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ABSTRACT OF THE DISSERTATION

Regulation of Growth Factor Signaling, Golgi Orientation, and Cell Migration

by GOLPHS3

by

Marshall Clarke Peterman

Doctor of Philosophy in Biomedical Sciences

University of California, San Diego, 2016

Professor Seth Field, Chair

GOLPH3 is an oncogene that is amplified in many different tumor types

and its overexpression often correlates with poor survival. Previously known

functions of GOLPH3 include its participation in secretory trafficking from the

Golgi and enhancing cell survival following exposure to DNA damaging
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agents. In view of the fact that standard cancer chemotherapy commonly
employs DNA damaging agents, the survival benefit conferred to cells by
GOLPH3 overexpression provides a likely explanation for the correlation of
high GOLPH3 expression with poor patient survival. However, this function of
GOLPH3 in promoting cell survival seems insufficient to explain why GOLPH3
is an oncogene in the first place. It has been observed that GOLPH3
expression can modulate the strength of growth factor signaling, and inhibition
of growth factor signaling ablates GOLPH3’s transforming ability, but the
mechanism for how GOLPH3 modulates growth factor signaling remains
unclear. Chapter 2 of the dissertation documents a systematic investigation
into the role of GOLPH3 in growth factor signaling and traces the requirement
for GOLPH3 to the level of regulating growth factor receptors themselves.
Both GOLPH3 and the unconventional myosin, MYO18A, which mediates the
Golgi function of GOLPHS3, are each required for growth factor signaling.
Depletion of either GOLPH3 or MYO18A retains growth factor receptors at the
Golgi, reducing their levels at the plasma membrane, thus explaining the
impaired growth factor signaling upon GOLPH3 depletion. Conversely,
overexpression of GOLPH3, as observed in many tumor types, is sufficient to
increase plasma membrane levels of growth factor receptors, promoting
ligand-stimulated receptor activation, and propagating enhanced downstream
signaling. Chapter 3 of the dissertation describes the role for GOLPH3 in
establishing cell polarity and migration, which are key features of aggressive

cancers. Both of the functions of GOLPH3 described in Chapters 2 and 3
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require the ability for GOLPH3 to bind phosphatidylinositol-4-phosphate
(PtdIns(4)P), a lipid uniquely enriched at trans-Golgi membranes, suggesting
that it is the PtdIins(4)P/GOLPH3/MYO18A pathway at the Golgi which is
responsible. This pathway, therefore, potentially contains novel targets for
therapeutic intervention. Chapter 4 of the dissertation provides a summary and

implications for future research.
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CHAPTER 1: Introduction

1.1 GOLPH3 is a Golgi protein

The structure of the mammalian Golgi was first described in 1898 by
the man for whom the structure was named, Camillo Golgi (Golgi and Lipsky,
1989). At the time, many thought the internal reticular structure of neurons that
Golgi described was merely an artifact. But in the years since, advances in
electron microscopy have enabled clear resolution of discrete stacks of
flattened cisternae which compose the characteristic morphology unique to the
organelle we now refer to as the Golgi (Farquhar and Palade, 1981). And,
although the Golgi’s function as a central hub of the cell's secretory system
has been universally accepted for quite some time, much less is known about
how the Golgi is regulated and its physiological and pathophysiological roles.

One of the most striking features of the Golgi is the distinct, flattened
shape of the Golgi cisternae. The maintenance of this uniqgue morphology has
perplexed past observers and been thought to be attributed to forces acting
upon the Golgi by cytoskeletal components or due to intrinsic properties
resulting from asymmetric lipid distribution, protein composition of the Golgi, or
from curvature-inducing proteins (Burkhardt, 1998; Egea et al., 2006; Peter et
al., 2004; Puthenveedu and Linstedt, 2005; Short et al., 2005). More recently,
however, GOLPH3 was found to provide a linkage between the Golgi and the
actin cytoskeleton, thereby applying a tensile force that stretches Golgi

membranes (Dippold et al., 2009). Depletion of GOLPH3 disrupts vesicle



budding from the Golgi and impairs normal secretion (Bishé et al., 2012a;
Dippold et al., 2009; Farber-Katz et al., 2014; Ng et al., 2013). Depletion of
GOLPH3 also results in a visible collapse of the flattened Golgi cisternae,
underscoring the inherent relationship between Golgi form and function which
is regulated by GOLPHS3. Inevitably, deeper insights into this mechanism
responsible for maintaining the unique morphology of the Golgi will further
inform our understanding of Golgi function.

GOLPH3 was first identified through proteomic mass spectroscopy
analysis of Golgi proteins (Wu et al., 2000; Bell et al., 2001). These studies
provided initial characterization of GOLPH3 as a novel Golgi protein,
confirming its localization, identifying the protein sequence and its differentially
phosphorylated forms. Work in yeast models led to the observation that
deletion of VPS74 (the Saccharomyces cerevisiae homolog of GOLPH3)
resulted in aberrant intracellular trafficking of vacuolar proteases, hinting that
GOLPH3 plays a critical role in the secretory pathway (Bonangelino et al.,
2002). Subsequently, others demonstrated that Vps74p, like its mammalian
homolog, localizes to the Golgi and, in yeast, is necessary for proper
localization of Golgi-resident glycosyltransferases, protein glycosylation and
Golgi secretion, (Schmitz et al., 2008; Tu et al., 2008). These studies helped to
highlight the importance of GOLPHS3 for Golgi biology but provided little
mechanistic insight.

Independently, unbiased screening of the Drosophila melanogaster

proteome for lipid binding proteins discovered that GOLPH3 binds specifically



to phosphatidylinositol-4-phosphate (Ptdins(4)P) (Dippold et al., 2009).
Phosphoinositides may be differentially phosphorylated, generating seven
distinct phosphoinositide species, of which PtdIns(4)P is uniquely enriched at
trans-Golgi membranes (Godi et al., 2004, 1999). The compartmentalization of
phosphoinositide species within the cell helps to define a membrane’s unique
identity and is responsible for the assembly of effector molecules contributing
to the membrane’s unique properties and functions. Since PtdIns(4)P is
enriched at the trans-Golgi, the PtdIns(4)P-binding ability of GOLPH3 explains
its targeting to the Golgi. Indeed, mutation of the Ptdins(4)P binding pocket of
GOLPH3 with the point mutation, Arg to Leu at codon 90 (R90L), abolishes the
ability of GOLPHS to localize to the Golgi and its ability to maintain Golgi
secretory function (Dippold et al., 2009). Thus, GOLPH3 is a Ptdins(4)P-
effector that is required for Golgi secretory function. This role for GOLPH3 as a
Ptdins(4)P-effector provides a missing link, explaining previous observations
that Ptdins(4)P is required for Golgi-to-plasma membrane trafficking (Audhya
et al., 2000; Hama et al., 1999; Walch-Solimena and Novick, 1999; Wang et
al., 2003).

In addition to binding to Ptdins(4)P, GOLPH3 also interacts with the
unconventional myosin, MYO18A (Dippold et al., 2009). This dual linkage, with
GOLPH3 binding to both the Ptdins(4)P-rich Golgi membranes and MYO18A,
thus constitutes a bridge between Golgi membranes and the actin
cytoskeleton (Figure 1.1A). Functionally, the PtdIns(4)P/GOLPH3/MYO18A/F-

actin apparatus is required for generating the tensile force necessary for



pulling vesicles from the Golgi membrane for efficient Golgi-to-plasma
membrane trafficking (Figure 1.1B). Perturbation of any component of this
apparatus results in defective secretory trafficking (Dippold et al., 2009; Bishé
et al., 2012a; Ng et al., 2013). The tensile force applied to the Golgi by
Ptdins(4)P/GOLPH3/MYO18A/F-actin, which is required for secretory
trafficking, is also the mechanism behind the unique morphology of flat,
stretched Golgi cisternae that had previously confounded decades of cell
biologists. Therefore, the study of GOLPH3 highlights the interrelated nature of
the structure, composition, and function of the Golgi and further investigation
into the roles of GOLPH3 and its regulation are sure to advance our

understanding of the roles for the Golgi in biology.

1.2 GOLPH3 is an oncogene

Genome-wide analysis of human cancers revealed that GOLPH3 is
frequently amplified in solid tumors (Scott et al., 2009). Focal amplification of
the GOLPHS locus is observed in more than 56% of carcinomas of the lung,
37% of prostate, 38% of ovary, 32% of breast, and 32% of melanomas (Table
1.1). Such a high frequency of GOLPH3 amplification in human tumors raises
guestions about the function of GOLPH3 in cancer and how the secretory
pathway, in general, contributes to tumor growth.

The ability of GOLPH3 to cause oncogenic transformation in vitro has
been demonstrated to cooperate with other known oncogenes, namely HRAS

G12V and BRAF V600E, in order to escape contact inhibition and gain



anchorage independent growth capability (Scott et al., 2009). In vivo,
overexpression of GOLPH3 contributes to enhanced tumor growth in mouse
xenograft models (Scott et al., 2009). These findings demonstrate that
overexpression of GOLPH3 confers to cells the classical hallmarks of cancer
cells (Hanahan and Weinberg, 2000). Notably, the enhanced tumor growth
due to GOLPHS3 overexpression is abrogated by treatment with the mTOR
complex 1 (mTORC1) inhibitor, rapamycin, suggesting that mTOR signaling is
a key mechanism for GOLPH3-driven oncogenic transformation (Scott et al.,
2009).

Scott and colleagues, as well as others, have shown that perturbation
of GOLPH3 levels influences phosphorylation of signaling proteins including
AKT (Ser473), p70S6K (Thr389), GSK3p, and FOXO1 (Scott et al., 2009;
Zeng et al., 2012). Each one of these proteins lies downstream of the
phosphatidylinositol 3-kinase (PI-3-kinase) —AKT pathway (Manning and
Cantley, 2007), which is one of the most frequently over-activated signaling
pathways across the spectrum of human malignancies (Courtney et al., 2010;
Vivanco and Sawyers, 2002; Yuan and Cantley, 2008). Activation of the AKT
signaling pathway is sufficient to induce cellular transformation and targeted
inhibition of the AKT signaling pathway is a common strategy behind current
drug discovery efforts (Cheng et al., 2005).

Although, several models for the role of GOLPHS3 in modulating signal
transduction have been postulated, all of the models propose novel functions

for GOLPH3, distinct from GOLPH3’s known role at the Golgi, and none of



them are able to synthesize the various perturbations to signaling observed
upon GOLPH3 knockdown or overexpression. At present, the seemingly most
prominent model is based upon a putative interaction of GOLPH3 with a
retromer component, VPS35, that somehow modulates mTOR signaling
(Abraham, 2009; Scott et al., 2009; Scott and Chin, 2010). As of this writing,
confirmation of the endogenous GOLPH3-VPS35 interaction nor a mechanistic
basis is not found in the literature. It should also be taken into consideration
that the evidence supporting the supposed interaction of GOLPH3 with VPS35
was generated using two systems that are notorious for detecting false-
positive results: (1) yeast-two hybrid screening (which is estimated to have a
false-positive rate between 44-91% (Mrowka et al., 2001)) and (2) co-
immunoprecipitation of overexpressed and tagged exogenous proteins
(overexpression and tagging can lead to protein mislocalization and non-native
interactions (Kobayashi et al., 2000, p. 1; Yang et al., 1996)). Thus, in the
absence of additional supporting evidence, a model for GOLPH3-VPS35
regulation of mMTOR remains tentative.

