor suppressor function in vivo. DLC1
associates with 14-3-3 upon protein kinase C and protein kinase D activation, which inhibits
DLC1 GAP activity and facilitates active Rho signaling (Scholz et al., 2009). 14-3-3 protein
interacts directly, in a phosphorylation-dependent manner with Lfc, which suppresses the Lfc
WT exchange activity on RhoA (Meiri et al., 2009). Studies also support the role of 14-3-3 in
regulating Racl. EGF induces biphasic Racl activation during cell migration. UTKOI, a cell
migration inhibitor, only inhibits the second EGF-induced wave of Racl activation, not the first
wave. UTKO1 functions to abrogate 14-3-3C binding to T-cell lymphoma invasion and
metastasis-inducing protein 1 (Tiam1) that is responsible for the second wave of Racl activation.
This suggests that the interaction between 14-3-3( and Tiaml1 is involved in Racl activation
(Kobayashi et al., 2001). Previous studies show that 14-3-3{ mediates the integrin-induced
activation of Cdc42 and Racl (Bialkowska et al., 2003). For instance, 14-3-3( recruits Tiaml to
B1-integrin complexes where it mediates integrin-induced Rac1 activation and motility (O’Toole
etal., 2011). 14-3-3C WT expression significantly enhances Rac activity in human prostate
cancer (PC3) cells, which enhances prostate cancer cell-matrix interactions, motility and
ultimately transendothelial migration (Goc et al., 2012). In contrast, 14-3-3( repression inhibits
Racl activation and decreases lamellipodia formation (Deakin et al., 2009; Sluchano and Gusev,

2010; Goc et al., 2012). Human T cell activation through the T-cell receptor (TCR) leads to
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many downstream effects including the binding and interaction between Tiam1 and 14-3-3
protein, which activates Racl (Gronholm et al., 2011). The Tiam1-14-3-3 protein complex
subsequently leads to downstream cytoskeleton remodeling, cell adhesion and cell migration.
One study shows that 14-3-3( binds to Tiam1 upon loss of the partitioning-defective protein 3
(Par3), which triggers the high levels of Rac-GTP (Tong et al. 2016). Partitioning-defective
proteins are responsible for establishing cell polarity. Racl activation then triggers Janus
kinase/signal transducer and activator of transcription (JAK-STAT) pathway activation, which
results in lung adenocarcinoma tumor growth, cell proliferation, angiogenesis and metastasis. 14-
3-3 protein binds to the phosphorylated Rho family GTPase 3 (Rnd3), an atypical constitutively
GTP-bound Rho protein, which inhibits cell rounding and apoptosis by translocating it to the
cytosol from the PM (Riou et al., 2013).

Lfc is a Rho GEF that also associates with microtubules and is phosphorylated in an
AKAP-dependent manner by PKA. 14-3-31/6 promotes breast cancer metastasis by binding and
inhibiting RhoGDIa, which is a negative regulator of Rho GTPases and a metastasis suppressor.
Specifically, 14-3-31/0 binds phosphorylated RhoGDIa and blocks its association with Rho
GTPases, thereby promoting EGF-induced RhoA, Racl, and Cdc42 activation (Xiao et al.,
2014). 14-3-3 proteins also bind to the phosphorylated family with sequence similarity 65,
member B (FAM65B), an atypical RhoA inhibitor, which regulates myoblast and hair cell
differentiation, lymphocyte T proliferation and neutrophil polarization. Splice site mutations lead
to hearing loss in patients since it is a component of hair cell stereocilia (Gao et al., 2015). 14-3-
3 regulates cytoskeletal structures, extracellular matrix (ECM) homeostasis, and transforming
growth factor-beta 1 (TGF-B1)-induced contraction in trabecular meshwork (TM) cells using the

RhoA signaling pathway (Ye et al., 2016). 14-3-3C also plays a critical role in Wnt5a-induced
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recruitment of Rho guanine nucleotide exchange factor 2 (ARHGEF2) to receptor tyrosine
kinase-like orphan receptor 1 (ROR1), thereby activating ARHGEF2, RhoA and Racl in chronic
lymphocytic leukemia (CLL) cells (Yu et al., 2017).

14-3-3 protein also acts downstream of Rho GTPases including RacE, which associates
with the myosin II heavy chain needed for myosin II bipolar thick filament remodeling (Zhou et
al., 2010). Rho GTPases also act through p21 activated kinase 1 (PAK1) and Rho kinase to
inhibit cofilin activity by the LIM domain kinase (LIMK)-mediated phosphorylation of cofilin
(Gohla and Bokoch, 2002). 14-3-3( binds to phosphocofilin, and 14-3-3( with LIMK further
elevate phosphocofilin levels, affecting the actin cytoskeleton. Bound 14-3-3( somehow protects
phosphocofilin from phosphatase-mediated dephosphorylation. Rho GTPases regulate 14-3-3(
binding to phosphocofilin through PAK1, which regulates actin fibers through maintaining
phosphocofilin levels. Rho and 14-3-3 proteins are also regulated through GEF-H1, which is a
phosphorylation target of PAK1. GEF-H1 phosphorylation by PAK1 regulates 14-3-3 docking to
GEF-H1 and its recruitment to microtubules. This suggests that PAK1 and 14-3-3 are involved in
regulating GEF-HI activity, which may affect downstream Rac/Cdc42- and Rho-dependent
signaling pathways (Zenke et al., 2004). 14-3-3 proteins also assist in the localization of
activated Racl to membrane ruffles (Somanath and Byzova, 2009). Rnd3 directly interacts with
14-3-3 protein through its C-terminal site, which consists of a Rho-associated coiled coil-
containing protein kinase (ROCK)-dependent Ser240 phosphorylation site (Riou et al., 2013).
However, as Racl is geranylgeranylated, rather than farnesylated at the C-terminal, and S71 is
far away from the C-terminal, the mechanisms underlying its interaction with 14-3-3 protein may
differ. The interactions mentioned above between 14-3-3 proteins and Rac1 are indirect and no

data has shown a direct interaction.
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1.5 Thesis rationales, hypotheses, and objectives

While the existence of multiple isoforms may represent one more level of regulation in
14-3-3 signaling, knowledge regarding the isoform-specific functions of 14-3-3 proteins is
limited. Determination of the subcellular localization of the different 14-3-3 isoforms could give
important clues into their specific functions. However, most subcellular localization studies have
been done on yeast, flies, and plants. There have yet to be studies done on the subcellular
localization of the mammalian 14-3-3 isoforms, their specific redistribution throughout the cell
cycle and translocation in response to growth factors in the same cell/tissue. In this thesis, by
using immunocytochemistry, subcellular fractionation, and immunoblotting, I studied the
subcellular localization of the total 14-3-3 protein and each 14-3-3 isoform, their redistribution
throughout the cell cycle and translocation in response to EGF in COS-7 cells. I hypothesize
that the 14-3-3 isoforms have different subcellular localizations, which underlines the
diverse functions of 14-3-3 proteins. So far, all the data regarding the interaction between Rho
GTPases and 14-3-3 proteins are indirect. However, it is possible that Rac1 could interact with
14-3-3 proteins directly. Rac1 is phosphorylated on S71 by Akt (Kwon et al., 2000).
Examination of the Racl amino acid sequence shows that the ®RPLpSYP’® motif is close to the
mode I 14-3-3 consensus binding RSXpSXP motif following the phosphorylation of S71 by Akt
(Umahara et al., 2012; Obsilova et al., 2014). This suggests that S71 phosphorylation could
regulate Racl interaction with 14-3-3 proteins. I hypothesize that Rac1 S71 phosphorylation

mediates the interaction between Racl and 14-3-3 proteins.
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Chapter 2: Materials and Methods
2.1 Materials
All chemicals, enzymes, and kits were used according to the manufacturer specifications
and in accordance with protocols set out by the Environmental Health and Safety (EHS) at the

University of Alberta and the Workplace Hazardous Materials Information System (WHMIS).

2.1.1 Chemicals and reagents

Acrylamide/bis BioRad
4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF) Sigma
Agarose Gibco
Ammonium persulfate (APS) BDH
Ampicillin Sigma
Aprotinin Sigma
B-mercaptoethanol Sigma
N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) Sigma
Bromophenol blue BioRad
Calcium chloride (CaCly) Sigma
4’ ,6-diamidino-2-phenylindole (DAPI) Sigma
Dulbecco’s modified eagle’s medium (DMEM) Gibco
Dimethyl sulfoxide (DMSO) Fisher
Dithiothreitol (DTT) Sigma
Ethylenediaminetetraacetic acid (EDTA) Sigma
Epidermal growth factor (EGF) Upstate
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Ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA)
Ethanol, 95%

Fetal bovine serum (FBS), 10%

Glucose

Glycerol

Glycine

Goat anti-mouse IgG agarose beads
Goat anti-mouse protein G agarose beads
Hydrochloric acid (HCI)

Isopropanol

Kanamycin

Lipofectamine 2000

Luria-Bertani (LB) broth base

Magnesium chloride (MgCly)

Mammalian protein extraction reagent (M-PER)

Methanol

Mouse anti-14-3-3f blocking peptide
Mouse anti-14-3-3¢ blocking peptide
Mouse anti-14-3-3y blocking peptide
Mouse anti-14-3-3c blocking peptide
Non-essential amino acids (NEAA)

Nonidet P40 (NP-40)

Sigma
Fisher
Sigma

EM science
BDH
BioRad
Sigma
Sigma
Fisher
Fisher
Sigma
Life technologies
Invitrogen
BDH
Pierce
Sigma
Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz
Gibco

BDH
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Reduced-serum minimal essential media (Opti-MEM)

Penicillin/streptomycin (100U)
Pepstatin A

Phosphate buffered saline (PBS)
Potassium chloride (KCI)

Rabbit protein A agarose beads
Sodium azide (NaN3)

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Sodium fluoride (NaF)

Sodium orthovanadate (NazVOs)
Sucrose

Tetramethylethylenediamine (TEMED)
Tris-buffered saline (TBS)/Odyssey blocking buffer
Tris (hydroxymethyl) aminomethane
Triton X-100

Tween 20

Wortmannin

Yeast extract, select

2.1.2 Enzymes

RNase A

Gibco
Gibco
Sigma
OmniPur
BDH
Millipore sigma
Sigma
Sigma
BioRad
Sigma
Sigma
BioBasic
Sigma
Li-Cor
Invitrogen
BDH
Sigma
Sigma

Gibco

Qiagen
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2.1.3 Experimental kits
EZ-Spin column plasmid DNA kit
Qiaprep Spin Midiprep kit

Qiaprep Spin Maxiprep kit

2.1.4 Plasmids
pEGFP-C3

pGEX-3X

2.1.5 Antibodies

2.1.5.1 Primary Antibodies

Goat anti-a-actin antibody

Goat anti-pEGFR1086 antibody

Mouse anti-14-3-3f antibody (A-6) (sc-25276)
Mouse anti-14-3-3¢ antibody (F-3) (sc-393177)
Mouse anti-14-3-31 antibody (6A12) (sc-293464)
Mouse anti-14-3-3n antibody (10847-MMO06)
Mouse anti-14-3-3y antibody (D-6) (sc-398423)
Mouse anti-14-3-3¢ antibody (E-11) (sc-166473)
Mouse anti-14-3-31/6 antibody (1A1) (NBP1-21301)
Mouse anti-14-3-36 antibody (5J20) (sc-69720)
Mouse anti-14-3-3( antibody (1B3) (sc-293415)

Mouse anti-14-3-3( antibody (G-2) (sc-518031)

BioBasic
Qiagen

Qiagen

Clontech

Clontech

Sigma

Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz
Sino Biological
Santa Cruz
Santa Cruz
Novus Biologicals
Santa Cruz
Santa Cruz

Santa Cruz
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Mouse anti-a-tubulin antibody

Mouse anti-pRacl (S71) antibody

Mouse anti-pan 14-3-3 antibody (H-8) (sc-1657)
Mouse anti-Racl antibody

Rabbit anti-calnexin antibody

Rabbit anti-GFP antibody

Rabbit anti-HSP60 antibody

Rabbit anti-lamin A/C antibody

Rabbit anti-pAkt S473 antibody

2.1.5.2 Secondary Antibodies

FITC-conjugated donkey anti-mouse IgG antibody
IRDye 680RD donkey anti-goat IgG antibody
IRDye 800CW donkey anti-goat IgG antibody

TRITC-conjugated donkey anti-rabbit IgG antibody

2.1.6 Molecular size markers

Prestained marker for SDS-PAGE (BLUelf)

2.1.7 Buftfers and other solutions

Abcam

Abcam

Santa Cruz
Cytoskeleton
Santa Cruz
Clontech

Novus Biologicals
Santa Cruz

Santa Cruz

Jackson ImmunoRes
Li-Cor
Li-Cor

Jackson ImmunoRes

FroggaBio

A list of all buffers and solutions used in this study is provided in Table 2.1.