Other models involving additional, novel roles for GOLPH3 have been
proposed in order to explain the ability of GOLPHS3 to regulate signaling and
drive cancer. One group has suggested that GOLPH3 drives glioblastoma
migration and invasion through the mTOR-YB1 pathway (X. Zhang et al.,
2014). The authors argue that, in cancer, GOLPH3 overexpression correlates
with elevated YB1 expression and, for their in vitro models, the ability of

GOLPHa3 to drive migration and invasion are abrogated by either mTOR



inhibition or YB1 silencing. Since YB1 is a mTOR target gene (Hsieh et al.,
2012), this evidence points to GOLPHS3 regulation of signaling at mTOR or
higher.

Others have argued that GOLPH3 regulates FOXO1 by activation of
AKT signaling (Zeng et al., 2012), which could be consistent with regulation of
MTOR signaling, but may also point further upstream since AKT is both
upstream and downstream from mTOR signaling (Huang and Manning, 2009).
Adding to the mix, other groups have reported observing that overexpression
or knockdown of GOLPHS3 correlates with perturbations to PKD protein levels
(Zhou et al., 2014), RhoA levels (Zhou et al., 2013), NF-kB signaling (Dai et
al., 2015), and sialylation of N-glycans (Isaji et al., 2014). Clearly, a cohesive
model accounting for the role of GOLPH3 in signaling has yet to be put forth.

Meanwhile, the evidence for GOLPH3 overexpression as a prognostic
indicator for cancer has been mounting. Since Scott and colleagues first
identified GOLPH3 as an oncogene, many other groups have now reported
that GOLPH3 overexpression is a common feature of many different tumor
types and its overexpression correlates with poor patient prognosis (Dai et al.,
2015; Hua et al., 2012; Hu et al., 2013, 2014; JianXin et al., 2014; Kunigou et
al., 2011; Li et al., 2014, 2012, 2011; Lu et al., 2014; Ma et al., 2014a, 2014b;
Peng et al., 2014; Tokuda et al., 2014; Wang et al., 2012, 2014; Xue et al.,
2014; Zeng et al., 2012; L.-J. Zhang et al., 2014; X. Zhang et al., 2014; Y.
Zhang et al., 2014; Zhou et al., 2012, 2014, 2013). Despite the increasing

recognition of a role for GOLPHS3 in cancer biology, it still remains to be



answered how GOLPHS3, a Golgi protein, is capable of modulating signal
transduction and causing oncogenic transformation. Therefore, Chapter 2 will
detail the results from a systematic investigation into the role of GOLPH3 in

modulating the strength of intracellular signal transduction.

1.3 GOLPH3 and growth factor signaling

Cancer researchers have long been focused on gaining a better
understanding of growth factor signaling (Gschwind et al., 2004). The
implications of growth factor signaling for cancer were made abundantly clear
upon the discovery that viral oncogenes often encode proteins similar to
growth factors or constitutively active variants of growth factor receptors. One
classic example is the cell transforming v-ErbB gene, which was isolated from
Avian erythroblastosis virus (AEV), and shown to be highly similar to the
human epidermal growth factor receptor (EGFR), but lacking the EGF-binding
domain (Downward et al., 1984). This finding provided proof of concept that
dysregulation of growth factor signaling, induced in this case by a viral
oncogene that mimics the human EGFR, is sufficient to cause malignant
cellular transformation.

The EGFR belongs to a class of growth factor receptors known as
receptor tyrosine kinases (RTKs), which have an intracellular tyrosine kinase
domain, transmembrane domain, and extracellular ligand-binding domain
(Lemmon and Schlessinger, 2010). In the absence of ligand, EGFR normally

remains cis-autoinhibited, but conformational changes occur upon ligand



binding that relieve autoinhibition, promote oligomerization, trans-
phosphorylation of the intracellular tyrosine kinase domain and result in
receptor activation (Burgess et al., 2003; Hubbard, 2004). Even though EGFR
may pre-exist as a dimer in the unbound state, ligand binding is still required
for full tyrosine kinase activity of the receptor (Gadella and Jovin, 1995; Moriki
et al., 2001; Sako et al., 2000; Yu et al., 2002). The requirement for ligand
binding imposes the requirement for EGFR to be localized to the plasma
membrane in order to receive extracellular ligands. Furthermore, EGFR
propagates its signaling primarily from the plasma membrane (Sousa et al.,
2012). Thus, plasma membrane localization of the EGFR is an important
aspect for its full activation.

Upon extracellular ligand binding, activation of growth factor receptors
initiates assembly of intracellular signaling complexes, propagating
downstream signaling cascades. The phosphorylated intracellular tyrosine
residues of growth factor receptors recruit additional signaling molecules,
either directly or indirectly via adaptor molecules and their Src homology-2
(SH2) domains and phosphotryosine-binding (PTB) domains (Pawson, 2004;
Schlessinger and Lemmon, 2003). The assortment of growth factor receptors,
coupled with the diversity of SH2-domain and PTB-domain containing
proteins, along with the variety of docking proteins and effectors, all serve to
generate a vast multiplicity of signaling outputs for growth factor signaling.

Nevertheless, a few key pathways of particular importance will be described
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here because of their pervasive dysregulation in cancer. A simplified diagram
of the key signaling pathways discussed is presented in Figure 1.3.

The phosphatidylinositol 3-kinase (PI-3-kinase) signaling pathway is
one of the most commonly overractivated pathways in cancer (Courtney et al.,
2010; Vivanco and Sawyers, 2002; Yuan and Cantley, 2008). Many growth
factor receptors can activate PI-3-kinase signaling by recruiting the regulatory
subunit of class I PI-3-kinase, known as p85, which contains SH2-domains
that specifically bind to phosphorylated tyrosines of growth factor receptors, or
via adaptor molecules bound to the receptors (Carpenter et al., 1993; Kim et
al., 1994; Ram and Ethier, 1996). For example, phosphorylation of EGFR on
Tyr920 may directly recruit p85 (Stover et al., 1995). Furthermore, the possible
mechanisms for p85 recruitment by activated EGFR are greatly multiplied by
heterodimerization of other EGFR family members which also interact with p85
directly or via adaptors (Normanno et al., 2006). The recruitment of p85 by a
growth factor receptor or its adaptor relieves the inhibition of the catalytic
subunit p110, while simultaneously holding P1-3-kinase in close proximity to its
substrate at the plasma membrane, so that Ptdins(4,5)P2 becomes
phosphorylated, generating PtdIns(3,4,5)P3 at the plasma membrane
(Cantley, 2002; Carpenter et al., 1993; Soltoff and Cantley, 1996; Zhao and
Vogt, 2008). Thus, plasma membrane localization of growth factor receptors is
important not only for ligand binding but also for proximity to Pl-3-kinase

substrate.
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The generation of PtdIns(3,4,5)P3 prompts the recruitment of the PH-
domains of two key signaling molecules, PDK1 and AKT, the former which
directly phosphorylates AKT on Thr308 (Alessi et al., 1997, 1996; Cantley,
2002; Currie et al., 1999). Additional phosphorylation of AKT on Ser473 is
required for its full activation and, though regulated by mTORC2 downstream
of growth factor signaling, the precise mechanism is less clear than for PDK1
mediated phosphorylation of AKT on Thr308 (Hresko and Mueckler, 2005;
Sarbassov et al., 2006, 2005; Xie and Guan, 2011; Zinzalla et al., 2011).

Activated AKT propagates further signaling by directly phosphorylating
a number of different substrates. In response to growth factor signaling,
Tuberin (TSC2) is phosphorylated on Thr1462 by AKT (Inoki et al., 2002;
Manning et al., 2002). Tuberin, as a heterodimer with its binding partner
Hamartin (TSC1), functions as a GTPase-activating protein (GAP) for the
small GTPase, Rheb, which, in its GTP-bound state, is a potent activator of
MTORCL1 (Tee et al., 2003). Thus, the Tuberin-Hamartin heterodimer functions
as a negative regulator of mTORC1 signaling by promoting the hydrolysis of
Rheb-GTP to Rheb-GDP (Manning and Cantley, 2003). Growth factor
stimulated phosphorylation of Tuberin on Thr1462 by AKT inhibits the GAP
function of Tuberin-Hamartin, thereby promoting the accumulation of active
Rheb-GTP and promoting mTORCL1 signaling (Tee et al., 2003).

Like Tuberin, the proline-rich AKT substrate of 40 kDa (PRAS40) also
functions as a negative regulator of mMTORC1 (Manning and Cantley, 2007).

Binding of PRAS40 to Raptor, a core component of mMTORC1, competes for
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substrates and inhibits mMTORC1 kinase activity (Sancak et al., 2007; Wang et
al., 2007). This negative regulation of mMTORCL1 is relieved by growth factor
stimulated phosphorylation of PRAS40 on Thr246 by AKT (Kovacina et al.,
2003). In summary, AKT phosphorylates Tuberin (Thr1462) and PRAS40
(Thr246), thereby promoting mTORC1 signaling.

The mTOR signaling axis coordinates a vast array of cellular processes
required for cell growth, metabolism, proliferation, and survival (Laplante and
Sabatini, 2009). One of the many inputs activating mTOR signaling is growth
factor stimulation, as enumerated above through PI-3-kinase-AKT-
PRAS40/Tuberin signaling. The Raptor containing mTOR complex, known as
MTORC1, controls phosphorylation of p70S6K on Thr389, and functions as a
regulator of protein translation (Burnett et al., 1998; Isotani et al., 1999).
Therefore, PI-3-kinase-AKT-PRAS40/Tuberin signaling leads to mTORC1-
dependent phosphorylation of p70S6K (Thr389) in response to growth factor
stimulation.

Another key pathway stimulated by growth factor signaling is the Ras
signaling pathway. Signaling through Ras is of particular interest because it is
estimated that approximately 20% of all human tumors have activating
mutations in Ras (Downward, 2003). Unlike PI-3-kinase, Ras is constitutively
associated with the plasma membrane by its posttranslational modifications
(Eisenberg and Henis, 2008). But similar to p85, growth factor signaling
recruits the key regulator for Ras activity to the plasma membrane. Ras is a

GTPase and GTP-bound Ras is active until it hydrolyzes GTP, converting into



13

Ras-GDP (Wennerberg et al., 2005). The GTPase activity of Ras can be
accelerated by GAPs, speeding its inactivation, and then returned to its active
state upon exchanging GDP for GTP, a process which is promoted by
Guanine-nucleotide-Exchange-Factors (GEFs) (Wennerberg et al., 2005).
Therefore, the activation of Ras is regulated by its association with a GEF.

One of the primary GEFs for Ras is Sos, which is constitutively
associated with the adaptor molecule, Grb2 (Buday and Downward, 1993).
Recruitment of Grb2 occurs via Grb2 SH2-domains which bind to
phosphorylated EGFR Tyr1068 and Tyr1086, which brings Sos along with
Grb2 in proximity to Ras at the plasma membrane (Batzer et al., 1994).
Indirect recruitment of Grb2 to EGFR can also occur via EGF-stimulated
tyrosine phosphorylation of Shc, bringing Grb2-Sos in proximity to Ras to
promote Ras activation (Sasaoka et al., 1994). Once activated, Ras initiates
further downstream signaling to Raf-1, leading to phosphorylation and nuclear
translocation of ERK (Hallberg et al., 1994; Johnson and Vaillancourt, 1994).
The key phosphorylation sites required for enzymatic activation of ERK are
Thr202 and Tyr204, which are stimulated by growth factor signaling (Payne et
al., 1991; Roskoski, 2012). Growth factor stimulated signaling through the
Ras/Raf/ERK pathway results in cell proliferation and, in certain contexts, is
sufficient to drive oncogenic transformation (Lefloch et al., 2009; McCubrey et
al., 2007; Mercer et al., 2002; Roskoski, 2012).

Experimental perturbations of GOLPH3 protein expression have been

shown to modulate intracellular signaling. Knockdown of GOLPH3 reduces
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phosphorylation of AKT on Ser473 and p70S6K on Thr389, while
overexpression of GOLPH3 has the opposite effect and increases
phosphorylation on those sites (Scott et al., 2009). Others have noted changes
to additional signaling molecules upon perturbation of GOLPH3, namely,
altered phosphorylation of GSK3p and FOXOL1 (Zeng et al., 2012). Different
models have been proposed for how GOLPH3 modulates signaling, with Scott
and colleagues arguing for a role through regulation of mMTOR, while Zeng and
colleagues argue for a role through FOXO1 (Abraham, 2009; Scott et al.,
2009; Scott and Chin, 2010; Zeng et al., 2012). Still, others have argued for
additional roles for how GOLPH3 modulates signaling (Dai et al., 2015; Isaji et
al., 2014; X. Zhang et al., 2014; Zhou et al., 2014, 2013). These novel
mechanisms that have been proposed are independent from GOLPH3’s
known function at the Golgi and it is unclear from them how GOLPH3 might
act to influence signal transduction.

Although the mechanism(s) for how GOLPH3 modulates signaling
remains poorly defined, it is evident that GOLPH3’s role in modulating
signaling is a key component of its contribution to tumor growth. Administration
of the mTORCL1 inhibitor, rapamycin, to a cohort of mice with tumor xenografts
inhibited the growth advantage conferred by GOLPH3 overexpression (Scott
et al., 2009). This finding, coupled with the fact that mTOR is a key node for
many signaling pathways that are frequently dysregulated in cancer (Zoncu et
al., 2011), strongly suggests that whatever the mechanism, modulation of

signaling through mTOR is the critical aspect of GOLPH3-induced tumor
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growth. Interestingly, GOLPH3 can modulate signaling to p70S6K (Thr389)
and AKT (Ser473) when stimulated specifically by EGF (Scott et al., 2009).
Since p70S6K (Thr389) and AKT (Ser473) are both known targets
downstream of growth factor stimulated mTORC1 and mTORC?2 signaling,
respectively (Manning and Cantley, 2007), this suggests a role for GOLPH3 in
the regulation of growth factor signaling. The ability of GOLPH3 to modulate
growth factor signaling has interesting implications for cancer since growth
factor receptors and their downstream signaling pathways are well-validated
targets for cancer therapeutics (Gschwind et al., 2004). Thus, the GOLPH3
pathway involved with modulating growth factor signaling demands our

attention since it contains potential therapeutic targets.

1.4 GOLPH3 and cell migration

The molecular mechanisms underlying cancer cell migration are an
area of clinical interest because cell migration confers the ability to spread
within a tissue, a key feature contributing to metastatic disease (Friedl and
Wolf, 2003). The first step of cell migration is cellular polarization, which
involves the assembly of filamentous actin at the leading edge and
reorientation of the Golgi, along with the microtubule-organizing center,
forward of the nucleus and facing toward the leading edge (Kupfer et al., 1982;
Lauffenburger and Horwitz, 1996). Though some of the requisite elements and

signals for cell polarization have been reported, the molecular interactions are
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unknown which form the basis for the coordinated repositioning of organelles
preceding directional migration.

Interestingly, the Golgi reorients in response to extrinsic cues. Signals
such as growth factor stimulation are able to prompt reorientation of the Golgi
toward the leading edge, which can be blocked by pharmacological inhibition
of MEK/ERK signaling (Bisel et al., 2008). Others have documented groups of
kinases and phosphatases required for maintaining Golgi structure and these
are likewise required for directional migration (Farhan et al., 2010).

In addition to extrinsic cues, certain intrinsic Golgi properties are
required for Golgi reorientation and directional cell migration. Depletion of
Golgi-membrane associated golgins disrupts Golgi ultrastrucutre, dispersing
the Golgi into mini-stacks, and prevents Golgi reorientation to the leading edge
(Yadav et al., 2009). This defect in Golgi structure and reorientation prevents
polarized secretion (though bulk secretion is unaltered) and is accompanied by
defective directional migration. These suggest that Golgi associated proteins
are required for proper organization and positioning of the Golgi, which is a
key component for migration. Furthermore, the Golgi itself via GM130 is able
to control directed secretion which maintains the spatial distribution of active
Cdc42 required to establish cell polarity (Baschieri et al., 2014), arguing for a
central role for the Golgi in coordinating directional migration. Still, the linkages
required to apply the force which reorients the Golgi are unknown. Since

GOLPH3 mediates a linkage between Golgi-Ptdins(4)P and MYO18A, it
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seems reasonable to hypothesize that GOLPH3 is involved with the process of
Golgi reorientation.

Since GOLPH3 expression correlates with advanced metastatic tumors
(Dai et al., 2015; Hua et al., 2012; Hu et al., 2013, 2014, JianXin et al., 2014;
Kunigou et al., 2011; Li et al., 2014, 2012, 2011, Lu et al., 2014; Ma et al.,
2014a, 2014b; Peng et al., 2014; Tokuda et al., 2014; Wang et al., 2012,
2014; Xue et al., 2014; Zeng et al., 2012; L.-J. Zhang et al., 2014; X. Zhang et
al., 2014; Y. Zhang et al., 2014; Zhou et al., 2012, 2014, 2013), it is
reasonable to predict that GOLPH3 may contribute to a cancer cell’'s migratory
ability. Following this line of reasoning, several groups have reported that
GOLPHa3 is indeed required for cancer cell migration (Isaji et al., 2014; X.
Zhang et al., 2014; Zhou et al., 2013). Moreover, one group has shown that
GOLPH3 must retain its ability to bind Ptdins(4)P in order to enhance cancer
cell migration (Tokuda et al., 2014). This finding supports the idea that
GOLPH3 acts at the Golgi, via PtdIns(4)P interaction, in order to enhance cell
migration. Providing new insight for this function, Chapter 3 of the dissertation
documents the investigation into the role for GOLPHS3 in coordinating Golgi

reorientation for cell migration.

1.5 GOLPH3 and the DNA damage response

In order to gain insight into the regulation of GOLPH3, which was
originally identified as a phosphoprotein (Wu et al., 2000), further investigation

into the specific phosphorylation sites of GOLPH3 was initiated. It was noted
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that GOLPHS3 peptides were phosphorylated on Thr143, followed immediately
by a glutamine residue, comprising the consensus “TQ” motif preferred by the
DNA damage activated protein kinase, DNA-PK (Farber-Katz et al., 2014). It
was demonstrated that in response to DNA damaging agents, DNA-PK directly
phosphorylates GOLPH3 on Thr143, enhancing the GOLPH3/MYO18A
interaction, thereby increasing the tensile force applied to the Golgi and
initiating a dramatic dispersal of the Golgi (Figure 1.2) (Farber-Katz et al.,
2014). The exact function of Golgi dispersal is unclear, however, secretory
trafficking is altered and cell survival is enhanced (Farber-Katz et al., 2014).
Thus, phosphorylation of GOLPH3 in response to DNA damage confers
resistance to killing by DNA damaging agents. Furthermore, the
overexpression of GOLPH3, as observed in many tumor types, promotes
enhanced cell survival (Farber-Katz et al., 2014). In this regard, GOLPH3
mediates a surprising cytoplasmic response to DNA damage, uncovering a
previously unknown role for the Golgi in promoting cell survival following DNA
damage.

Many cancer chemotherapy regimens rely upon the administration of
DNA damaging agents (Azzoli et al., 2011; Swain, 2011). These agents
function by intercalating into DNA and eliciting a cytotoxic DNA damage
response (Ciccia and Elledge, 2010). The observation that GOLPH3
overexpression confers resistance to killing by DNA damaging agents (Farber-
Katz et al., 2014) suggests that tumors with high GOLPH3 expression are

likely refractory to conventional chemotherapy regimens involving the
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administration of DNA damaging agents. This seems likely to be responsible,
at least in part, for the correlation of high GOLPH3 expression with poor
patient outcomes. While this function of GOLPH3 in mediating a survival
response to DNA damaging agents seems to provide a plausible explanation
for the correlation of GOLPH3 expression with poor prognosis, this aspect of
GOLPH3 function seems unable to answer why GOLPH3 overexpression

causes oncogenic transformation in the first place.

1.6 Summary

GOLPH3 performs a vital role at the Golgi by bridging Ptdins(4)P-rich
Golgi membranes with MYO18A, serving to convey a tensile force necessary
for Golgi secretion. The surprising identification of GOLPH3 as an oncogene
provides an unprecedented link between the Golgi and cancer. The sheer
frequency of GOLPH3 amplification and its correlation with patient mortality
provide an urgent rationale for investigation into how GOLPH3 overexpression
functions to cause oncogenic transformation. To date, there is no other known
Golgi functioning oncoprotein, raising interesting questions about the
intersection between the pathophysiology of cancer and regulation of the
Golgi. More specifically, while it has been observed that GOLPH3 can
modulate phosphorylation of signaling molecules, the mechanism has
remained unclear for how a Golgi protein might be able to exert such influence
over the strength of growth factor signaling. The role of GOLPH3 in enhancing

cell survival following DNA damage lends some insight into why GOLPH3
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overexpression in tumors correlates with poor patient prognosis, but it doesn’t
seem to account for the effects on signaling and oncogenic transformation that
have been observed. Therefore, Chapter 2 provides a systematic experimental
investigation into how GOLPH3 regulates signal transduction. Chapter 3
documents additional studies uncovering the role for GOLPH3 in cancer cell
migration. Chapter 4 summarizes the current models for GOLPH3 in cancer

and considers directions for further study.
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1.7 Figures

MYO18A

F-actin

Figure 1.1: The Ptdins(4)/GOLPH3/MYO18A/F-actin pathway. (A) GOLPH3
binds to PtdIns(4)P-rich Golgi membranes and MYO18A creating a linkage
between the Golgi and F-actin. (B) The PtdIns(4)P/GOLPH3/MYO18A/F-actin
linkage applies a tensile force that pulls vesicles from the Golgi membrane.
Each component of the linkage is required for efficient vesiculation and Golgi-
to-plasma membrane trafficking. This figure is from Dippold et al., 2009.



Table 1.1: GOLPHS3 is frequently amplified in various tumor types. The table

summarizes results tumor microarray (TMA) samples subjected to

fluorescence in situ hybridization (FISH) for the 5p13 locus. GOLPH3 is the
functional target of 5p13 amplification. This table is from Scott, et al., 2009.