2.1.8 Other materials



Odyssey Infrared Scanner CLx Imaging System Li-Cor

GE Healthcare DeltaVision Deconvolution Microscopy system  GE Healthcare

NanoVue Plus Spectrophotometer GE Healthcare

Nitrocellulose membrane BioRad

Whatman chromatography paper Fisher

Table 2.1 Buffers and other solutions used in this thesis

Solution Composition

BES buffer 140 mM NacCl, 0.75 mM Na;HPOj4, 25 mM
BES, pH 6.95

Homogenization buffer 0.25 M sucrose, 20 mM Tris-HCI pH 7.0, 1

mM MgClp, 4 mM NaF, 0.5 mM Na3;VOa,

0.1 mM AEBSF, 10 pg/ml aprotinin, 1 uM

pepstatin A

Mammalian protein extraction reagent 0.5 mM Na3;VOs, 0.02% NaNj3, 0.1 mM

AESBF, 10 pg/ml aprotinin, 1 uM pepstatin

A

Phosphate buffered saline (PBS) 137 mM NacCl, 2.7 mM KCI, 10 mM
phosphate buffer

Protease inhibitor cocktail 0.5 mM Na3VOs, 0.1 mM AEBSF, 10 pg/ml

aprotinin, 1 uM pepstatin A
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SDS-loading buffer

Transfer buffer

Tris-buffered saline-Tween 20 (TBS-T)

Triton X-100 lysis buffer

250 mM Tris-HCI, 40% glycerol, 8% SDS,
20% B-mercaptoethanol, 2% bromophenol
blue

48 mM Tris, 39 mM glycine, 20% methanol,
10% SDS, ddH,O

1 M Tris-HCI, pH 7.5, 150 mM NaCl,
ddH>0, 0.05% Tween 20

0.4% Triton X-100, 140 mM NaCl, 50 mM

Tris-HCI, pH 7.2, 1 mM EGTA

2.2 Methods

2.2.1 Cell lines

The following cell lines were used in this thesis: CV-1 (simian) in origin, and carrying

the SV40 genetic material-7 (COS-7) [African green monkey kidney fibroblast cells transiently

expressing green fluorescent protein (GFP)-tagged Racl wild-type (GFP-Racl WT)] (gift from

Mark R. Philips, New York University) or GFP-tagged Racl S71A (GFP-Racl S71A); human

embryonic kidney 293T (HEK293T) [human embryonic kidney cells, American type culture

collection (ATCC) CRL-11268]; MD Anderson metastasis breast cancer (MDA-MB-231) and

Michigan Cancer Foundation-7 (MCF-7) (human breast cancer cells, ATCC HTB-26 and ATCC

HTB-22). These cell lines endogenously express 14-3-3 proteins to detectable levels.

2.2.2 Cell culture, transfection and treatment
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COS-7, HEK293T, MDA-MB-231, and MCF-7 cells were grown at 37°C and maintained
in a 5% CO; atmosphere in Dulbecco's modified Eagle's medium (DMEM) (Gibco)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/ml), streptomycin (100
pg/ml) and non-essential amino acids (NEAA). Prior to transfection, cells were seeded into 100
mm plates and incubated until cells were 60-70% confluent.

COS-7 cells were transiently transfected with GFP-Racl WT and GFP-Racl S71A
constructs by calcium phosphate precipitation or Lipofectamine 2000 reagent (Life technologies)
according to the manufacturers’ instructions. Plasmid DNA (~8 pg) was dissolved in distilled
water (dH20) with CaClz at a concentration of 250 mM to a final volume of 500 pl. This mixture
was then added dropwise to 500 pl of 50 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid (BES) buffer containing 140 mM sodium chloride (NaCl), 0.75 mM sodium phosphate
dibasic (Na2HPO4), 25 mM BES pH 6.95 to a final volume of 1000 pl. The mixture was then
incubated at room temperature for 40 min, where it was then added dropwise to cell cultures at
70-80% confluency in 100 mm plates while shaking the plates gently. The medium was changed
24 h later and visualized with fluorescence microscope to detect the GFP constructs and make
sure the transfection was successful. Twenty-four to forty-eight hours after transfection, the cells
were used for all of the assays.

At 60-70% confluency, cells were transfected with purified plasmid DNA using the
Lipofectamine 2000 (Life technologies) protocol. Reduced-serum Minimal Essential Medium
(Opti-MEM) was incubated with Lipofectamine 2000 reagent for 5 min at room temperature and
DNA was also incubated with Opti-MEM (Gibco, ThermoFisher Scientific). Then the complexes
were added together in a 1:1 ratio and incubated for 20 min at room temperature. Then the

mixture was added dropwise to the 100 mm plates with gentle shaking. 4-6 h after transfection,
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the media was replaced with complete DMEM supplemented with 10% FBS. Cells were left to
incubate overnight for 18-24 h and checked for GFP expression with fluorescence microscopy.
Then, proteins were extracted from cells 48-60 h after transfection. The cells were then washed
with room temperature or cold phosphate buffered saline (PBS) (137 mM NacCl, 2.7 mM KClI, 10
mM phosphate buffer) and harvested for protein extraction. The transfection efficiency of the
cells for all of the experiments using Lipofectamine 2000 reagent was 60-70%. For the EGF
treatments, cells were serum starved for 12 h, and EGF (50 ng/ml stock concentration) was
added to a final concentration of 100 ng/ml for 5, 15 and 30 min. For wortmannin treatment,

cells were incubated with wortmannin at 100 nM for 30 min prior to EGF treatment.

2.2.3 Culture and purification of GFP-Rac1 plasmids

GFP-Racl WT was a gift from Mark R. Philips (School of Medicine, New York
University). The mutant GFP-Racl S71A with the point mutation was created with the
QuikChange multiple site-directed mutagenesis kit (Stratagene, La Jolla, CA) with GFP-Rac1
WT as a template. The GFP-tagged mutant Racl has a mutation of serine 71 to alanine (termed
S71A). The plasmid was sequenced to confirm the presence of the desired mutation.

To purify the plasmid DNA, the pEGFP-C3 plasmid containing GFP-Racl WT and
GFP-Racl S71A were transformed into Escherichia coli (E. coli) DH5a. Bacteria were grown to
an optical density (OD)so0 of 0.3 to 0.4 in autoclaved Luria Bertani (LB) medium [1% (w/v)
tryptone, 0.5% (w/v) yeast extract and 1% (w/v) NaCl] and kanamycin (50 mg/ml stock
concentration) was added to a final concentration of 30 mg/ml. Then, the tubes were incubated
on a shaker at 250 rpm for 12-16 h at 37°C. After the overnight incubation, plasmids for transient

transfection were purified using the EZ-10 Spin Column Plasmid DNA miniprep kit (BioBasic)
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or the Qiagen mini/midi-prep kits (Qiagen) according to the manufacturers’ instructions. Before
transfection, the plasmid DNA concentration was measured using NanoVue Plus

Spectrophotometer (GE Healthcare) in Dr. Sarah Hughes’ lab.

2.2.4 Preparation of total cell lysates

To obtain total cell lysates, the cells were collected, lysed and homogenized in ice-cold
Mammalian Protein Extraction Reagent (M-PER) [0.5 mM sodium orthovanadate (Na3VOs),
0.02% sodium azide (NaN3), 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 10
pg/ml aprotinin, 1 uM pepstatin A] (Pierce, Rockford, Illinois) containing a phosphatase and
protease inhibitor cocktail [0.5 mM Na3;VOs, 0.1 mM AEBSF, 10 pg/ml aprotinin, 1 uM
pepstatin A]. The lysates were then centrifuged at 21,000 x g at 4°C for 15 min. The supernatant
was collected, the protein concentration was quantified, and the sample was boiled in sodium
dodecyl sulfate (SDS)-loading buffer (250 mM Tris (hydroxymethyl) aminomethane
hydrochloride (Tris-HCl), 40% glycerol, 8% SDS, 20% B-mercaptoethanol, 2% bromophenol
blue) for 5 min.

For co-immunoprecipitation experiments, proteins were extracted with M-PER and the
protein inhibitor cocktail and then vortexed. The media was removed and then PBS was added to
the side of the plates. M-PER and the protease inhibitor cocktail was subsequently added to the
plates for 3 min on ice. Cells were then scraped into Eppendorf tubes with a cell scraper and
pipette and centrifuged for 3000 rpm for 5 min at 4°C. The supernatant was removed completely
and the proteins in the pellet were kept on ice. Proteins were then washed once with PBS and
centrifuged for 5 min at 3000 rpm at 4°C. M-PER was added and a 26 Gauge (G) needle was

used to sonicate the mixture after adding 70% ethanol and PBS to neutralize the solution. The 26
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G needle was used to sonicate the cell membrane to disturb the pellet on a 3 continues setting for
10 seconds on ice to disrupt every membrane in the cell. Then M-PER was added to the tube for
30 min and then submerged in ice horizontally. Proteins were then centrifuged for 14,000 rpm
for 15 min at 4°C and the supernatant was later transferred to new microcentrifuge tubes for co-
immunoprecipitation. Proteins were quantitated using the Bradford protein dye assay, according
to the method of Bradford (1976). Absorbance at A = 595 nm was measured by a Beckman DU
640 spectrophotometer (Beckman Instruments, Fullerton, CA). Bovine serum albumin (BSA)

was used as a standard.