22

Number 5p13 Status
Cancer Type Informative
Cores Gain* Amplification**

Lung Carcinoma 48 27 (56.3%) 16 (33.3%)
Ovarian Carcinoma 48 18 (37.5%) 12 (25.0%)
Pancreatic Carcinoma 12 4 (33.3%) 3(25.0%)
Liver Carcinoma 17 5 (29.4%) 4 (23.5%)
Breast Carcinoma 31 10 (32.3%) 6 (19.4%)
Prostate Carcinoma 43 16 (37.2%) 8 (18.6%)
Melanoma 38 12 (31.6%) 7 (18.4%)
Colon Carcinoma 33 8 (24.2%) 4(12.1%)
Multiple Myeloma 37 3 (8.1%) 0

*Gain = signal to reference ratio > 1.5
**Amplification = signal to reference ratio > 2.5
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Figure 1.2: DNA damage-induces Golgi dispersal through the GOLPH3
pathway to enhance cell survival. Following DNA damage, DNA-PK
phosphorylates GOLPH3 on Thr143. Phosphorylation of GOLPH3 increases
the GOLPH3-MYO18A interaction, resulting in increased tensile force applied
to the Golgi, and dispersal of Golgi vesicles throughout the cytoplasm.
Overexpression of GOLPH3 enhances cell survival following DNA damage,

conferring resistance to DNA damaging agents. This figure is from Buschman
et al., 2015a.



24

v Extracellular
PI(4, 5)P2—> PIP3

"""" R i e '.\t T 'mu'm R m T
“ M\‘} “&‘ N M Wo‘n \ o‘o M K\\W ’ ‘n“nnMn‘

Q Y1068

T202/Y204

Figure 1.3: Simplified diagram of EGF-stimulated signaling. EGFR signaling is
activated when extracellular EGF binds to the EGFR at the plasma membrane,
facilitating receptor oligomerization and phosphorylation of cytoplasmic
tyrosine residues. The phosphorylated tyrosines of EGFR nucleate the
assembly of signaling complexes directly or via adaptor molecules,
propagating multiple branches of signaling, including ERK1/2 phosphorylation
and recruitment of PI-3-kinase to the plasma membrane where it catalyzes
PIP3 production. Both AKT and PDK1 are recruited by PIP3 at the plasma
membrane, where PDK1 phosphorylates AKT on Thr308. Then, AKT
phosphorylates Tuberin on Thr1462 and PRAS40 on Thr246 to promote
mTORC1 signaling, resulting in phosphorylation of p70S6K on Thr389.
Phosphorylation of AKT on Ser473 is mediated by mTORC2, also in response
to growth factor signaling.



CHAPTER 2: Requlation of growth factor signaling by GOLPH3

2.1 Summary

GOLPH3 is unique in being an oncogene that functions at the Golgi in
secretory trafficking. Perturbation of GOLPH3 has been shown to affect
phosphorylation events downstream of growth factor receptors. A number of
models have been proposed to explain the mechanism, involving novel roles
for GOLPH3. Here, using systematic analysis of signaling, we find that
depletion of GOLPH3 or its partner MYO18A impairs signaling at the level of
the growth factor receptors, and that this is a consequence of impaired
trafficking of the receptors from the Golgi to the plasma membrane.
Furthermore, we find that overexpression of GOLPH3 enhances growth factor
signaling via its function at the Golgi by driving receptor trafficking to the
plasma membrane. Thus, we conclude that GOLPH3-dependent Golgi-to-
plasma membrane trafficking of growth factor receptors is both necessary for,
and rate-limiting for growth factor signaling. The GOLPHS3 pathway provides
new insight into the role of the Golgi in establishing the strength of growth
factor signaling, and provides new targets for therapeutics to interfere with

growth factor signaling.

2.2 Introduction

We previously identified GOLPH3 as a novel Ptdins(4)P effector that

links the trans-Golgi to the unconventional myosin, MYO18A, to convey a
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tensile force that participates in vesicle exit for Golgi-to-plasma membrane
trafficking (Dippold et al., 2009; Bishé et al., 2012a; Farber-Katz et al., 2014;
Ng et al., 2013). Surprisingly, GOLPH3 is also an oncogene that is frequently
amplified in human cancers (Buschman et al., 2015a; Scott et al., 2009).
Overexpression of GOLPH3 is common in many cancers, and high expression
correlates with poor patient prognosis (Scott et al., 2009; Kunigou et al., 2011,
Lietal.,, 2011; Hua et al., 2012; Li et al., 2012; Wang et al., 2012; Zeng et al.,
2012; Zhou et al., 2012; Hu et al., 2013; Zhou et al., 2013; Hu et al., 2014;
JianXin et al., 2014; Li et al., 2014; Lu et al., 2014; Ma et al., 2014a, 2014b;
Peng et al., 2014; Tokuda et al., 2014; Wang et al., 2014; Xue et al., 2014; Y.
Zhang et al., 2014, L.-J. Zhang et al., 2014; X. Zhang et al., 2014; Zhou et al.,
2014; Dai et al., 2015). Thus, GOLPHS is the first example of an oncogene
that functions in Golgi trafficking, raising questions about the mechanism of
transformation. We previously demonstrated that GOLPH3 plays a key role in
the Golgi response to DNA damage, which promotes cell survival following
DNA damage (Farber-Katz et al., 2014). Since common cancer therapeutics
function via DNA damage, GOLPH3's role in the DNA damage response
provides a plausible explanation for the correlation between high expression
and poor prognosis in cancer. However, this seems unable to explain the
ability of GOLPH3 to cause oncogenic transformation.

Scott, et al. observed a role for GOLPH3 in modulating the strength of
growth factor signaling (Scott et al., 2009). They proposed a novel function for

GOLPHS3 mediated by mTOR, independent of GOLPHS3'’s function at the Golgi.
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Here we systematically examine the ability of GOLPH3 to modulate the
strength of growth factor signaling and trace it to regulation of the growth
factor receptors. We find that both GOLPH3 and MYO18A are required for
Golgi-to-plasma membrane trafficking of growth factor receptors. Therefore,
interference with the GOLPH3 pathway impairs signaling by growth factor
receptors, and everything downstream. We demonstrate that the requirement
for the GOLPH3 pathway for growth factor signaling, rather than involving a
novel signaling pathway, is a consequence of its function in Golgi-to-plasma
membrane trafficking. Furthermore, overexpression of GOLPH3 is capable of
driving enhanced growth factor signaling by driving increased receptor levels
at the plasma membrane. Thus, surprisingly, we find that GOLPH3-dependent
Golgi-to-plasma membrane trafficking is rate-limiting for growth factor

signaling.

2.3 Results

2.3.1 GOLPH3 and MYO18A are required for growth factor signaling

It was previously shown that knockdown of GOLPH3 interferes with
growth factor stimulated phosphorylation of AKT on Ser473 and p70S6K on
Thr389 (Abraham, 2009; Scott et al., 2009; Scott and Chin, 2010; Zeng et al.,
2012). Since these are dependent on the mTOR complexes mTORC2 and
MTORC1, respectively, it was proposed that GOLPH3 may function to

regulate mTOR, independent of GOLPH3’s role at the Golgi (Scott et al.,
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2009). To better understand how GOLPH3 influences growth factor signaling,
we systematically assessed changes in signaling caused by perturbation of
GOLPH3. First, we sought to reproduce the published result (Scott et al.,
2009) that knockdown of GOLPHS3 interferes with EGF-stimulated
phosphorylation of AKT on Ser473 and p70S6K on Thr389 in A549 cells. We
performed Western blots on whole cell SDS lysates of control or GOLPH3
knockdown A549 cells that were growth factor-starved or starved and
stimulated with 10 ng/ml EGF for 5 minutes. As reported, we observed that
although EGF robustly stimulated the phosphorylation of AKT on Ser473 and
p70S6K on Thr389 in control A549 cells, knockdown of GOLPH3 significantly
impaired this response to EGF (Figure 2.1).

p70S6K phosphorylation by mTORC1 is downstream of AKT (Manning
and Cantley, 2007), and a defect in this phosphorylation might be due to
impaired activation of AKT. To determine whether signaling downstream of
AKT is generally impaired by knockdown of GOLPH3, we examined
phosphorylation of two direct AKT substrates, PRAS40 on Thr246 (Kovacina
et al., 2003) and Tuberin on Thr1462 (Inoki et al., 2002; Manning et al., 2002).
We observed that these EGF-stimulated phosphorylation events were similarly
impaired by knockdown of GOLPH3 (Figure 2.1).

Since phosphorylation of AKT on Ser473, as well as two AKT
substrates, was reduced by GOLPH3 depletion, this suggested that the
reduction in signaling might not be due to an effect on mTOR, but that

GOLPH3 might influence signaling further upstream. To assess EGF-
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stimulated signaling independent of the AKT pathway, we examined the role of
GOLPH3 in the ERK branch of growth factor signaling, as measured by
ERKZ1/2 phosphorylation on Thr202/Tyr204 (Figure 2.1). While EGF stimulated
robust phosphorylation of ERK1/2 on Thr202/Tyr204 in control cells, it was
significantly impaired by knockdown of GOLPHS3. As expected, pre-treatment
with the PI-3-kinase inhibitor wortmannin (100 nM for 10 minutes) abolished
phosphorylation of AKT, its substrates PRAS40 and Tuberin, and the
downstream target p70S6K, but did not impair phosphorylation of ERK1/2.
However, wortmannin did not alter the requirement for GOLPH3 for
phosphorylation of ERK1/2, indicating that GOLPH3’s role is independent of
the PI-3-kinase/AKT/mTORCL1 pathway.

Since both the AKT and ERK branches of signaling are impaired by
depletion of GOLPHS3, we suspected that GOLPHS3 acts at the level of the EGF
receptor (EGFR) itself. We assessed phosphorylation of the EGFR on Tyr1068
and Tyr1086, observing that EGF stimulated phosphorylation in control cells,
but this phosphorylation was significantly impaired upon knockdown of
GOLPHS3. Notably, this was also true in cells pre-treated with wortmannin,
again indicating that GOLPH3's role is independent of events downstream of
PI-3-kinase. The defect in signaling by the EGFR itself upon knockdown of
GOLPH3 provides a parsimonious explanation for all of the downstream
effects on signaling.

To determine if the role of GOLPH3 in signaling by the EGFR is

restricted to A549 or is more general, we next examined signaling in HeLa
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cells. Again, we observed that knockdown of GOLPH3 impairs signaling by
the EGFR itself (Tyr1068), with consequently impaired downstream signaling,
including defects in AKT phosphorylation (Ser473 and Thr308), ERK1/2
(Thr202/Tyr204), PRAS40 (Thr246), and Tuberin (Thrl1462) (Figure 2.2A).
Quantification of multiple independent experiments indicates a highly
significant, >50% reduction in signaling upon knockdown of GOLPH3 (Figure
2.2B). Furthermore, we found that three independent siRNAs targeted against
GOLPH3 similarly impair EGF-stimulated signaling (Figure 2.3), indicating that
the effect on signaling is due to knockdown of GOLPHS3, rather than an off-
target effect of an siRNA. We also examined signaling in normal primary
human umbilical vein endothelial cells (HUVECs) and human glioblastoma-
derived U87 cells. In both, we again observed impaired EGF signaling upon
depletion of GOLPHS3 (Figures 2.4A and 2.5). We conclude that the
requirement for GOLPH3 for growth factor signaling is common to many types
of cells.

To determine whether GOLPH3’s role in growth factor signaling occurs
via its function in Golgi trafficking in the Ptdins(4)P/GOLPH3/MYO18A
pathway, we examined whether MYO18A is also required for EGF signaling. In
HeLa cells we observed that knockdown of MYO18A completely recapitulated
the effect of knockdown of GOLPH3, resulting in a defect in EGF stimulated
phosphorylation of the EGFR, and a defect in all downstream signaling as well
(Figure 2.2A). Quantification revealed a significant, >45% reduction in

signaling upon knockdown of MYO18A, similar to the effect of knockdown of
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GOLPHS3 (Figure 2.2B). Comparable results are observed with knockdown of
MYO18A with each of three distinct sSiRNA oligonucleotides (Figure 2.6).
MYO18A is likewise required for EGF signaling in HUVECs and U87
glioblastoma cells (Figures 2.4B and 2.5). Since GOLPH3 and MYO18A are
both required for EGF signaling, we infer that the GOLPH3/MYO18A pathway
that functions at the Golgi is required for EGF signaling.

Because we observed that GOLPH3 and MYO18A were required for
efficient EGF-stimulated activation of EGFR, we wondered whether signaling
by other growth factors also depends upon GOLPH3 and MYO18A. HeLa cells
express detectable levels of insulin and IGF1-receptors (Giudice et al., 2013;
McKeon et al., 1990), allowing detection of insulin-stimulated signaling (Figure
2.7A). While stimulation by insulin increased the phosphorylation of both AKT
(Thr308 and Ser473) and ERK1/2 (Thr202/Tyr204) in control cells, knockdown
of either GOLPH3 or MYO18A impaired both AKT and ERK signaling.
Quantification of multiple independent experiments demonstrated a significant
reduction in insulin-stimulated phosphorylation of AKT and ERK upon
depletion of GOLPH3 or MYO18A (Figure 2.7B). As with the response to EGF,
ablation of PI-3-kinase signaling by wortmannin abolished AKT
phosphorylation, but did not abolish the effect of GOLPH3 or MYO18A
knockdown on insulin-stimulated phosphorylation of ERK. These data
demonstrate that the role of GOLPH3/MYO18A in modulating insulin signaling

is independent of the PI-3-kinase/AKT/mTORC1 pathway.
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Next, to test signaling stimulated by another growth factor, we
examined signaling by the PDGF receptor. HelLa cells do not express PDGF
receptors (Pietras et al., 2008), but PDGF responsiveness can be
reconstituted by expression of exogenous PDGFRB-GFP (Figure 2.8A) (Haj et
al., 2002; Lim et al., 2010). In HeLa cells transfected with increasing amounts
of a PDGFRB-GFP expression vector we observed increasing PDGF-BB-
stimulated phosphorylation of the receptor on Tyr751 and of AKT on Thr308
and Ser473 but not in mock transfected cells. The response to PDGF was
impaired by knockdown of GOLPH3, where we observed reduced
phosphorylation of the PDGF receptor, as well as reduced phosphorylation of
AKT on Thr308 and Ser473. Quantification of multiple independent
experiments demonstrated a significant reduction in PDGFRJ signaling upon
depletion of GOLPHS3 (Figure 2.8B). Collectively, our results lead to the
conclusion that the GOLPH3/MYO18A pathway is required for efficient signal
transduction by multiple growth factor receptors, due to impaired signaling by
the receptors themselves.

Cell cycle entry is a pivotal consequence of growth factor stimulated
signaling (Sherr, 1996). Thus, we asked whether EGF-stimulated cell cycle
entry was affected by interference with the GOLPH3/MYO18A pathway. We
synchronized HelLa cells in Go by removal of serum from the growth medium
for 24 hours, stimulated re-entry into the cell cycle with EGF treatment, and at
various timepoints measured the distribution of DNA content in each

population of cells (Figure 2.9A). In control cells, following 20 hours of EGF
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stimulation there is an increase in the fraction of cells with 4N DNA content,
indicating progression to the G2/M phase of the cell cycle. By contrast, the
ability of EGF treatment to stimulate re-entry into the cell cycle is significantly
impaired by siRNA-mediated depletion of either GOLPH3 or MYO18A (Figure
2.9B). Our results demonstrate that growth factor stimulated signal
transduction, from the activation of the receptor to the mitogenic response, is

dependent upon the GOLPH3/MYO18A pathway.

2.3.2 GOLPH3 and MYO18A are required for Golgi-to-plasma membrane
trafficking of the EGFR

The observations that GOLPH3 and MYO18A function in Golgi-to-
plasma membrane trafficking (Bishé et al., 2012a; Dippold et al., 2009; Farber-
Katz et al., 2014; Ng et al., 2013), and that both are required for efficient
growth factor signaling, suggested a model whereby the requirement for
GOLPH3 and MYO18A for growth factor signaling is due to the requirement
for the receptor to traffic to the plasma membrane in order to encounter
extracellular growth factors. We wondered whether knockdown of GOLPH3 or
MYO18A would modify trafficking of growth factor receptors, thus altering the
subcellular localization of the receptors. We examined the subcellular
localization of the EGFR in control versus GOLPH3 or MYO18A knockdown
HeLa cells (Figure 2.10A). Cells were serum-starved, reducing EGFR
internalization, leading to its accumulation at the plasma membrane in control

cells (Wiley et al., 1991). By contrast, knockdown of either GOLPH3 or
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MYO18A resulted in significant intracellular localization of the EGFR, with a
consequent decrease in the amount of EGFR at the plasma membrane.
Quantification of the fraction of EGFR at the plasma membrane demonstrated
a highly significant reduction caused by knockdown of GOLPH3 or MYO18A
(Figure 2.10B).

To determine if the reduction of EGFR at the plasma membrane was
due to a defect in Golgi-to-plasma membrane trafficking, we examined
whether there was a corresponding increase in the amount of EGFR at the
Golgi. To allow for unambiguous identification of the Golgi we used a HelLa
cell line that we generated that stably expresses the transmembrane Golgi
localization domain of a-mannosidase Il fused to Green Fluorescent Protein
(Manll-GFP) (Llopis et al., 1998). Immunofluorescence to examine EGFR
subcellular localization revealed an increase at the Golgi upon knockdown of
GOLPH3 or MYO18A (Figure 2.11A). Quantification demonstrated the effect to
approximately mirror the decrease in EGFR at the plasma membrane, and
again was highly significant (Figure 2.11B).

Our data demonstrate a role for GOLPH3 and MYO18A in growth factor
signaling due to their role in Golgi-to-plasma membrane trafficking to deliver
receptors to the plasma membrane. Thus, the GOLPH3/MYO18A pathway is
required for signaling at the level of the receptor, and therefore for all
downstream signaling as well. We conclude that the requirement for GOLPH3
and MYO18A for growth factor signaling, rather than requiring a novel,

unknown growth factor signaling pathway, is a predictable consequence of
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their role in Golgi-to-plasma membrane trafficking, although unanticipated in
the literature (Abraham, 2009; Scott et al., 2009; Scott and Chin, 2010; Zeng

et al., 2012).

2.3.3 GOLPHS3 overexpression at the Golgi enhances growth factor
signaling

It is surprising that GOLPHS3, a protein that functions in Golgi-to-plasma
membrane trafficking, is an oncogene (Abraham, 2009; Buschman et al.,
2015a; Dai et al., 2015; Hua et al., 2012; Hu et al., 2013, 2014; JianXin et al.,
2014; Kunigou et al., 2011; Li et al., 2014, 2012, 2011; Lu et al., 2014; Ma et
al., 2014a, 2014b; Peng et al., 2014; Scott et al., 2009; Scott and Chin, 2010;
Tokuda et al., 2014; Wang et al., 2012, 2014; Xue et al., 2014; Zeng et al.,
2012; L.-J. Zhang et al., 2014; X. Zhang et al., 2014; Y. Zhang et al., 2014;
Zhou et al., 2012, 2014, 2013). We wondered whether GOLPH3 could be rate-
limiting for growth factor signaling, at least in some circumstances. Previously,
overexpression of GOLPH3 was reported to promote phosphorylation of AKT,
p70S6K, FOXO1, and GSK3p (Scott et al., 2009; Zeng et al., 2012), all of
which are known to occur downstream of growth factor receptor signaling
(Alessi et al., 1996; Brunet et al., 1999; Cross et al., 1995; Dennis et al.,
1996). Previous studies hypothesized that overexpression of GOLPH3 might
enhance signaling via a direct effect on mTOR, independent of GOLPH3’s role
at the Golgi (Abraham, 2009; Scott et al., 2009; Scott and Chin, 2010). To

examine the effect of overexpression of GOLPH3 on growth factor signaling
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we generated a bicistronic GOLPH3-IRES-GFP expression vector to allow
overexpression of untagged GOLPH3 along with GFP by transient
transfection. We examined the effect of overexpression of GOLPH3 on EGFR
signaling in the breast cancer-derived MDA-MB-231 cell line, to first
recapitulate the published observation of increased phosphorylation of AKT on
Serd473 (Zeng et al., 2012). By Western blot we observed that serum-starved,
control IRES-GFP transfected MDA-MB-231 cells respond to EGF with
increased phosphorylation of the EGFR at Tyr1068 and of AKT on Ser473
(Figure 2.12). Overexpression of GOLPH3 enhanced the response to EGF,
with increased phosphorylation of AKT, as reported, but we also observed
increased phosphorylation of the EGFR, as well. To test whether the ability of
GOLPH3 to drive enhanced signaling is due to its function at the Golgi we
compared wild-type (WT) GOLPH3 to the RO0L point mutant that is unable to
bind to PtdIns(4)P and thus unable to localize to the Golgi (Dippold et al.,
2009). Unlike WT GOLPH3, GOLPH3(R90L) was unable to enhance EGF
signaling, indicating that the ability of GOLPHS3 to drive growth factor signaling
depends on its function at the Golgi.

The effect on signaling we observed by Western blot was limited by the
efficiency of transient transfection, and thus we next examined signaling using
a single cell assay. We used GFP fluorescence to identify cells expressing
either GOLPH3-IRES-GFP or the IRES-GFP control, and could detect in each
cell phosphorylation of AKT on Ser473 using immunofluorescence microscopy

(Figure 2.13A). Increased phosphorylation of AKT was detected in response to
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stimulation with EGF, and this was blocked by pre-treatment with wortmannin,
providing confidence in the specificity of the assay for phosphorylated AKT
(Sera73) (Figure 2.13A). Furthermore, we observed increased phosphorylation
of AKT on Ser473 in cells overexpressing GOLPH3. We quantified phospho-
AKT (Ser473), pooling data from multiple experiments, observing a significant
increase in EGF-stimulated phosphorylation of AKT caused by overexpression
of GOLPH3 (Figure 2.13B).

To determine whether signaling stimulated by other growth factors was
enhanced by GOLPHS3 overexpression, we measured the response to insulin.
We found that GOLPHS3 overexpression significantly enhanced insulin-
stimulated phosphorylation of AKT (Ser473) (Figure 2.14). To determine if the
ability of GOLPH3 to drive increased signaling is dependent on its function at
the Golgi, we examined the effect of the GOLPH3(R90L) point mutant. Since
the ROOL mutation ablates the ability of GOLPHS3 to drive enhanced signaling,
we conclude that overexpression of GOLPHS3 influences signaling through its
function at the Golgi.