2.2.5 SDS-PAGE and immunoblotting

Aliquots of protein from each sample were used for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). For the staining of total cell lysates, aliquots
containing 20 pg of protein from each cell lysate were used. For the detection of co-
immunoprecipitation products, one-tenth of the immunoprecipitated from each lysate was used.
To detect each subcellular fraction, aliquots containing one-tenth of the total protein from each
fraction were used. Protein samples were separated by electrophoresis through 12% SDS-PAGE
gels for approximately 100 min at 100 V equilibrated in running buffer. Prestained protein
markers (FroggaBio) were used for molecular weight standards. Proteins were
electrophoretically transferred onto nitrocellulose membranes (BioRad, Hercules, CA). The
transfer was done using a semi-dry blotting apparatus (Model SD transfer cell, BioRad) for 90
min at 15 V equilibrated in transfer buffer (48 mM Tris-HCI, 39 mM glycine, 20% methanol,
10% SDS, ddH>0). The membranes were blocked with Odyssey blocking buffer (TBS) for 1 h at

room temperature (Li-Cor Biosciences, Lincoln, NE) to reduce non-specific background

30



staining. The membranes were then incubated overnight at 4°C on a shaker with rotation with the
respective primary antibodies in blocking buffer (Table 2.2). Membranes were then washed 3
times with 0.05% Tris-buffered saline-Tween 20 (TBS-T) (1 M Tris-HCL pH 7.5, 150 mM
NaCl, ddH20, 0.05% Tween 20) for 5 min at room temperature. Membranes were then incubated
on a shaker with rotation for 1 h at room temperature after adding the secondary antibodies
conjugated with infrared fluorescent dyes (IRDyes) in Odyssey blocking buffer (Li-Cor) (Table
2.2). Membranes were then washed again 3 times with TBS-T for 5 min at room temperature.
Secondary antibodies were detected using the Odyssey Infrared Scanner CLx Imaging System in
Dr. Sarah Hughes’ lab (Li-Cor Biosciences, Lincoln, NE). All antibodies are listed in Table 2.2
with their respective dilutions. I employed a dose response method to find the optimal

concentrations for my primary and secondary antibodies.

Table 2.2 Antibodies and their dilutions used for Western blotting.

Antibody Dilution Manufacturer
IRDye 680RD donkey anti-mouse IgG 1:500 Li-Cor

IRDye 800CW donkey anti-rabbit IgG 1:500 Li-Cor

Mouse anti-14-3-3f3 antibody (A-6) (sc-25276) 1:500 Santa Cruz
Mouse anti-14-3-3¢ antibody (F-3) (sc-393177) 1:500 Santa Cruz
Mouse anti-14-3-3n antibody (6A12) (sc-293464) 1:500 Santa Cruz
Mouse anti-14-3-3y antibody (D-6) (sc-398423) 1:500 Santa Cruz
Mouse anti-14-3-3c antibody (E-11) (sc-166473) 1:500 Santa Cruz
Mouse anti-14-3-31/0 antibody (1A1) (NBP1-21301) 1:500 Novus Biologicals
Mouse anti-14-3-3( antibody (1B3) (sc-293415) 1:500 Santa Cruz

31



Mouse anti-a-tubulin antibody 1:500 Abcam

Mouse anti-pan 14-3-3 antibody (H-8) (Sc-1657) 1:500 Santa Cruz
Mouse anti-Racl antibody 1:500 Cytoskeleton
Rabbit anti-lamin A/C antibody 1:500 Santa Cruz
Rabbit anti-GFP antibody 1:500 Clontech

2.2.7 Subcellular Fractionation

COS-7 cells in 100 mm plates were scraped into homogenization buffer [0.25 M sucrose,
20 mM Tris-HCIL, pH 7.0, 1 mM MgCl,, 4 mM NaF, 0.5 mM Na3;VOs, 0.1 mM AEBSF, 10
pg/ml aprotinin, and 1 uM pepstatin A]. The cells were then lysed using a 26 G syringe 15 times
and were left on ice for 30 min. Afterwards, the cell homogenates were centrifuged at 3000 rpm
for 6 min. The resulting supernatant contained the cytoplasmic fraction and the pellet contained
the nuclei. The supernatant was transferred into another tube and the pellet was washed with 500
ul homogenization buffer 3 times. The pellet was then dispersed using a micropipette and a 26 G
syringe 10 times. Following the centrifugation of the pellet at 3000 rpm for 15 min, the
supernatant was discarded. The pellet was re-suspended in TBS in 0.1% SDS and sonicated
briefly on a 2 continues setting for 3 seconds to shear genomic material and homogenize the

lysate.

2.2.8 Co-immunoprecipitation
80 ng of mouse IgG agarose beads (Sigma) were first pre-cleared with ice-cold PBS and
then centrifuged 2 times at 7500 rpm for 1 min each and then washed with M-PER for the last

time. After washing the beads, the mouse IgG agarose beads were mixed with the cell lysates and
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were incubated on a shaker for 1 h at 4°C. The mouse IgG agarose beads-lysate mixture were
then centrifuged for 1 min at 7500 rpm at 4°C. The respective primary antibody to be [Ped was
mixed with the M-PER. Next, the mouse IgG agarose beads-lysate mixture were then added to
the antibody-M-PER mixture and incubated for 1 h with shaking at 4°C. To activate the protein
G agarose beads (Sigma), the beads were scraped into a tube containing ice-cold PBS and then
centrifuged at 7500 rpm for 30-45 seconds. This step was repeated again before adding the M-
PER. Then, the protein G beads were added to the mouse IgG agarose beads-lysate-antibody-M-
PER mixture for 1 h with shaking at 4°C. For the controls, mouse or rabbit non-specific IgG
were used instead of specific primary antibodies. Then, the mixture was washed and centrifuged
3 times with M-PER for 1 min at 7500 rpm at 4°C. Then, the samples were mixed with SDS-
loading buffer and boiled for 5 min to elute the complex from the beads before loading 15-20 pg
onto 12% SDS-PAGE gels or stored at -80°C for future use. Antibodies and their concentrations

for co-immunoprecipitation are listed in Table 2.3.

Table 2.3 Antibodies and their concentrations used for co-immunoprecipitation.

Antibody Concentration (ng/ml) Manufacturer
Mouse anti-Racl antibody 50 Cytoskeleton, Inc
Rabbit anti-GFP antibody 100 Clontech

2.2.9 Fluorescence microscopy
Indirect immunofluorescence was carried out as described previously (Wang et al. 1999).
Cells were grown on glass coverslips to 70-80% confluency and serum starved for 48 h before

EGF treatment. For the cell cycle treatments, I did not synchronize the cells in mitosis since I can
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differentiate interphase from the different mitotic stages. After treatment, the slides were rinsed
in PBS and the cells were fixed by -20°C methanol for 5 min and then washed again with PBS.
The cells were then permeabilized with 0.2% PBS-Triton X-100 for 15 min at room temperature.
The slides were then incubated in 1 pg/ml solution of the indicated primary antibody in 0.1%
Triton X-100 on a shaker for 1 h at room temperature or overnight at 4°C. 1 pg/ml solution of the
indicated primary antibody in 0.1% Triton X-100 was incubated with blocking peptides of the
indicated concentration for 1 h prior to incubating the cells. Afterwards, the slides were rinsed in
PBS three times each and then incubated in 1 pg/ml solution of fluorescein isothiocyanate
(FITC)-conjugated donkey anti-mouse IgG and/or tetramethylrhodamine isothiocyanate
(TRITC)-conjugated donkey anti-rabbit IgG secondary antibodies in 0.1% Triton X-100 on a
shaker for 1 h at room temperature (JacksonImmunoResearch Laboratories, Inc., West Grove,
PA). Thereafter, the slides were washed completely in PBS three times each and then incubated
in 1 pg/ml of 4',6-diamidino-2-phenylindole (DAPI) solution (in PBS) for 10 min at room
temperature in the dark. The slides were rinsed in PBS to remove the DAPI. 1 pl of mounting
medium was added under each coverslip and then a drop of immersion oil was added before
inverting the slides to be observed using the GE Healthcare DeltaVision Deconvolution
Microscopy system (GE Healthcare Life Science, Mississauga, ON, Canada). All the images
were deconvolved. Antibodies and their concentrations are listed in Table 2.4. I employed a dose

response method to find the optimal concentrations for my primary and secondary antibodies.

Table 2.4 Antibodies and their dilutions used for immunofluorescence.

Antibody Dilution Manufacturer

FITC-conjugated donkey anti-mouse IgG antibody 1:100 Jackson ImmunoRes
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Goat anti-a-actin antibody

Mouse anti-14-3-3f3 antibody (A-6) (sc-25276)
Mouse anti-14-3-3¢ antibody (F-3) (sc-393177)
Mouse anti-14-3-3n antibody (6A12) (sc-293464)
Mouse anti-14-3-3n antibody (10847-MMO06)
Mouse anti-14-3-3y antibody (D-6) (sc-398423)
Mouse anti-14-3-3c antibody (E-11) (sc-166473)
Mouse anti-14-3-31/0 antibody (1A1) (NBP1-21301)
Mouse anti-14-3-30 antibody (5J20) (sc-69720)
Mouse anti-14-3-3( antibody (1B3) (sc-293415)
Mouse anti-14-3-3( antibody (G-2) (sc-518031)
Mouse anti-a-tubulin antibody

Mouse anti-pan 14-3-3 antibody (H-8) (sc-1657)
Mouse anti-Racl antibody

Rabbit anti-calnexin antibody

Rabbit anti-GFP antibody

Rabbit anti-HSP60 antibody

TRITC-conjugated donkey anti-rabbit IgG antibody

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:50

1:100

Sigma

Santa Cruz

Santa Cruz

Santa Cruz

Sino Biological
Santa Cruz

Santa Cruz
Novus Biologicals
Santa Cruz

Santa Cruz

Santa Cruz
Abcam

Santa Cruz
Cytoskeleton, Inc
Santa Cruz
Clontech

Novus Biologicals

Jackson ImmunoRes
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Chapter 3: Results I - Subcellular Localization of 14-3-3 Proteins

The information presented in this chapter has been submitted and is currently under
revision in Scientific Reports with me as a co-first author: Abdrabou, A., Brandwein, D., Wang,
Z. (2019). Different subcellular distribution and translocation of seven 14-3-3 isoforms in
response to EGF and during cell cycle.

3.1 Total 14-3-3 protein and 14-3-3 isoforms have different expressions and subcellular
localizations in COS-7 cells

I want to point out that every result I show in this thesis is representative and have been
repeated at least three times. I first determined the expression of the total 14-3-3 protein (with a
pan 14-3-3 mouse monoclonal antibody) and each of the seven 14-3-3 isoforms (with 14-3-3 33,
g, 1,7, 0, t/0, and { mouse monoclonal antibodies) by immunoblotting in COS-7 cells. As shown
in Figure 3.1A, the partial immunoblots show that pan 14-3-3 antibody detected three bands with
molecular weights at 28, 30, and 33 kDa. 14-3-38, 1, and y correspond to the lower band of pan
14-3-3 at 28 kDa. 14-3-3¢, 1/0, and C correspond to the middle band of pan 14-3-3 at 30 kDa.
Finally, 14-3-3c corresponds to the higher band of pan 14-3-3 at 33 kDa. In the whole
immunoblots, 14-3-3¢ and y both showed one specific band at 30 kDa and 28 kDa, respectively.
There were no non-specific bands at the other molecular weights.