Since Western blotting indicated that overexpression of GOLPH3
resulted in enhanced signaling at the level of the receptor itself, we further
examined phosphorylation of the EGFR using single-cell immunofluorescence.
We examined EGFR (Tyr1068) phosphorylation in response to EGF, using
immunofluorescence to measure EGFR phosphorylation specifically in cells
that were overexpressing GOLPH3-IRES-GFP or the IRES-GFP control

(Figure 2.15A). We found that overexpression of GOLPH3 led to a significant
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increase in EGF-stimulated EGFR (Tyr1068) phosphorylation (Figure 2.15B).
Again, the GOLPH3(R90L) mutant had no effect. Thus, we conclude that
GOLPH3’s function at the Golgi is rate-limiting for growth factor receptor

signaling.

2.3.4 GOLPHS3 overexpression promotes trafficking of the EGFR to the
plasma membrane

Given that GOLPH3 is required to maintain normal plasma membrane
levels of EGFR (Figure 2.10, A and B), we wondered whether the ability of
GOLPH3 to drive enhanced signaling is due to increased delivery of the
growth factor receptor to the plasma membrane. Therefore, we examined
EGFR localization to the plasma membrane upon overexpression of GOLPH3.
We transiently transfected MDA-MB-231 cells with expression vectors for
GOLPH3-IRES-GFP or IRES-GFP. We rendered the cells quiescent by
serum-starvation, thus resulting in accumulation of the EGFR at the plasma
membrane. We then used immunofluorescence to examine the subcellular
localization of the EGFR in GFP-positive cells (Figure 2.16A). As shown,
overexpression of GOLPH3 results in a significant increase in EGFR
localization to the plasma membrane. We quantified EGFR localization at the
plasma membrane relative to total expression, demonstrating a highly
significant increase in EGFR localization to the plasma membrane caused by
overexpression of GOLPH3 (Figure 2.16B). By comparison, the

GOLPH3(R90L) point mutant has no effect, indicating that GOLPH3’s ability to
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drive the EGFR to the plasma membrane is dependent on GOLPH3’s ability to
bind to Ptdins(4)P, and thus to localize to the Golgi. The ability of GOLPHS3 to
control the delivery of the EGFR to the plasma membrane provides a
satisfying explanation for the mechanism by which a Golgi protein can

modulate the strength of growth factor signaling.

2.4 Discussion

2.4.1 Regulation of growth factor receptor trafficking and signaling

The discovery that GOLPH3 is an oncogene, together with the
discovery that GOLPH3 functions at the Golgi, made an unprecedented link
between cancer and secretory trafficking, although the mechanism remained
unclear. Indeed, attempts to explain how GOLPH3 can modulate growth factor
signaling involved the proposal of novel functions for GOLPH3 (Dai et al.,
2015; Isaji et al., 2014; Scott et al., 2009; Scott and Chin, 2010; Zeng et al.,
2012; X. Zhang et al., 2014; Zhou et al., 2014, 2013), unrelated to its well-
documented role at the Golgi in trafficking to the plasma membrane (Bishé et
al., 2012a; Dippold et al., 2009; Farber-Katz et al., 2014; Ng et al., 2013).
Here, by using unbiased, systematic mapping of the effect of GOLPH3 on
growth factor signaling, we found that the GOLPH3 pathway is required for
growth factor signaling because it is required for trafficking of growth factor
receptors from the Golgi to the plasma membrane. Trafficking to the plasma

membrane is required for growth factor receptors to have access to
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extracellular growth factor ligands. This provides a straightforward explanation
for the role of a Golgi protein in growth factor signaling. Surprisingly, we find
that GOLPH3-dependent Golgi-to-plasma membrane trafficking is rate-limiting
for growth factor signaling. It will be interesting to determine whether
regulation of GOLPH3-dependent trafficking might be used for physiological

cell autonomous regulation of cellular reception of growth factor signals.

2.4.2 Quantitative changes in signaling

Throughout this study we attempt careful measurements of quantitative
effects. Our measurements are sufficient to allow assessment of statistical
significance of differences across treatments. Interpretation of the magnitude
of observed effects is less certain since we cannot be confident of the linearity
of all of the assays. Nevertheless, if taken at face value, we can use these
data to calculate a Hill coefficient for the input/output relationship between
EGFR concentration at the plasma membrane and EGFR phosphorylation.
Using data from our knockdown and overexpression experiments we calculate
a Hill coefficient of 3.8 + 0.2 (mean + SEM). While it is well known that the
EGFR forms at least a dimer (Yarden and Schlessinger, 1987; Schlessinger,
2002), our results are consistent with several studies that conclude that the
EGFR functions as a tetramer (van Belzen et al., 1988; Whitson et al., 2004,

Clayton et al., 2005, 2008).

2.4.3 Regulatory feedback
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Recent studies have indicated that growth factor signaling regulates
Ptdins(4)P levels at the Golgi. In particular, Blagoveshchenskaya et al.
observe that p38/MAPK activation downstream of growth factor receptor
signaling leads to phosphorylation of SAC1, the PtdIns(4)P-4-phosphatase
(Blagoveshchenskaya et al., 2008). This phosphorylation causes SAC1 to
relocalize from the Golgi to the ER, resulting in elevated levels of PtdIns(4)P at
the Golgi and consequently increased secretory trafficking following growth
factor stimulation. GOLPH3 is a major effector of Ptdins(4)P, and thus taken
together with the data presented here, this suggests a role for the GOLPH3
pathway in a positive feedback loop in growth factor signaling. It will be

interesting to investigate the significance of this possibility.

2.4.4 Consequences for cancer biology

The present study demonstrates that the GOLPH3 pathway is required,
and rate-limiting for delivery of growth factor receptors to the plasma
membrane. More generally, we have observed that the GOLPH3 pathway is
required for delivery to the plasma membrane of a wide variety of proteins
(Bishé et al., 2012a; Dippold et al., 2009; Ng et al., 2013). Thus, we expect
that perturbations of the GOLPHS3 pathway likely will have pleiotropic effects
on cell function. We suspect that, like many other oncogenes, there may exist
multiple mechanisms for GOLPHS3 to promote cancer initiation and/or
progression via modulation of Golgi-to-plasma membrane trafficking. Notably,

overexpression of GOLPH3, through its function at the Golgi, can confer
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resistance to killing by DNA damaging agents (Farber-Katz et al., 2014). There
also is evidence that overexpression of GOLPH3 can increase cell migration
and invasion, again through its function at the Golgi (Isaji et al., 2014; Tokuda
et al., 2014). Itis possible that all of these effects are the result of enhanced
growth factor signaling due to overexpression of GOLPH3. For example,
EGFR signaling is known to modify the cellular response to DNA damage (Lee
et al., 2012). However, we suspect that the consequence of overexpression of
GOLPHa3 likely results from perturbed trafficking of multiple cargoes, producing
pleiotropic effects.

Nevertheless, GOLPH3'’s ability to modulate growth factor signaling is
likely an important part of its role in cancer. Indeed, previous publications
suggest that the ability of GOLPH3 to cause oncogenic transformation in
xenograft mouse models is dependent on signaling downstream of mMTORC1
(Scott et al., 2009). GOLPH3'’s role in growth factor signaling also has
important therapeutic implications. Interference with growth factor signaling is
now a well-validated strategy for cancer therapeutics. This therapeutic
approach has been limited by the appearance of mutations in the drug binding
site, or by activation of alternative growth factor receptors (Niederst and
Engelman, 2013). Notably, we have demonstrated that interfering with the
GOLPH3 pathway interferes with signaling by multiple growth factor receptors.
Moreover, the mechanism, a defect in trafficking to the plasma membrane,
suggests that interference with the GOLPH3 pathway likely impairs signaling

by all growth factor receptors. We expect that even mutated, constitutively
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active receptors will depend on trafficking to the plasma membrane, since PI-
3-kinase signaling requires its substrate, PtdIins(4,5)P2, which is uniquely
enriched at the plasma membrane. Thus, the GOLPH3 pathway presents an
interesting target for novel cancer therapeutics. Regardless, the GOLPH3
pathway reveals an important, previously unappreciated role for the Golgi in

regulating the strength of growth factor signaling.

2.5 Materials and methods

2.5.1 Cell culture

Mammalian cell lines including HeLa S3, A549, U87, and MDA-MB-231
cells were grown according to American Type Culture Collection (ATCC)
guidelines. HUVECs were maintained in EGM-2 medium (Lonza). HelLa cells
stably expressing a-mannosidasell-GFP (Llopis et al., 1998) were generated
by transfection using linear polyethyleneimine MW 25K and G418 resistant
clones were selected. For serum-starvation, cells were washed once with PBS
and placed in media lacking serum and growth factors for 18 hours (unless
otherwise noted) prior to growth factor stimulation and lysis or fixation. Cells
were stimulated with the indicated amount of recombinant human EGF (Life
Technologies), recombinant human insulin (Sigma-Aldrich), or recombinant
human PDGF-BB (Austral Biologicals) for the indicated time prior to lysis or

fixation.
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2.5.2 siRNA and plasmid transfections

SiIRNA sequences and transfections were carried out as previously
described (Dippold et al., 2009) in HeLa, A549, and U87 cells. siRNA
transfection into HUVECs was performed using DharmaFECT (Thermo
Scientific). Unless indicated otherwise, GOLPH3 siRNA #3 and MYO18A
SsiRNA #1 were used. GOLPH3-IRES-GFP and related overexpression
plasmids were described previously (Farber-Katz et al., 2014). Plasmids were

transiently transfected using TransIT LT-1 transfection reagent (Mirus Bio).

2.5.3 Antibodies and reagents

AKT, pAKT (Ser4d73), pAKT (Thr308), pp70S6K (Thr389), Tuberin,
pTuberin (Thrl462), PRAS40, pPRAS40 (Thr246), pERK 1/2 (Thr202/Tyr204),
EGFR, pEGFR (Tyr1068), pEGFR (Tyr1086), PDGFRp, PDGFRp (Tyr751)
and GAPDH antibodies were from Cell Signaling Technologies. GOLPH3 and
MYO18A antibodies were previously described (Dippold et al., 2009). GFP
and EGFR (528) antibodies were from Santa Cruz Biotechnology. TGN46
antibody was from Serotec. Horseradish peroxidase (HRP) conjugated mouse
anti-rabbit immunoglobulin secondary for Western blot was from Jackson
ImmunoResearch. AlexaFluor (488, 594, and 647)-conjugated secondary
antibodies for immunofluorescence and Cy5-phalloidin were from Life

Technologies.

2.5.4 Cell lysis and Western blotting
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Cells were lysed by the addition of boiling SDS sample buffer, collected
into microfuge tubes, and boiled at 100°C for 5 minutes. Lysates were
resolved by SDS-PAGE, transferred to PVDF for Western blotting and
detection by enhanced chemiluminescence. Western blot band intensities
were measured with ImageJ software, subtracting the adjacent background,
and normalized to loading assessed by GAPDH, and then normalized to the

parallel control.