I next examined the subcellular localization of the total 14-3-3 protein and each 14-3-3
isoform by indirect immunofluorescence. In Figure 3.1B, the red colour represents pan 14-3-3
and the 14-3-3 isoforms and the blue colour represents DAPI. As shown in Figure 3.1B, pan 14-
3-3 localized both to the nucleus and to the cytoplasm. The most noticeable cytoplasmic stain of
pan 14-3-3 was a fiber-like pattern both near the PM and across the cell, which resembled the

actin fibers. 14-3-3f localized mostly to the cytoplasm and showed weak microtubule-like
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Figure 3.1 The expression levels and subcellular localizations of pan 14-3-3 and 14-3-3
isoforms in COS-7 cells. Total 14-3-3 protein was determined by a pan 14-3-3 antibody. Each
14-3-3 isoform was determined by antibodies to each specific isoform. Immunoblotting,
immunofluorescence and subcellular fractionation were performed as described in Methods. (A)
The expression level of total and seven isoforms of 14-3-3 proteins by immunoblotting in COS-7
cells (whole and partial immunoblots). The expression of tubulin was used as control. (B)
Subcellular localization of pan 14-3-3 and seven 14-3-3 isoforms in COS-7 cells by
immunofluorescence. 14-3-3 proteins were revealed by TRITC (red) and the chromatin was
stained by DAPI (blue). Size bar = 10 pm. (C) Nuclear and cytoplasmic localization of 14-3-3
proteins by subcellular fractionation followed by immunoblotting. A-tubulin was used as a

marker for the cytoplasm and lamin A/C was used as a marker for the nucleus.
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patterns. 14-3-3 showed less nuclear localization. 14-3-3¢ almost exclusively localized to the
cytoplasm where it showed strong particles, mostly in the perinuclear region towards one side of
the nucleus, likely in the ER-Golgi area. This would need to be confirmed with Golgi-specific
markers. 14-3-31), v, o, and C all showed very specific subcellular localizations. 14-3-31 almost
exclusively localized to the mitochondria, particularly in the mitochondrial matrix. 14-3-3y
completely localized to the nucleus. Furthermore, 14-3-3y formed fine particles throughout the
nucleus but was absent from nucleoli (data not shown). In interphase cells, 14-3-3c6 localized
both to the nucleus and to the cytoplasm. However, most strikingly, 14-3-3c showed strong and
specific centrosome localization during mitosis, particularly in metaphase at the tubulin spindle.
Lastly, 14-3-3C exclusively localized to the cytoplasm, without any clear nuclear staining. In the
cytoplasm, 14-3-3C showed both ER and microtubule localizations.

I further confirmed my indirect immunofluorescence results with other techniques such
as subcellular fractionation and immunoblotting. I first isolated nuclear and cytoplasmic fractions
from total cell homogenates. Nuclear and cytoplasmic fractions can be verified using
characteristic protein fingerprints, which identify marker proteins specific for the nuclei and the
cytoplasm, and their specific cellular activities. For instance, the nuclear fraction can be verified
by testing the nuclear fraction for the presence of a nuclear marker protein, such as the nuclear
structural protein lamin. By using lamin A/C as the marker for the nucleus and a-tubulin as the
marker for the cytoplasm, I showed that the fractionations were specific (Figure 3.1C). As shown
in Figure 3.1C, 14-3-3B, ¢, o, 1/0, and € were detected in both the nuclear and the cytoplasmic
fractions, while 14-3-3y was only detectable in the nuclear fraction, and 14-3-3n) was primarily

detected in the cytoplasmic fraction.
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3.2 Pan 14-3-3 localizes to the actin fibers in COS-7 cells

I next examined the subcellular localization and the translocation of pan 14-3-3 and each
14-3-3 isoform in response to EGF, and during the cell cycle, by indirect immunofluorescence.
The mouse pan 14-3-3 antibody (H-8) (sc-1657) is specific for an epitope mapping between
amino acids 1-30 at the N-terminus of 14-3-3 of human origin. I first studied the total 14-3-3
protein in COS-7 cells by using a pan 14-3-3 antibody to test its immunoreactivity. Pan 14-3-3 is
not a specific isoform but rather shows the subcellular localization of the total amount of 14-3-3
protein in the cell. Based on the subcellular distribution pattern of pan 14-3-3, I examined if pan
14-3-3 colocalized with various subcellular markers. A-actin and a-tubulin are markers for the
cytoskeleton, HSP60 is a marker for the mitochondria, calnexin is a marker for the endoplasmic
reticulum (ER), and phosphorylated EGFR (pEGFR) is a marker for the PM and the endosomes.
As revealed by double indirect immunofluorescence, pan 14-3-3 strongly colocalized with actin
fibers, especially in the regions close to the cell membrane (Figure 3.2A). Pan 14-3-3 also
showed some colocalization with microtubules, but in the peripheral region, pan 14-3-3
frequently parallels with tubulin (Figure 3.2B). Limited colocalization between pan 14-3-3 and
HSP60 (Figure 3.2C) and limited colocalization between pan 14-3-3 and calnexin (Figure 3.2D)
were also observed. The localization of pan 14-3-3 in both the nucleus and the cytosol was also
prominent.

I then examined if EGF stimulates the re-distribution of pan 14-3-3 and if the subcellular
localization of pan 14-3-3 changes during mitosis. EGF stimulates the activation of many
signaling pathways, which leads to the serine/threonine phosphorylation of many proteins within
different subcellular compartments (Wee and Wang, 2018). These phosphorylated proteins could

be potential 14-3-3 binding partners. Thus, EGF may regulate the subcellular localization of 14-
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Figure 3.2 Pan 14-3-3 localizes to the actin fibers in COS-7 cells. (A) Colocalization of pan
14-3-3 (red) and actin (green). (B) Colocalization of pan 14-3-3 protein (red) and tubulin (green).
(C) Colocalization of pan 14-3-3 protein (red) and HSP60 (green). (D) Colocalization of pan 14-
3-3 protein (red) and calnexin (green). (E) Subcellular localization of pan 14-3-3 protein during
the cell cycle and in response to EGF. With or without EGF stimulation, pan 14-3-3 proteins
(red) and pEGFR (green) were revealed by double indirect immunofluorescence. Mitotic cells

were labelled by * and endosomes were marked by arrows. Size bar = 10 pm.
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3-3 proteins. As shown in Figure 3.2E, EGF showed some increase in the localization of pan 14-
3-3 to the actin fibers similar to the ones shown in Figure 3.2A. For the cell cycle, I compared
the localization between interphase and mitosis, and within the different stages of mitosis. I did
not distinguish between the G1, S, and G2 phases. Thus, there is no need to synchronize the cells
as I can readily identify the mitotic cells and interphase cells. Similarly, the actin fiber-like stain
of pan 14-3-3 was also stronger in mitotic cells than in interphase cells. As pEGFR localized
mostly in the PM following EGF stimulation for 5 min and localized in the endosome following
longer EGF stimulation, pEGFR is a good maker for the endocytic pathway. As shown in Figure
3.2E, pan 14-3-3 had limited colocalization with pEGFR at the PM, and not much colocalization

in the endosomes.

3.3 14-3-3p localizes to the microtubules in COS-7 cells

I then examined the subcellular localization and the translocation of 14-3-3f in response
to EGF and during the cell cycle in COS-7 cells. The mouse 14-3-3f3 antibody (A-6) (sc-25276)
is specific for an epitope mapping between amino acids 225-244 at the C-terminus of 14-3-3f3 of
human origin. Colocalization by double indirect immunofluorescence showed that 14-3-3f had
some colocalization with the actin fibers (Figure 3.3A), but the antibody showed stronger
intensity/colocalization with the a-tubulin/microtubules (Figure 3.3B). I also observed some
colocalization of 14-3-3p with HSP60 in the distal region of the cell (Figure 3.3C) and some
colocalization with calnexin (Figure 3.3D). I also did not observe any noticeable changes in
terms of the subcellular localization of 14-3-3f in response to EGF stimulation (Figure 3.3E).
Mitotic cells showed stronger 14-3-3f staining than interphase cells, but this could be due to the
round-up of the cells during mitosis or high expression of 14-3-3f during mitosis. I also did not

observe any strong colocalization between 14-3-38 and pEGFR.
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Figure 3.3 14-3-3p localizes to the microtubules in COS-7 cells. (A) Colocalization of 14-3-3f3
(red) and actin (green). (B) Colocalization of 14-3-3f (red) and tubulin (green). (C)
Colocalization of 14-3-3f (red) and HSP60 (green). (D) Colocalization of 14-3-3f (red) and
calnexin (green). (E) Subcellular localization of 14-3-3f3 during the cell cycle and in response to
EGF. With or without EGF stimulation, 14-3-3f (red) and pEGFR (green) were revealed by
double indirect immunofluorescence. Mitotic cells were labelled by * and endosomes were

marked by arrows. Size bar = 10 pm.
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3.4 14-3-3¢ localizes to the microtubules in COS-7 cells

I next examined the subcellular localization and the translocation of 14-3-3¢€ in response
to EGF and during the cell cycle in COS-7 cells. The mouse 14-3-3¢ antibody (F-3) (sc-393177)
is specific for an epitope mapping between amino acids 136-175 within an internal region of 14-
3-3¢ of human origin. Colocalization by double indirect immunofluorescence showed that 14-3-
3¢ had weak colocalization with actin fibers (Figure 3.4A), but noticeable colocalization with
microtubules (Figure 3.4B). 14-3-3¢ showed diffuse distribution within the cytoplasm. EGF
stimulation did not cause noticeable changes in the subcellular localization of 14-3-3¢ (Figure
3.4C). There were also very little changes in 14-3-3¢ subcellular distribution during mitosis. I

also did not observe any colocalization between 14-3-3¢ and pEGFR.

3.5 14-3-3n localizes to the mitochondria in COS-7 cells

By using double indirect immunofluorescence, I first examined the colocalization of 14-
3-3n with HSP60 as 14-3-3n showed clear and almost exclusive mitochondrial localization in
Figure 3.1B. The mouse 14-3-3n antibody (6A12) (sc-293464) is raised against amino acids 71-
170 representing the partial length of 14-3-3n of human origin. Indeed, as shown in Figure 3.5A,
14-3-31) strongly colocalized with HSP60. Moreover, EGF stimulation did not change the
mitochondrial localization of 14-3-3n (Figure 3.5B). However, in most cases, the stain of 14-3-

3n was weaker during mitosis.

3.6 14-3-3y localizes to the nucleus and forms smaller particles in response to EGF in COS-
7 cells

I showed above that 14-3-3y was exclusively localized to the nucleus (Figure 3.1B).

47



A Dapi (blue) Actin (green) 14-3-3¢ Merge  Zoom in

B Dapi (blue) Tubulin (green) 14-3-3¢ Merge Zoom in

C
anaphase/

Interphase prophase metaphase telophase
L
o...
L
L .
(D .
L
o) *
N Dapi: blue
L
o pEGFR: green

14-3-3€: red

48



Figure 3.4 14-3-3¢ localizes to the microtubules in COS-7 cells. (A) Colocalization of 14-3-3¢
(red) and actin (green). (B) Colocalization of 14-3-3¢ (red) and tubulin (green). (C) Subcellular
localization of 14-3-3¢ during the cell cycle and in response to EGF. With or without EGF
stimulation, 14-3-3¢ (red) and pEGFR (green) were revealed by double indirect
immunofluorescence. Mitotic cells were labelled by * and endosomes were marked by arrows.

Size bar = 10 pm.
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Figure 3.5 14-3-31 localizes to the mitochondria in COS-7 cells. (A) Colocalization of 14-3-
31 (red) and HSP60 (green). (B) Subcellular localization of 14-3-3n during the cell cycle and in
response to EGF. With or without EGF stimulation, 14-3-3n (red) and pEGFR (green) were
revealed by double indirect immunofluorescence. Mitotic cells were labelled by * and

endosomes were marked by arrows. Size bar = 10 pum.
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Figure 3.6 14-3-3y localizes to the nucleus and forms smaller particles in response to
EGF in COS-7 cells. (A) Subcellular localization of 14-3-3y during the cell cycle and in
response to EGF. With or without EGF stimulation, 14-3-3y (red) and pEGFR (green) were
revealed by double indirect immunofluorescence. Mitotic cells were labelled by * and
endosomes were marked by arrows. (B) The change of 14-3-3y sub-nuclear localization in

response to EGF during interphase. Size bar = 10 um.

53



3.7 14-3-30 localizes to the centrosomes and to the microtubules during mitosis in COS-7
cells

I next examined the subcellular localization and translocation of 14-3-3c6 in response to
EGF and during the cell cycle in COS-7 cells by double indirect immunofluorescence. The
mouse 14-3-3c antibody (E-11) (sc-166473) is specific for an epitope mapping between amino
acids 25-38 at the N-terminus of 14-3-3c of human origin. I showed above that 14-3-3c6 localized
both to the cytoplasm and to the nucleus in interphase, but strongly associated with the
centrosome during mitosis (Figure 3.7A). Here, I first examined the colocalization of 14-3-3c
with microtubules during mitosis. As shown in Figure 3.7A, 14-3-3¢ strongly colocalized with
microtubules in the origin of the tubulin spindle. The subcellular localization of 14-3-3c did not

show any changes in response to EGF (Figure 3.7B).

3.8 14-3-31/0 localizes to the endoplasmic reticulum in COS-7 cells

I also examined the colocalization of 14-3-31/0 with the various markers by double
indirect immunofluorescence in COS-7 cells. The mouse 14-3-31/0 antibody is raised against
amino acids 1-245 of human origin purified from E. coli (NP_006817). There was only a weak
colocalization between 14-3-31/0 and actin near the PM (Figure 3.8 A). There was some
colocalization between 14-3-31/0 and microtubules near the nuclear membrane (Figure 3.8B).
However, there was a strong colocalization between 14-3-31/0 and calnexin (Figure 3.8C). I then
examined the translocation of 14-3-31/0 in response to EGF and during the cell cycle. The
addition of EGF did not change the subcellular localization of 14-3-3t/0 (Figure 3.8D). During
mitosis, in the absence of the nuclear membrane, 14-3-31/0 is distributed diffusely throughout

the cell with no specific pattern changes.
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in COS-7 cells. (A) Colocalization of 14-3-3c6 (red) and tubulin (green) during mitosis. (B)
Subcellular localization of 14-3-3c during the cell cycle and in response to EGF. With or without
EGF stimulation, 14-3-3c6 (red) and pEGFR (green) were revealed by double indirect
immunofluorescence. Mitotic cells were labelled by * and endosomes were marked by arrows.

Size bar = 10 pm.
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Figure 3.8 14-3-31/0 localizes to the endoplasmic reticulum in COS-7 cells. (A)
Colocalization of 14-3-31/0 (red) and actin (green). (B) Colocalization of 14-3-31/6 (red) and
tubulin (green). (C) Colocalization of 14-3-31/6 (red) and calnexin (green). (D) Subcellular
localization of 14-3-31/0 during the cell cycle and in response to EGF. With or without EGF
stimulation, 14-3-31/0 (red) and pEGFR (green) were revealed by double indirect

immunofluorescence. Mitotic cells were labelled by * and endosomes were marked by arrows.

Size bar = 10 pm.
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3.9 14-3-3( localizes to the actin fibers, microtubules, endoplasmic reticulum, plasma
membrane and endosomes in response to EGF in COS-7 cells

Finally, I examined the colocalization of 14-3-3( with actin, tubulin and calnexin. The
mouse 14-3-3( antibody (1B3) (sc-293415) is raised against amino acids 51-150, representing
the partial length of 14-3-3( of human origin. As shown in Figure 3.9A, 14-3-3( showed strong
colocalizations with the actin fibers near the PM. 14- 3-3( also showed colocalization with
microtubules (Figure 3.9B). The colocalization between 14-3-3( and the calnexin was also strong
(Figure 3.9C). Stimulation with EGF did not induce the subcellular translocation of 14-3-3(;
however, the fiber-like pattern of 14-3- 3( was stronger in response to EGF (Figure 3.9D). 14-3-
3C, in mitotic cells, generally had stronger PM localization. Interestingly, there was a strong
colocalization between 14-3-3( and pEGFR in the PM following EGF stimulation for 5 min

(Figure 3.9E).

3.10 Summary of total 14-3-3 protein and 14-3-3 isoform subcellular localizations and
colocalizations with different subcellular markers in COS-7 cells

Pan 14-3-3 primarily localized to the actin fibers and a lesser extent to the microtubules,
ER, mitochondria, PM and endosomes (Table 3.1). 14-3-3f primarily localized to the
microtubules and with some actin fibers, ER and mitochondrial localizations. 14-3-3¢ primarily
localized to the microtubules with some actin fiber localization. 14-3-3n primarily localized to
the mitochondria. 14-3-3y primarily localized to the nucleus. 14-3-3c primarily localized to the
nucleus, specifically to the centrosomes and to the microtubules, possibly at the mitotic spindle
apparatus. 14-3-31/0 primarily localized to the ER with some localization to the actin fibers and

the microtubules. 14-3-3( primarily localized to the actin fibers, microtubules, ER, PM and
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Figure 3.9 14-3-3( localizes to the actin fibers, microtubules, endoplasmic reticulum,
plasma membrane and endosomes in response to EGF in COS-7 cells. (A) Colocalization of
14-3-3( (red) and actin (green). (B) Colocalization of 14-3-3( (red) and tubulin (green). (C)
Colocalization of 14-3-3( (red) and calnexin (green). (D) Subcellular localization of 14-3-3(
during the cell cycle and in response to EGF. With or without EGF stimulation, 14-3-3 (red)
and pEGFR (green) were revealed by double indirect immunofluorescence. (E) Colocalization of
14-3-3( (red) and pEGFR (green) following EGF stimulation for 5 min. Mitotic cells were

labelled by * and endosomes were marked by arrows. Size bar = 10 pm.
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Table 3.1 Summary of total 14-3-3 protein and 14-3-3 isoform subcellular localizations

Nucleus Mitochondria | Centrosome | Endoplasmic | Actin Microtubule | Plasma
Reticulum membrane
Iendosome

pan 14-3-3

14-3-3

isoforms

14 Vv

7 v

o v v v

/0 <4 v N

ﬁ e v < ‘/

£ v v

¢ Vv Vv Vv Vv

Bigger check marks denote the primary subcellular localization of the 14-3-3 isoform while the

smaller check marks denote less subcellular localization. No check marks denote zero subcellular

localization.
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endosomes upon EGF stimulation for 5 min, compared to the other isoforms which did not

colocalize with pEGFR at the PM.

3.11 Total 14-3-3 protein and 14-3-3 isoforms have similar subcellular localizations in
HEK293T, MDA-MB-231 and MCF-7 cells

All of the above experiments were performed in COS-7 cells derived from monkey
kidney cells. To determine if my above observations are only limited to COS-7 cells, I examined
the subcellular localization of total and each isoform of 14-3-3 proteins in HEK293T, MCF-7,
and MDA-MB-231 cells derived from human embryonic kidney and human breast tumours,
respectively. As shown in Figures 3.10, 3.11, and 3.12, for interphase cells, 14-3-3 proteins were
localized throughout the cell with a pan 14-3-3 antibody. Similar to COS-7 cells, the most
prominent cytoplasmic stain of pan 14-3-3 was an actin fiber-like pattern both near the plasma
membrane and across the cell. One noticeable difference was the strong perinuclear stain, which
could be related to the Golgi apparatus. For mitotic cells, pan 14-3-3 was evenly distributed
throughout the cells. For interphase cells, 14-3-38 showed mostly cytoplasmic staining with
certain fiber-like staining. The nuclear stain of 14-3-3f is much weaker than the cytoplasmic
stain. In mitotic cells, 14-3-33 was evenly distributed throughout the cells except near the
chromosomes. 14-3-3¢ is almost exclusively localized to the cytoplasm with very weak nuclear
staining in interphase cells. In the cytoplasm, the 14-3-3¢ stains showed strong particulate
patterns. During mitosis, 14-3-3¢ was evenly distributed throughout the cell except near the
chromosomes. 14-3-3n showed strong fiber-like and mitochondrial patterns. 14-3-3y was
completely localized to the nucleus. In interphase cells, the 14-3-3c stain was stronger in the

nucleus than in the cytoplasm. However, most strikingly, 14-3-36 showed strong and specific
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Figure 3.10 Total 14-3-3 protein and 14-3-3 isoforms in HEK293T cells have similar
subcellular localizations to COS-7 cells. Total 14-3-3 protein was determined by assessing the
immunoreactivity of the pan 14-3-3 antibody. Each 14-3-3 isoform was determined by
immunoreactive antibodies to each specific isoform. Immunofluorescence were performed as
described in Methods. Subcellular localization of pan 14-3-3 and seven 14-3-3 isoforms in
HEK293T cells by immunofluorescence. 14-3-3 proteins were revealed by TRITC (red) and the

chromatin was stained by DAPI (blue). Size bar = 10 um.
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Figure 3.11 Total 14-3-3 protein and 14-3-3 isoforms in MDA-MB-231 cells have

similar subcellular localizations to COS-7 cells. Total 14-3-3 protein was determined by a pan
14-3-3 antibody to assess its immunoreactivity. Each 14-3-3 isoform was determined by
immunoreactive antibodies to each specific isoform. Immunofluorescence were performed as
described in Methods. Subcellular localization of pan 14-3-3 and seven 14-3-3 isoforms in
MDA-MB-231 cells by immunofluorescence. 14-3-3 proteins were revealed by TRITC (red) and

the chromatin was stained by DAPI (blue). Size bar = 10 um
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Figure 3.12 Total 14-3-3 protein and 14-3-3 isoforms in MCF-7 cells have similar
subcellular localizations to COS-7 cells. Total 14-3-3 protein was determined by a pan 14-3-3
antibody to assess the antibody’s immunoreactivity. Each 14-3-3 isoform was determined by
antibodies to each specific isoform to assess the antibody’s immunoreactivity.
Immunofluorescence were performed as described in Methods. Subcellular localization of pan
14-3-3 and seven 14-3-3 isoforms in MCF-7 cells by immunofluorescence. 14-3-3 proteins were

revealed by TRITC (red) and the chromatin was stained by DAPI (blue). Size bar = 10 pm.
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centrosome staining during mitosis. 14-3-31/0 is almost exclusively localized to the cytoplasm
with only a few dots in some nuclei of the interphase cells. In the cytoplasm, the staining pattern
of 14-3-31/0 was ER-like. The 14-3-3( stain was strong throughout the cell including both the
cytoplasm and the nucleus. In the cytoplasm, 14-3-3C showed both ER-like patterns and dotted

fiber-like patterns.