2.5.5 Fluorescence microscopy and image analysis

Cells were fixed in 3.7% paraformaldehyde and permeabilized with
0.1% Triton X-100 prior to immunostaining. Fluorescence microscopy was
performed with an Olympus IX81-ZDC spinning-disk confocal microscope and
Slidebook software. Image analysis was performed using CellProfiler software
(Carpenter et al., 2006). Measurement of plasma membrane localization of the
EGFR was determined for each cell by examining a single confocal z-plane in
the middle of the cell, segmenting the cell into the plasma membrane as a 2-3
pixel thick rim located at the outer boundary of phalloidin staining or GFP
fluorescence, and calculating the fraction of signal at the rim compared to total
EGFR across the slice. For overexpression experiments, transfected cells
were identified by expression of GFP fluorescence produced by the bicistronic
IRES constructs. pAKT (Ser473) or pEGFR (Tyr1068) signal were measured
from maximum projection images, with background determined from control

images in the absence of primary antibody staining, and signal intensities were
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normalized to the growth factor stimulated controls (transfected with IRES-

GFP).
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Figure 2.1: EGFR signaling in A549 cells requires GOLPH3. A549 cells were

transfected with the indicated siRNAs, serum-starved, pre-treated (as
indicated) with wortmannin (100 nM for 10 minutes), stimulated (or not) with
EGF (10 ng/ml for 5 minutes), and then whole cell lysates analyzed by

Western blotting using the indicated antibodies.
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Figure 2.2: EGFR signaling in HeLa cells requires GOLPH3 and MYO18A. (A)
HelLa cells were transfected with the indicated siRNAs, serum-starved, and
then stimulated (or not) with EGF (10 ng/ml for 5 minutes), and then whole cell
lysates analyzed by Western blotting using the indicated antibodies. (B)
Quantification of phosphorylation of indicated proteins from (A) normalized to
protein loading assessed by GAPDH. Mean and SEM are indicated for pooled
data from N independent experiments, as indicated. p-values are calculated by
t-test.



HelLa
serum-
starved +EGF
- <
[2e]
. GOLPH3 &
siRNA: Control #1 #2 #3 E
Relative Load (%):S 10 25100 S 8 8 8
pEGFR (Y1068) e bt b et b
pEGFR (Y1086) | -
EGFR [ — e -
pAKT (T308) R
PAKT (S473)| P ——— |

AT = DD

ppERK1/2

GOLPH3 »
non-specific

GAPDH t- —

Figure 2.3: Knockdown of GOLPH3 with different siRNA oligonucleotides
inhibits EGFR signaling. HeLa cells were transfected with the indicated
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siRNAs, serum-starved, stimulated (or not) with EGF (10 ng/ml for 5 minutes),

and then whole cell lysates analyzed by Western blotting using the indicated

antibodies.
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Figure 2.4: EGFR signaling in HUVECs requires GOLPH3 and MYO18A. (A)
HUVECs were transfected with the indicated siRNAs, growth factor and
serum-starved, and then stimulated (or not) with EGF (10 ng/ml for 5 minutes),
and then whole cell lysates analyzed by Western blotting using the indicated
antibodies. (B) HUVECs were transfected with the indicated siRNAs, treated
and processed as in (A). Vertical line indicates omission of irrelevant

intervening lane.
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Figure 2.5: EGFR signaling in U87 cells requires GOLPH3 and MYO18A. U87
cells were transfected with the indicated siRNAs, serum-starved, stimulated
(or not) with EGF (10 ng/ml for 5 minutes), and then whole cell lysates
analyzed by Western blotting using the indicated antibodies.
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Figure 2.6: Knockdown of MYO18A with different siRNA oligonucleotides
inhibits EGFR signaling. HeLa cells were transfected with the indicated
siRNAs, serum-starved, stimulated (or not) with EGF (10 ng/ml for 5 minutes),
and then whole cell lysates analyzed by Western blotting using the indicated
antibodies.
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Figure 2.7: Insulin signaling requires GOLPH3 and MYO18A. (A) HelLa cells
were transfected with the indicated siRNAs, serum-starved, pre-treated (as
indicated) with wortmannin (100 nM for 10 minutes), stimulated (or not) with
insulin (10 pg/ml for 5 minutes), and then whole cell lysates were Western
blotted using the indicated antibodies. (B) Quantification of phosphorylation of
indicated proteins from (A) normalized to protein loading assessed by GAPDH.
Mean and SEM are indicated for pooled data from N independent
experiments, as indicated. p-values are calculated by t-test.
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Figure 2.8: PDGF signaling requires GOLPHS3. (A) HeLa cells were
transfected with the indicated siRNAs and plasmids, serum-starved, stimulated
(or not) with PDGF-BB (50 ng/ml for 15 minutes), and then whole cell lysates
were Western blotted using the indicated antibodies. (B) Quantification of
phosphorylation of indicated proteins from (A) normalized to protein loading
assessed by GAPDH. Mean and SEM are indicated for pooled data from N
independent experiments, as indicated. p-values are calculated by t-test.
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Figure 2.9: Cell-cycle re-entry requires GOLPH3 and MYO18A. (A) HelLa cell
cycle was analyzed by measuring DNA content following 24 hour serum-
starvation (blue diamond) and EGF stimulation (50 ng/ml) for 20 hours (red
square). (B) HeLa cells were transfected with the indicated siRNAs, serum-
starved as in (A) followed by stimulation (or not) with EGF (50 ng/ml) for the
indicated times and percent of cells in G2/M was measured as in (A). Graphed
are mean and SEM of data pooled from three independent experiments. p-
values are calculated by two-way ANOVA.
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Figure 2.10: Plasma membrane EGFR is reduced by knockdown of GOLPH3
or MYO18A. (A) HeLa cells were transfected with the indicated siRNAs,
serum-starved prior to fixation, permeabilization, and staining with DAPI and
EGFR antibody. (B) Quantification of the fraction of EGFR at the plasma
membrane, relative to control cells. Data are pooled from four independent
experiments, with N indicating the number of cells analyzed. Graphed are
mean and SEM. p-values are calculated by t-test.
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Figure 2.11: GOLPH3 and MYO18A are required for Golgi-to-plasma
membrane trafficking of the EGFR. (A) HelLa cells stably expressing the Golgi
marker Manll-GFP were transfected with the indicated siRNAs, serum-starved
prior to fixation, permeabilization, and staining with DAPI and EGFR antibody.
(B) Quantification of the fraction of EGFR at the Golgi, relative to control cells.
Data are pooled from two independent experiments, with N indicating the
number of cells analyzed. Graphed are mean and SEM. p-values are
calculated by t-test.
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Figure 2.12: GOLPH3 overexpression enhances EGF signaling. MDA-MB-231
cells were transfected with IRES-GFP, GOLPH3(WT)-IRES-GFP, or
GOLPH3(R90L)-IRES-GFP expression plasmids, serum-starved, and
stimulated (or not) with EGF (100 ng/ml for 5 minutes). Western blots were
performed on whole cell lysates using the indicated antibodies.



59

A MDA-MB-231 B
IRES-GFP GOLPH3-IRES-GFP 2.0 |

+ + p<105 <1020
- * —
1.5
0.5 A
10 um I I
— 0.0 -
EGF; - + - + +
Wortmannin: = = = - +
IRES- GOLPH3-
GFP  IRES-GFP

Figure 2.13: GOLPH3 overexpression enhances EGF-stimulated AKT
phosphorylation. (A) MDA-MB-231 cells were transfected with IRES-GFP or
GOLPH3-IRES-GFP plasmid, serum-starved, pre-treated with wortmannin
(100 nM for 10 minutes) where indicated, then stimulated (or not) with EGF
(100 ng/ml for 5 minutes) before fixation. Immunostaining for pAKT (Ser473) is
shown in red and transfected cells were identified by GFP green fluorescence.
DAPI (blue) identifies the nucleus. (B) Quantification of relative pAKT (Ser473)
levels from (A), adjusted for background (assessed by omission of primary
antibody) and normalized to EGF-stimulated, IRES-GFP expressing cells.
Data are pooled from two independent experiments. Graphed are mean and
SEM, with the number of cells analyzed (N) indicated. p-values calculated by t-
test.
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Figure 2.14: GOLPH3 overexpression enhances insulin-stimulated AKT
phosphorylation. MDA-MD-231 cells were transfected with IRES-GFP,
GOLPH3(WT)-IRES-GFP, or GOLPH3(R90L)-IRES-GFP plasmid, serum-
starved, pre-treated with wortmannin (100 nM for 10 minutes) where indicated,
then stimulated (or not) with insulin (10 pug/ml for 5 minutes) before fixation
and immunostaining for pAKT (Ser473). Relative pAKT (Ser473) levels from
transfected cells (identified by GFP green fluorescence) are indicated,
adjusted for background (assessed by omission of primary antibody) and
normalized to insulin-stimulated, IRES-GFP expressing cells. Data are pooled
from two independent experiments. Graphed are mean and SEM, with the
number of cells analyzed (N) indicated. p-values calculated by t-test.
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Figure 2.15: GOLPH3 overexpression enhances EGF-stimulated EGFR
phosphorylation. (A) MDA-MB-231 cells were transfected with IRES-GFP,
GOLPH3(WT)-IRES-GFP, or GOLPH3(R90L)-IRES-GFP plasmid, serum-
starved, then stimulated with EGF (100 ng/ml for 5 minutes) before fixation
and permeabilization. Immunostaining for pEGFR (Tyr1068) is shown in red
and transfected cells were identified by GFP green fluorescence. DAPI (blue)
identifies the nucleus. (B) Quantification of relative pEGFR (Tyr1068) levels
are indicated, adjusted for background (assessed by omission of primary
antibody) and normalized to EGF-stimulated, IRES-GFP expressing cells.
Data are pooled from three independent experiments. Graphed are mean and
SEM, with the number of cells analyzed (N) indicated. p-values calculated by t-
test.
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Figure 2.16: GOLPH3 overexpression increases EGFR levels at the plasma
membrane. (A) MDA-MB-231 cells were transfected with IRES-GFP,
GOLPH3(WT)-IRES-GFP, or GOLPH3(R90L)-IRES-GFP plasmid and serum-
starved prior to fixation and permeabilization. Transfected cells were identified
by GFP green fluorescence for inclusion in analysis. Immunostaining of EGFR
(red) is shown overlayed with DAPI (blue). (B) Quantification of the fraction of
EGFR at the plasma membrane, relative to control (IRES-GFP expressing)
cells. Data are pooled from four independent experiments, with N indicating
the number of cells analyzed. Graphed are mean and SEM. p-values are
calculated by t-test.



CHAPTER 3: GOLPH3 drives cell migration by promoting Golqgi

reorientation and directional trafficking to the leading edge

3.1 Summary

The mechanism of directional cell migration remains an important
problem with relevance to cancer invasion and metastasis. GOLPH3 is a
common oncogenic driver of human cancers, and is the first oncogene that
functions at the Golgi in trafficking to the plasma membrane. Overexpression
of GOLPH3 has been reported to drive enhanced cell migration. Here we
show that the Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway that is critical for
Golgi-to-plasma membrane trafficking is necessary and limiting for directional
cell migration. By linking the Golgi to the actin cytoskeleton, GOLPH3
promotes reorientation of the Golgi toward the leading edge. GOLPH3 also
promotes reorientation of lysosomes (but not other organelles) toward the
leading edge, although lysosome function is dispensable for migration and the
GOLPH3-dependence of their movement is indirect, via GOLPH3'’s effect on
the Golgi. By driving reorientation of the Golgi to the leading edge, and driving
forward trafficking, particularly to the leading edge, overexpression of
GOLPH3 drives trafficking to the leading edge of the cell, which is functionally
important for directional cell migration. Our identification of a novel pathway for
Golgi reorientation controlled by GOLPH3 provides new insight into the
mechanism of directional cell migration with important implications for

understanding GOLPH3’s role in cancer.
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3.2 Introduction

Cell migration is critical to a range of normal biological processes during
development and for adaptive and regenerative changes in adult organisms.
Importantly, cell migration is also at the heart of the pathophysiology of cell
invasion and metastasis that render cancers lethal. Understanding the cellular
mechanism of cell migration, and the components that are limiting, and thus
susceptible to pathophysiologic enhancement and therapeutic intervention,
remains an important biological problem. Directional cell migration involves
reorganization of the actin cytoskeleton, for example at lamellipodia at the
leading edge of the cell (Insall and Machesky, 2009; Krause and Gautreau,
2014; Ridley, 2011). Interestingly, directional cell migration also involves
reorientation of the Golgi toward the leading edge (Kupfer et al., 1982; Millarte
and Farhan, 2012). However, the link between actin-mediated migration and
Golgi reorientation remains poorly understood.