3.12 Antibody specificity was established using blocking peptides to several 14-3-3 isoforms
in COS-7 cells

It is important to test the specificity of the antibodies and validate the different
antibodies’ immunoreactivities. Among the antibodies that detected the seven 14-3-3 isoforms,
four antibodies, including antibodies to 14-3-3p, €, v, and o, were raised against short peptides. |
tested their specificity by using the peptides as blocking reagents. I showed that, in a dose-
dependent manner, these peptides specifically and effectively blocked the immunoreactivity of
the antibody, as the specific staining disappeared (Figure 3.13A). For the other three antibodies,
including 14-3-3n, 1/60, and (, there are no blocking peptides available. The mouse 14-3-3n
antibody (10847-MMO06) is produced from a hybridoma resulting from the fusion of mouse
myeloma with B cells obtained from a mouse immunized with purified, recombinant human 14-
3-3 YWHAH. The mouse 14-3-36 antibody (5J20) (sc-69720) is specific for the full length 14-3-
30 of human origin. The mouse 14-3-3( antibody is specific for an epitope between amino acids
122-140 within an internal region of 14-3-3( of human origin. To validate my data, I performed
localization experiments on these isoforms with different antibodies with different
immunoreactivities and if they are similar to Figure 3.1B. As shown in Figure 3.13B, similar

subcellular localizations of these 14-3-3 isoforms were revealed by these new antibodies.
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Figure 3.13 14-3-3 isoforms have different subcellular localizations after adding the
blocking peptides in a dose-dependent manner in COS-7 cells. (A) The effects of blocking
peptide for 14-3-3B, €, v, and o. The indirect immunofluorescence experiments were performed
as described for Figure 3.1B except that the antibodies were incubated with blocking peptides of
the indicated concentration for 1 h prior to incubating the cells. The final concentration of each
antibody is 2.5 pg/ml and the concentrations of the blocking peptides as indicated. (B) The
subcellular localization of 14-3-3n, 1/0, and { were determined with different antibodies and
different immunoreactivities than the ones used in Figure 3.1B since no blocking peptides were

available. Size bar = 10 pm.
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Chapter 4: Results II - Interaction Between Racl and 14-3-3 proteins

The information presented in this chapter has been published in Cells with me as a
second author: Abdrabou, A. M., Brandwein, D., Liu, C., & Wang, Z. (2019). Racl S71 mediates
the interaction between Racl and 14-3-3 proteins. Cells, 8(9), 1006. doi: 10.3390/cells8091006.
4.1 Racl and 14-3-3 proteins interact in response to EGF-induced Akt phosphorylation in
COS-7 cells

Here, I first determined whether endogenous 14-3-3 proteins bind to Racl in response to
EGF by co-immunoprecipitation. COS-7 cells were treated with EGF, and Racl was
immunoprecipitated with a mouse anti-Rac1 antibody. The co-immunoprecipitation of 14-3-3
was examined by immunoblotting with antibodies to pan 14-3-3. As shown in Figure 4.1A, 14-3-
3 co-immunoprecipitated with Racl following EGF stimulation and the amount of co-
immunoprecipitated 14-3-3 increased at 5-15 min following EGF stimulation. This data indicates
that EGF stimulates the association between Racl and 14-3-3 proteins.

To understand this underlying interaction further, I analyzed the amino acid sequence of
Racl to identify potential binding motifs for 14-3-3 protein. The mode I consensus 14-3-3
protein binding motif is RSXpSXP and the Rac1 sequence ®*RPLSYP”? is likely a 14-3-3 protein
binding motif following the phosphorylation of S71 (Figure 4.1B). Moreover, 14-3-3 Prediction
software predicted the highest consensus between 14-3-3 and Racl to be within the S71 motif,
which has a value of approximately 1 (Figure 4.1C). Thus, I propose that in response to EGF,
Akt is phosphorylated by activated EGFR via PI3K, which results in Racl S71 phosphorylation,
and Racl and 14-3-3 protein interaction.

To test this hypothesis, I treated the cells with EGF and showed that EGFR, Akt and

Racl S71 are all phosphorylated in response to EGFR (Figure 4.1D). However, inhibition of
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Figure 4.1 Racl and 14-3-3 proteins interact in response to EGF-induced Akt
phosphorylation in COS-7 cells. (A) 14-3-3 protein interacts with Racl in response to EGF in
COS-7 cells. COS-7 cells were treated with EGF for the indicated time and the interaction
between 14-3-3 and Racl was determined by co-IP. (B) Amino acid sequence analysis of Racl
shows the presence of the mode I 14-3-3 binding motif ®*RPLSYP”? if S71 is phosphorylated.
(C) The highest consensus between 14-3-3 and Racl is within the S71 motif as predicted by 14-
3-3 Prediction software. (D) The effects of EGF and wortmannin on the phosphorylation of
EGFR, Akt and Racl S71. COS-7 cells were treated with EGF and/or wortmannin. The
phosphorylation of EGFR, Akt and Racl S71 was revealed by immunoblotting with phospho-
specific antibodies to Akt and Racl. (E) Quantification of the data in (D). The level of protein
phosphorylation was quantified by densitometry. Each value is the average of at least three
experiments and the error bars depict standard error (SE). ** p <0.01, *** p <0.001. (F) The
effects of EGF and wortmannin on the interaction between 14-3-3 and Racl. COS-7 cells were
treated with EGF and/or wortmannin as indicated. The interaction between 14-3-3 and Racl was

determined by co-IP (Abdalla et al., 2019).
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PI3K with wortmannin upstream blocks the downstream phosphorylation of both Akt and Racl
S71. I then examined if wortmannin inhibits the Racl and 14-3-3 interaction. As shown in Figure
4.1E, wortmannin treatment inhibits the EGF-induced interaction between Racl and 14-3-3
proteins. These data suggest that EGF-induced Racl S71 phosphorylation, through Akt, leads to

the Racl and 14-3-3 interaction.

4.2 Total 14-3-3 protein and some 14-3-3 isoforms co-immunoprecipitate with Racl in
GFP-Racl WT but not in GFP-Racl S71A COS-7 cells

To confirm the role of S71 in mediating the interaction between Racl and 14-3-3
proteins, I transfected COS-7 cells with GFP-Racl S71A and GFP-Racl WT was used a control.
As shown in Figure 4.2, GFP-Racl WT co-IPed with 14-3-3 proteins. Intriguingly, GFP-Rac1
S71A failed to co-IP with 14-3-3 proteins, which supports my hypothesis that S71
phosphorylation may mediate the interaction between Racl and 14-3-3 proteins. As mentioned
above, the immunoprecipitated product is one-tenth the amount of the total cell lysate. I have
shown above that the seven 14-3-3 isoforms have distinct subcellular localizations, so I
examined which 14-3-3 isoforms interact with Racl. I transfected COS-7 cells with GFP-Racl
and IPed with an antibody to GFP and examined which 14-3-3 isoforms co-IPed with GFP-Racl
by immunoblotting with antibodies to the seven 14-3-3 isoforms. As shown in Figure 4.2, 14-3-
31, o and 1/0 co-immunoprecipitated with Racl; however, 14-3-3p, €, y and { did not co-

immunoprecipitate with the Racl in GFP-Racl WT transfected COS-7 cells.
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Figure 4.2 Total 14-3-3 protein and some 14-3-3 isoforms co-immunoprecipitate with Racl
in GFP-Racl WT but not in GFP-Racl S71A COS-7 cells. Co-IP was used to determine if
GFP-Racl S71A mutation affects the interaction between the total 14-3-3 protein and each 14-3-
3 isoforms in COS-7 cells. COS-7 cells were transfected with GFP-Racl WT and GFP-Racl
S71A. The expressed Racl was IPed with an antibody to GFP, and the co-1Ped 14-3-3 was
examined by immunoblotting. Total 14-3-3 protein was determined by a mouse pan 14-3-3
antibody. Each 14-3-3 isoform was determined by antibodies to each specific isoform. Co-
immunoprecipitation followed by immunoblotting were performed as described in Methods.

Lane 1: Co-immunoprecipitation Lane 2: Total cell lysate (TCL) (Abdalla et al., 2019).
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Chapter 5: Discussion

14-3-3 proteins are involved in many cellular processes as they are central regulators of
many signaling pathways. There are seven 14-3-3 isoforms in mammals; however, it is not clear
if these isoforms play redundant or distinct roles in cell signaling. Understanding the subcellular
localization of 14-3-3 proteins expands upon what is known in the literature about 14-3-3
isoform-specific functions. The Rho family of GTPases is involved in regulating many cellular
processes, and Racl specifically promotes the reorganization of actin filament polymerization in
lamellipodia and membrane ruffles. Both 14-3-3 proteins and Rho GTPases regulate
cytoskeleton remodeling and cell migration and understanding this interaction may uncover
novel cell signaling networks and novel molecular mechanisms underlying certain diseases. In
this thesis, I primarily studied 14-3-3 isoform subcellular localization and colocalization with
various organelle/structural markers, redistribution throughout the cell cycle and translocation in
response to EGF. I also have preliminary evidence suggesting 14-3-3 proteins binding and
interacting with Racl through Racl S71.

Determining 14-3-3 isoform subcellular localization could inform 14-3-3 isoform-
specific functions. Aberrant subcellular localization can potentially lead to abnormal phenotypes
and altered cell functions which may result in cancer and disease. However, as mentioned above,
studies of 14-3-3 protein subcellular localization have primarily been done in yeast, flies and
plants with close to no studies being done in mammalian species. As demonstrated in this thesis,
I first examined the subcellular localization of total 14-3-3 protein and each of the 14-3-3
isoforms in COS-7 cells. The subcellular localization of 14-3-3 proteins was mostly determined
by indirect immunofluorescence by the staining pattern and by the colocalization with well-

established markers for the various subcellular compartments. Subcellular fractionation and

77



immunoblotting were also employed to determine if an isoform was localized in the nucleus or
cytoplasm. I showed that 14-3-3 proteins are broadly distributed throughout the cell and
associated with many subcellular structures/organelles including the PM, mitochondria, ER,
nucleus, microtubules and actin fibers. This broad subcellular distribution underlines the multiple
functions identified for 14-3-3 proteins. Most notably, 14-3-31) is almost exclusively localized to
the mitochondria, 14-3-3y is only localized to the nucleus, and 14-3-3c strongly and specifically
associated with the centrosome during mitosis.

First, I looked at specific 14-3-3 isoform expression with antibodies specific to each
isoform. I calculated the molecular weights with respect to the known protein ladders by visual
inspection. Whole immunoblots of 14-3-3¢ and vy clearly show one band at 30 kDa and 28 kDa,
respectively (Figure 1A). My results are mostly consistent with the antibody manufacturer’s data,
but there are slight differences in molecular weights in my 14-3-3 isoform expression data (data
not shown). This may be due to the different cell lines or to the different antibodies the
companies used. However, similar to the antibody manufacturers, I also do not have non-specific
bands (data not shown) indicating 14-3-3 antibody specificity for each isoform. However, it
would be beneficial to show the whole immunoblots for all of the isoforms in order to make
conclusions about 14-3-3 isoform differences in subcellular localization and colocalization with
various markers. Rather than visually determining the protein’s molecular weight, I can measure
the exact molecular weight of a protein by plotting the distance it travels in the gel against its
molecular weight. Then, I can predict a protein’s molecular weight simply by the distance it
travels on the gel.

Phylogenetic analysis of these isoforms, using ClustalOmega software, shows that the 14-

3-3 isoforms can be grouped into three pairs: 14-3-3f3 and ¢, 14-3-3c and 1/6, 14-3-3np and y
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(Figure 1.1). 14-3-3¢ does not belong with any of the three pairs since it differs the most in its
primary structure. The two isoforms in each pair are the most similar to each other (Berg et al.,
2003; Sluchanko and Gusev, 2010) (Figure 1.1). The pairs with high primary sequence
homology also showed similar subcellular localizations. For example, 14-3-3f and { both
localized to the actin fibers, microtubules, and ER (Figures 3.3 and 3.9). In addition, both 14-3-
3o and 1/0 localized to the microtubules, with 14-3-3c primarily being localized to the
centrosomes (Figures 3.7 and 3.8). However, the subcellular colocalizations between 14-3-3n
and y are quite different. 14-3-3y almost exclusively localized to the nucleus while 14-3-31
almost exclusively localized to the mitochondria (Figures 3.5 and 3.6). The fact that some of the
isoforms showed similarities in their subcellular localization could be related to their high
sequence similarity in the short variable stretches in their primary structure even though each
isoform is encoded by a separate gene (Aitken, 2002; Sluchanko and Gusev, 2010).

In this thesis, I demonstrate that 14-3-3 proteins colocalized with different cytoskeletal
markers such as actin fibers and microtubules. Both pan 14-3-3 and 14-3-3( showed stronger
actin fiber colocalizations (Figures 3.1, 3.2 and 3.9), while both 14-3-3f and € showed weaker
actin fiber colocalizations (Figures 3.3 and 3.4). These results suggest that 14-3-3 proteins may
regulate actin fiber formation. It would be interesting to study the entire endocytic pathway by
using lysosomal specific markers. We only tested the colocalization with the plasma membrane
and the endosome, but to be fully comprehensive, I would need to test other markers related to
the endocytic pathway. This data also suggests that other control markers could be used to
determine pan 14-3-3 colocalization with cytoskeletal markers since I did not see strong

colocalization with this specific tubulin antibody.
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As mentioned above, 14-3-3 protein has also been shown to regulate cytoskeleton
remodeling and cell migration (Sluchanko and Gusev, 2010). Previous research showed that 14-
3-3y and { directly interact and regulate F-actin (Kligys et al., 2009; Sluchanko and Gusev, 2010;
Ye et al., 2016). However, later research showed 14-3-3 proteins regulate actin fiber formation
through cofilin (Bamburg, 1999; Sluchanko and Gusev, 2010). Proteins involved in actin
remodeling have been identified as 14-3-3 binding partners (Moores et al., 2000; Freeman and
Morrison, 2011; Aghazadeh and Papadopoulos, 2016; Krtkova et al., 2017; Sluchanko and
Gusev, 2017).

In this thesis, I demonstrate that 14-3-3p, €, o, and { all colocalized with microtubules,
suggesting a possible role in regulating microtubule formation (Figures 3.3, 3.4, 3.7 and 3.9). My
findings are mostly consistent with previous reports. Previous research showed that 14-3-3¢, 1, o,
v, and ( regulate microtubule formation (Qureshi et al., 2013; Park et al., 2014; Joo et al., 2015;
Cornell et al., 2016; Jansen et al., 2017). 14-3-3 proteins regulate microtubules through tau
proteins that stabilize microtubules and loss of this interaction leads to neurodegeneration (Chun
et al., 2004; Sluchanko and Gusev, 2010). Many studies also implicated small GTPases, such as
Rac and RhoA, in the regulation of microtubules by 14-3-3 proteins (Robinson, 2010; Zhou et
al., 2010).

This thesis clearly demonstrates 14-3-31 localization in the mitochondria (Figure 3.5).
There is also weak 14-3-3f localization in the mitochondria (Figure 3.3). 14-3-3y has also been
shown to be implicated in the mitochondria (He et al. 2018; Huang et al. 2018b), however, I did
not observe any 14-3-3y localization in the mitochondria (Figure 3.6). To further validate my
data, I would have to test different cell lines, different antibodies and different markers to get a

better picture of where 14-3-3 localize. 14-3-3 proteins have previously been reported to localize
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to the mitochondria and to regulate various mitochondrial functions, including cell apoptosis and
oxidation (Gardino and Yaffe, 2011; Sreedhar et al., 2015; Liu et al., 2018). 14-3-31 has been
shown to protect against mitochondria-mediated apoptosis (Sreedhar et al., 2015). 14-3-3n has
also been shown to be involved in the transportation and the anti-apoptotic function of Bcl-2 in
the mitochondria (Zhang et al., 2018; Huang et al., 2018a).

This thesis clearly demonstrates the specific localization of 14-3-3c6 to the centrosomes
during mitosis (Figure 3.7A). Furthermore, this thesis shows 14-3-36 to be localized to both the
nucleus and the cytoplasm during interphase, but primarily localized to the centrosome during
mitosis. 14-3-3c centrosome localization suggests a potential role in regulating the microtubule
spindle apparatus during mitosis. Centrosomes are the major microtubule nucleating and
organizing centres and are critical for the proper formation and the dynamic nature of the
microtubule spindle apparatus during mitosis. 14-3-3 proteins have been shown to interact with
multiple proteins involved in mitotic regulation (Gardino and Yaffe, 2011). 14-3-3 proteins have
also previously been implicated in the centrosome (Pietromonaco et al., 1996; Tollenaere et al.,
2015; Mukhopadhyay et al., 2016). Previous research showed 14-3-3¢ and y localization in the
centrosome and the mitotic spindle apparatus in mouse leukemic FDCP cells (Pietromonaco et
al., 1996). Recently, 14-3-3 protein was shown to regulate the formation of centriolar satellites
by sequestering CEP131, a protein that regulates cilia/flagellum formation (Tollenaere et al.,
2015). 14-3-3y was also shown to localize to the centrosome and that loss of 14-3-3y led to
centrosome amplification (Mukhopadhyay et al., 2016). It is interesting to notice that 14-3-3c is
downregulated in many tumor types, suggesting its tumor suppressor activity (Robinson, 2010).

Thus, 14-3-36 could be a therapeutic target for cancer.
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The mitotic centrosome localization of 14-3-3c is the clearest subcellular change
observed in this thesis. The other noticeable change observed in this thesis is the subcellular
localization of 14-3-3y to the nucleus in interphase cells, and the diffuse distribution throughout
the cytoplasm during mitosis when the nuclear membrane breaks down (Figure 3.6A). Thus,
mitosis may be the only time when 14-3-3y is able to interact with the other isoforms. Although
most 14-3-3 isoforms colocalized to the cytosol and the nucleus, 14-3-3y is only localized to the
nucleus and associated with none of the subcellular markers I tested.

I also studied the effects of EGF on the subcellular localization of 14-3-3 proteins. I
identified two changes among the 14-3-3 isoforms in response to EGF. First, 14-3-3y formed
large particles in the nucleus in the absence of EGF (Figure 3.6B). However, in response to EGF
stimulation for 5 and 15 min, 14-3-3y formed smaller particles in the nucleus, while the larger
particles disappeared. This could be due to the fact that 14-3-3y may have re-associated with
smaller nuclear structures after it dissociated from the initial larger nuclear structures. Many
nuclear structures and subdomains have been discovered including nucleoli, nuclear speckles,
paraspeckles, clastosomes, Cajal bodies, promyelocytic leukemia proteins (PMLs), Polycomb
bodies, and histone locus bodies (HLBs) (Mao et al., 2011). To elucidate the nuclear function of
14-3-3y, it would be interesting to determine which subnuclear structures 14-3-3y associates with
before and after EGF stimulation.

Second, this thesis clearly demonstrates the enhanced association with the actin fibers
and the microtubules of some 14-3-3 isoforms including B, €, 6, /0, and C (Figures 3.3, 3.4, 3.7,
3.8 and 3.9). This is not surprising because EGF has also been shown to regulate cytoskeleton
remodelling and cell migration (Wang, 2017; A. Abdrabou and Wang, 2018). Binding to a client

protein could significantly re-locate 14-3-3 proteins and is mostly dependent on the
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phosphorylation of the client protein (Thomas et al., 2005). Protein phosphorylation is mostly
regulated by growth factor stimulation. Thus, it is interesting to determine if the subcellular
localization of 14-3-3 proteins is affected by growth factor stimulation. I could also stimulate the
phosphorylation of proteins in an EGF-independent manner by using phosphatase inhibitors.
This would further validate my results that phosphorylation mediates 14-3-3 protein subcellular
localization and 14-3-3 protein interaction with Racl.

In conclusion, this thesis demonstrates that the 14-3-3 isoforms have broad subcellular
distributions and that the 14-3-3 isoforms colocalize with many subcellular structures/organelles
including the PM, mitochondria, ER, nucleus, centrosome, microtubules, and actin fibers (Table
3.1). This broad subcellular distribution suggests distinctive 14-3-3 isoform-specific functions.
For instance, 14-3-3n almost exclusively localized to the mitochondria (Figure 3.5), 14-3-3y
exclusively localized to the nucleus (Figure 3.6B), and 14-3-36 localized to the centrosome
during mitosis (Figure 3.7A).

Next, this thesis briefly examined other cell lines that natively express 14-3-3 proteins to
detectable levels. I examined the subcellular localization of total 14-3-3 protein and each 14-3-3
isoform by indirect immunofluorescence (Figures 3.10, 3.11, and 3.12). The HEK293T, MDA-
MB-231 and MCF-7 cell lines showed some similarities and differences to COS-7 subcellular
localizations in the nucleus and in the cytosol. COS-7 cells and HEK293T cells are epithelial
cells isolated from kidneys of African green monkeys and embryonic kidney cells of humans
respectively. MDA-MB-231 cells and MCF-7 cells are epithelial cells isolated from mammary
breast cancer tumours. These cell lines allow us to gain a broader perspective on how
evolutionary mechanisms between tissues and species shape the subcellular localizations and

functions of these highly conserved proteins. However, much more work needs to be done in
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these cell lines to show specific localizations, colocalizations with different subcellular markers,
their redistribution throughout the cell cycle and their translocation in response to EGF.

Next, I tested the specificity of some 14-3-3 isoform antibodies using short peptides as
blocking reagents. This was meant to validate my 14-3-3 isoform subcellular localization data. I
showed, in a dose-dependent manner, that these peptides specifically and effectively blocked the
observed immunoreactivity of the 14-3-3 antibody, which showed the absence of isoform-
specific subcellular localization patterns (Figure 3.13A). There are no blocking peptides
available for the other three isoforms (14-3-31, /0, and ). To validate my immunofluorescent
data, I examined their subcellular localization with a different antibody and different
immunoreactivities, and I showed that these new antibodies showed similar subcellular
localizations as the antibodies I used in Figure 3.1B (Figure 3.13B). As these new antibodies
were raised against different antigens with different immunoreactivities, these similar subcellular
localization results validated my previous immunofluorescent observations and indicates the
specificity of the staining pattern. However, I did not perform experiments with the blocking
peptides to block the co-IP of 14-3-3 proteins with Racl. In the future, it would be beneficial to
see the expression of 14-3-3 proteins using Western blotting, and subsequent Racl expression as
well, after addition of the blocking peptides.

As mentioned above, most 14-3-3 isoforms form homodimers and heterodimers in vitro
and in vivo (Jones et al., 1995). My results suggest that 14-3-3y and o have very specific
subcellular localizations in the nucleus and centrosomes, respectively (Figures 3.6 and 3.7). This
may explain why these two isoforms tend to homodimerize and not interact with other isoforms
in vitro. If two isoforms are not in the same subcellular compartment, then they will not

dimerize. As mentioned above, 14-3-3y can potentially interact with other isoforms once the
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nuclear membrane breaks down during mitosis. Indeed, 14-3-3y mostly prefers to form
heterodimers with 14-3-3¢ in vitro in PC12 and COS-7 cells (Chaudhri et al., 2003).
Furthermore, 14-3-3¢ and { were shown to form heterodimers in vivo. 14-3-3¢ heterodimerizes
with 14-3-3f, 1, y and { but no homodimers were detected. This may explain the 14-3-3¢ and {
cytoplasmic localizations and why they colocalize with many subcellular structures in the
cytoplasm (Figures 3.4 and 3.9). More work is required to understand the effects of 14-3-3
isoform subcellular localizations and their ability to form homodimers and heterodimers in vitro
and in vivo.

There are several limitations with my immunofluorescence data. First, the results would
be more convincing if I looked at additional specific subcellular structures/organelles to get a
more comprehensive picture of 14-3-3 isoform subcellular localization. Also, it might be
beneficial show the different red and blue channels in separate images to avoid blurred images of
overlapping channels in the merged insets. This can occur even when deconvolution is applied to
the images which is a process that attempts to obtain high contrast/sharper images. I used visual
analysis to examine colocalization, which may lead to random error and bias. If the
compartments are not spatially distinct, the probes seen in overlapping compartments can be
difficult to interpret. Superposition can give a spatial sense of where molecules colocalize, but
visual images are not useful when comparing the degree of colocalization in different conditions
nor determining whether this colocalization is due to chance. Therefore, it would be more
beneficial to use quantitative and statistical measures to study colocalization. The most common
methods that researchers use to analyze colocalization quantitatively and statistically are the
Pearson’s correlation coefficient (PCC) and Manders’ Overlap Coefficient (MOC), each having

their own strengths and weaknesses (Manders et al., 1993; Dunn et al., 2011). PCC can
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separately determine to what extent the variation of signal intensity in one image can be
explained by the corresponding variation of the other image. It may be useful to construct
scatterplots by plotting the intensity of each pixel in one image along the x-axis and the intensity
of the same pixel location in the second image on the y-axis, thereby forming a histogram that
describes the relationship between the corresponding intensity values. Regions within the
scatterplot does not always correspond to specific areas within the images, since it only gives
intensity information. PCC is simple, quick and easy but one of the disadvantages is that it only
works for simple, linear associations. MOC describes the total amount of fluorophores that
overlap with each other. Therefore, it only takes into account the brightest pixels; however, this
may overestimate the colocalization of two signals. MOC is a more intuitive approach,
accounting for the concentrated weighted overlap between two image targets and is also
relatively unaffected by noise. The main drawback is that background levels need to be
established and MOC values can be inflated by unwanted signals by out-of-focus light or sample
autofluorescence. Later research found a way to determine if the colocalization between two
images can be randomly due to chance (Cortes et al., 2004). This research employed a test of
statistical significance by subjecting one image to spatial scrambling, where pixels disperse
randomly to different parts of the image. This can then be compared with another channel image
that remained unscrambled and then a MOC value can be calculated. This value is compared to
the true MOC value between the original images which can determine whether this
colocalization is statistically significant or due to random chance. These quantitative measures
can each provide their own unique perspective about colocalization and their usage depends on

the type of biological question being asked (Aaron et al., 2018).
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It is well-established that 14-3-3 protein signaling pathways and Racl signaling pathways
regulate important cell functions including cytoskeleton remodeling and cell migration. The
interaction is mostly through the interactions between 14-3-3 protein and Racl upstream
regulators or downstream substrates (Brandwein and Wang, 2017). My thesis showed that some
14-3-3 isoforms are able to interact with Racl, which provides an additional regulation of Racl
signaling pathways by 14-3-3 protein. Interestingly, my co-IP experiments indicate that the
interaction between 14-3-3 and Racl is dependent on EGF stimulation and subsequent Racl S71
phosphorylation (Figures 4.1 and 4.2). However, I only [Ped with Racl and immunoblotted with
14-3-3 proteins. To be more comprehensive, I would also need to IP with 14-3-3 proteins and
immunoblot with Racl to see if I get similar results. Also, I can use other specific PI3K
inhibitors, such as LY294002, which is a reversible PI3K inhibitor. Wortmannin is an
irreversible PI3K inhibitor, which, from a pharmacological standpoint, may not be useful when
treating patients. If patients experience adverse side effects upon treatment with toxic doses of
the inhibitor, it might take a long time for the body to recover and counteract the effects of the
irreversible inhibitor. This because new PI3K enzymes need to be synthesized in order to recover
PI3K activity.

The mutation of Racl S71 to A inhibited the interaction 14-3-3 protein and S71
phosphorylation facilitates the interaction. It is well established that 14-3-3 proteins function as
scaffold proteins and regulate the activity of their binding partners. On the other hand, Racl is a
Rho GTPase and functions as a molecular switch to directly/indirectly control many signaling
pathways. Thus, 14-3-3 proteins may serve to regulate Racl activity and downstream functions.

I determined which 14-3-3 isoforms interact with Racl and showed that 14-3-31, o, and

7/0 bind to Rac1 in COS-7 cells. As mentioned above, 14-3-31, o, and 1/0 all associated with the
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cytoskeleton and Racl has been shown to strongly associate with the cytoskeleton and regulate
cytoskeleton remodeling and cell migration (Tong et al., 2013; Tong et al., 2016; A. Abdrabou
and Wang, 2018; Payapilly and Malliri, 2018). This supports my findings that Racl interacts
with 14-3-3n, o, and 1/0.

This is preliminary data and definitely warrants future investigations to fully characterize
if S71 phosphorylation affects Racl and 14-3-3 interactions. Much research has been done on
14-3-3 proteins and Racl separately and research has shown many indirect interactions between
14-3-3 proteins and various Rho effectors. However, there is no research to suggest a direct
interaction and mutual regulation between these two groups of proteins. While, there may be an
interaction, it could be due to several reasons. First, it may not be a direct interaction between
14-3-3 proteins and Racl since they may bind in a complex and indirectly interact with a third
protein. Second, if in fact 14-3-3 proteins and Racl do interact in vitro, for example, using a
yeast two-hybrid system, they may not be able to interact under true physiological conditions. As
mentioned above, Racl is phosphorylated at multiple sites, including Y64 by FAK, and T108 by
ERK. However, previous research has shown other 14-3-3 protein sites are involved in target
protein binding. Furthermore, I also mentioned above that 14-3-3 proteins bind to proteins in
phosphorylation-independent manners. Therefore, Racl and 14-3-3 may also interact without
Racl S71 phosphorylation (Mils et al., 2000; Chun et al., 2004). Therefore, a long-term plan
would be to mutate Racl at different sites that are not affected by Racl phosphorylation. Then, 1
can examine if these sites are important for 14-3-3 and Racl interactions.

There are many short-term and long-term future directions for this study. One important
future research is to characterize the functional consequences of the 14-3-3 protein and Racl

interaction. For this purpose, I will further determine if Racl phosphorylation on S71 mediates
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the interaction between Racl and 14-3-3 proteins. This thesis shows that GFP-Racl WT, but not
GFP-Racl S71A, is able to co-IP with pan 14-3-3 protein and GFP-Racl WT is also able to co-
IP with 14-3-3 1, o, and 1/0 (Figure 4.2). I will replicate these results at least more times in other
cell lines such as HEK293T cells. I will then use GST-pull down assays to see if GST-Racl WT
and GST-Racl S71A can directly interact with 14-3-3 proteins, similar to my co-IP experiments.
Then, I will examine if Racl activity affects the Racl and 14-3-3 protein interaction using co-IP.
Racl has several activity mutants, including a mutation of threonine 17 to asparagine (T17N),
which is a dominant-negative, GDP-bound mutant. The other Rac1 activity mutant is a mutation
of glutamine 61 to leucine (Q61L), which is a dominant active or constitutively active, GTP-
hydrolysis deficient mutant. Then, I will determine if the interaction between Racl and 14-3-3
affects Racl activity and if the GFP-Racl S71A mutant is able to activate Racl using GST-PAK
pull down assays.

Next, [ will disrupt the interaction by inhibiting 14-3-3 docking sites with 2-(2,3-
Dihydro-1,5-dimethyl-3-ox0-2-phenyl-1H-pyrazol-4-yl)-2,3-dihydro-1,3-dioxo-1H-isoindole-5-
carboxylic acid (BV02) and see the effects on Racl activity. BV02 is a small, non-peptidic
inhibitor of the 14-3-3 scaffolding protein docking sites such as mode I and mode II 14-3-3
binding motifs (Corradi et al., 2011; Mancini et al., 2011). BV02 was first discovered by
computational-based virtual screening against the crystallographic structure of 14-3-3¢ and
BV02 was the top candidate compound since it showed bioactivity in cancer cells. (Corradi et al.,
2010). More chemically stable derivatives of BV02 have been shown to bind and inhibit 14-3-3¢
protein-protein interactions (PPIs), promote apoptosis and induce antiproliferative effects in
CML cell lines (Corradi et al., 2011; Mancini et al., 2011; Mori et al., 2014; Iralde-Lorente et al.,

2019). Then, I will determine if the interaction of 14-3-3 proteins and Racl affects the
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subcellular localization of the two proteins. First, I will see the where GFP-Racl WT and GFP-
Racl S71A typically localize and then note any changes in Racl and 14-3-3 subcellular
localizations after adding BV02.

For long-term future directions, I will see if other Racl mutants such as the mutation of
serine 71 to glutamic acid (S71E), mutation of threonine 108 to alanine (T108A), and mutation
of threonine 108 to glutamic acid (T108E) are also able to co-IP with 14-3-3 proteins. I will also
use other assays to characterize the functional consequences of Racl and 14-3-3 protein
interactions such as in vitro kinase assays, cell migration assays, cell proliferation assays, and
wound healing assays. I may knockdown and knockout 14-3-3 isoforms using siRNA or shRNA
and clustered regularly interspaced short palindromic repeats (CRISPR) and note any isoform-
specific subcellular localization changes. Then, I will add back the 14-3-3 WT proteins and see if
my antibodies are similarly immunoreactive, specific and can show the same isoform-specific
subcellular localizations. CRISPR and guide RNA (gRNA) 14-3-3c plasmids will first be created
since 14-3-3c shows specific involvement in the centrosome and in the mitotic spindle apparatus
(Figure 3.7A). I can potentially extend this to the other 14-3-3 isoforms that also showed specific
subcellular localizations and colocalizations with various subcellular markers. 14-3-3 proteins, as
mentioned above, are central regulators of many signaling networks and are involved in many
neurological diseases. Genetic studies and genetic expression studies have shown 14-3-3
isoforms to be candidate markers in schizophrenia, bipolar disorders, and major depressive
disorder (MDD), and have also shown to have neuroprotective effects in these neuropsychiatric
disorders (Vawter et al., 2001; Wong et al., 2003; Wong et al., 2005; Ikeda et al., 2008; Novak et
al., 2009; Pers et al., 2011; Foote and Zhou, 2012; Shimada et al., 2013; Malki et al., 2014; Foote

et al., 2015; Graham et al., 2019). 14-3-3¢, y and ( are also involved in neurogenesis, neuronal
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migration and neuromorphogenesis since knockout mice showed disruption to these critical
processes and showed schizophrenic behaviours (Ikeda et al., 2008; Cornell et al., 2016).
Therefore, targeting 14-3-3 proteins may have therapeutic value for patients with
neuropsychiatric disorders. 14-3-3( showed neonatal lethality in knockout mice because an
endothelial-specific miRNA was downregulated in the lungs, causing respiratory distress (Yang
et al., 2017). Racl is said to be “undruggable” since it does not have deep hydrophobic pockets
to allow for pharmacological inhibition. Therefore, targeting Racl is not currently possible.
Knocking out Racl may prove detrimental to the cell because removal of Racl in endothelial
cells resulted in embryonic lethality in midgestation (around E9.5) (Sugihara et al., 1998; Tan et
al., 2008).

The findings from this thesis provide novel and comprehensive data about 14-3-3 protein
subcellular localization. My data suggest that 14-3-3 isoforms have different subcellular
localizations, which could underline the distinctive functions of the isoforms. My thesis shows
evidence of a potential interaction between 14-3-3 proteins and Racl. These data will certainly
help uncover novel molecular mechanisms of these proteins and how their signaling pathways

contribute to cancer development and neurological disease.
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