We previously identified GOLPH3 as an effector of Ptdins(4)P that
bridges the Golgi to the actin cytoskeleton and is required for efficient Golgi-to-
plasma membrane trafficking (Bishé et al., 2012a; Buschman et al., 2015b;
Dippold et al., 2009; Farber-Katz et al., 2014; Ng et al., 2013). We showed that
GOLPHS3 binds to Ptdins(4)P and thus localizes to the PtdIns(4)P-rich trans-
Golgi. GOLPH3 also binds to the unconventional myosin, MYO18A, thus
linking the Golgi to F-actin (Bishé et al., 2012a; Dippold et al., 2009; Farber-

Katz et al., 2014; Ng et al., 2013; Taft et al., 2013). The
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PtdIns(4)P/GOLPH3/MYO18A/F-actin complex applies a tensile force to Golgi
membranes that is essential for efficient vesicle exit for transport to the plasma
membrane. Surprisingly, GOLPH3 has been discovered to be an oncogene,
commonly overexpressed in human cancers (Buschman et al., 2015a; Scott et
al., 2009). Thus, GOLPH3 is the first example of an oncogene that functions in
the secretory pathway at the Golgi, raising hope that it will provide fresh
insights into mechanisms of oncogenesis.

Overexpression of GOLPH3 has been reported to enhance cell migration,
with obvious implications for understanding GOLPH3’s role in driving cancer
mortality that results from cancer invasion and metastasis (Buschman et al.,
2015a; Isaji et al., 2014; Tokuda et al., 2014; X. Zhang et al., 2014; Zhou et
al., 2013). Here we examine the consequence of overexpression of GOLPH3,
and investigate the mechanism of enhanced cell migration. We demonstrate
that the PtdIins(4)P/GOLPH3/MYO18A/F-actin pathway is required for cell
migration by enabling reorientation of the Golgi toward the wound edge for
directional secretion, and that overexpression of GOLPH3, as observed in
many human cancers, is sufficient to drive this pathway to produce increased
cell migration. Our study of the GOLPH3 pathway sheds light on the cellular
basis of cell migration, and provides new insight into cancer biology and

potential targets for therapeutic intervention.

3.3 Results
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3.3.1 GOLPH3 overexpression promotes scratch assay wound healing

To test the consequences of overexpression of GOLPH3, we generated
a bicistronic retroviral expression vector to overexpress untagged GOLPH3
together with GFP, or a control vector to express GFP alone. We used these
vectors to produce pools of MDA-MB-231 human breast cancer cells that
stably overexpress GOLPH3 plus GFP or GFP alone. Overexpression of
GOLPH3 was validated by Western blot and immunofluorescence (Figure 3.1,
A and B).

GOLPH3 overexpression has been reported to drive increased wound
healing as observed in cell culture scratch assays (Isaji et al., 2014; Tokuda et
al., 2014). We sought to recapitulate the published result. We examined
wound healing by creating a scratch in a confluent monolayer of MDA-MB-231
cells. First, we used live imaging of cells stained with calcein AM to examine
cell migration. This revealed enhanced cell migration into the wound in cells
that overexpress GOLPH3 (Movie 3.1). Next, we performed endpoint assays
to measure the number of cells that migrated into the monolayer wound after
15 hours. As shown in the images (Figure 3.1C) and quantification (Figure
3.1D), enhanced migration into the wound was observed in cells that
overexpress GOLPHS3, recapitulating the published reports.

To determine whether the ability of GOLPHS3 to drive increased wound
healing depends on its function at the Golgi, we made use of a previously
described mutant. The R90L mutation in the PtdIins(4)P binding pocket largely

abolishes the ability of GOLPHS3 to bind to Ptdins(4)P, and thus GOLPH3-
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R90L is unable to localize to the Golgi (Dippold et al., 2009). We generated a
bicistronic retroviral vector to express GOLPH3-R90L together with GFP and
produced pools of MDA-MB-231 cells that stably overexpress GOLPH3-R90L
(Figure 3.1, A and B). When compared in cell culture scratch assays, these
cells behave similarly to GFP-expressing control cells, unlike GOLPH3-
overexpressing cells (Figure 3.1, C and D). Therefore, we conclude that the
ability of GOLPHS to drive cell culture wound healing is dependent on its

ability to localize to the Golgi.

3.3.2 GOLPH3 and MYO18A are required for scratch assay wound
healing

Since GOLPH3 is capable of driving enhanced wound healing in
scratch assays, we wondered whether it is generally required for scratch
wound healing. Specific SIRNA to knock-down GOLPH3 was compared to a
control siRNA. As shown in Figure 3.2A, knockdown of GOLPH3 significantly
impaired scratch assay wound healing by MDA-MB-231 cells. To test whether
the requirement for GOLPHS is due to its function in the
PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway, we examined the effect of
SiIRNA knockdown of MYO18A. We observed that MYO18A knockdown also
significantly impaired wound healing by MDA-MB-231 cells. To determine
whether the requirement for GOLPH3 and MYO18A is unique to MDA-MB-231
cells or is more generally true, we also examined wound healing in another,

unrelated cell type, NRK (normal rat kidney) cells. Again, GOLPH3 and
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MYO18A were each required for scratch assay wound healing (Figure 3.2B).
Thus, we conclude that the Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway is

generally required for scratch assay wound healing.

3.3.3 GOLPH3 does not affect cell proliferation or sensing of loss-of-
contact, but drives cell migration speed

To determine the mechanism by which the GOLPH3 pathway
contributes to enhanced cell migration, we considered a range of possibilities.
We first examined whether overexpression of GOLPH3 led to increased cell
proliferation. We compared the rate of proliferation of GOLPH3 overexpressing
MDA-MB-231 cells to the parental, GFP only and GOLPH3-R90L controls. We
found that all four proliferated at essentially identical rates (Figure 3.3, A and
B).

Next, we investigated whether GOLPH3 affects cell migration by
modulating cells’ sensing of loss-of-contact upon monolayer wounding. Cell
confluence is known to regulate the subcellular localization of YAP between
the nucleus and cytoplasm via the Hippo pathway (Zhao et al., 2007).
Therefore, we could use YAP subcellular localization as a readout of Hippo
pathway activity, and thus a readout of cellular sensing of confluence. We
measured the relative levels of YAP in the nucleus versus cytoplasm using
immunofluorescence in confluent cells compared to cells at the wound edge.
We compared control cells to cells overexpressing GOLPH3, and also

examined cells following siRNA knockdown of MYO18A versus siRNA control.
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As expected, we observed significant translocation of YAP from the cytoplasm
into the nucleus in cells at the wound edge compared to confluent cells (Figure
3.3C). However, overexpression of GOLPH3 or knockdown of MYO18A did
not significantly alter the subcellular localization of YAP. We conclude that
perturbation of the GOLPH3 pathway does not significantly affect the ability of
MDA-MB-231 cells to sense a change in cell-cell contact upon wounding.

Next, we considered the possibility that overexpression of GOLPH3
might enhance wound healing by increasing the speed of cell migration. Using
time-lapse imaging, we measured the traveling speed of actively migrating
cells following wounding. We observed that overexpression of GOLPH3

resulted in a significant increase in the speed of cell migration (Figure 3.3D).

3.3.4 GOLPH3 overexpression promotes Golgi reorientation in wound
healing

Reorientation of the Golgi toward the leading edge is known to be an
early, limiting step in cell migration (Kupfer et al., 1982; Millarte and Farhan,
2012; Nobes and Hall, 1999). Since GOLPH3 serves to bridge the Golgi and
the actin cytoskeleton, we wondered whether GOLPH3 plays a role in cell
migration by facilitating Golgi reorientation in wound healing. Thus, we
examined Golgi repositioning in MDA-MB-231 cells that overexpress GOLPH3
compared to control cells after monolayer wounding. In control cells, we
observed that the Golgi had a random orientation prior to wounding. Following

wounding, in cells at the edge of the wound the Golgi began to polarize toward
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the wound edge, and by 5 hours was generally pointing toward the wound
(Figure 3.4A). By comparison, cells overexpressing GOLPH3 exhibited a more
rapid and robust reorientation of the Golgi toward the wound edge. To quantify
Golgi reorientation, for each cell we measured the angle between a line from
the nucleus to the wound edge and from the nucleus to the center of the Golgi
(Figure 3.4B). Quantification showed Golgi reorientation toward the leading
edge upon wounding is significantly enhanced by overexpression of GOLPH3
(Figure 3.4C).

In order to determine whether the observed effect of GOLPH3
overexpression on Golgi reorientation involves a novel signaling pathway or
occurs through the Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway, we first
examined Golgi reorientation in cells overexpressing GOLPH3-R90L. We
noted that they behaved similar to the control cells (Figure 3.4, A and C),
indicating that GOLPH3-driven enhancement of Golgi repositioning depends
on GOLPHZ'’s interaction with PtdIns(4)P. We also examined the requirement
for MYO18A in Golgi reorientation by siRNA knockdown of MYO18A in the
MDA-MB-231 cell lines prior to wounding. As shown in Figure 3.4, D and E,
we recapitulated the enhancement of Golgi reorientation due to
overexpression of GOLPH3 in cells transfected with control siRNA. However,
siRNA depletion of MYO18A significantly impaired Golgi polarization toward
the wound and eliminated any effect due to overexpression of GOLPH3. Since
the ability of overexpressed GOLPH3 to promote Golgi reorientation in wound

healing depends on its ability to bind to Ptdins(4)P and on MYO18A, we
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conclude that it acts through the Ptdins(4)P/GOLPH3/MYO18A/F-actin

pathway.

3.3.5 GOLPH3 and MYO18A are required for Golgi reorientation in wound
healing

Having established that overexpression of GOLPH3 is able to drive
Golgi reorientation upon wounding, we wondered whether the
Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway is generally required for Golgi
reorientation. We depleted GOLPH3 and MYO18A in MDA-MB-231 cells using
three different siRNA oligos for each (Figure 3.5A). In control sSiRNA
transfected cells, the Golgi was oriented randomly prior to wounding, and
polarized toward the wound edge within 5 hours after monolayer wounding, as
expected (Figure 3.6, A and B). However, Golgi reorientation was significantly
impaired upon knockdown of either GOLPH3 or MYO18A. To determine if the
requirement for GOLPH3 and MYO18A for Golgi reorientation in wound
healing is also true in other cell types, we performed a similar experiment in
NRK cells. Here, again, we observed impaired Golgi reorientation after
knockdown of either GOLPH3 or MYO18A (Figure 3.5B and Figure 3.6, C and
D). Thus, we conclude that the Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway
is generally required for efficient Golgi polarization toward the wound edge in

response to monolayer wounding.

3.3.6 Lysosomes reorient with the Golgi in wound healing



72

In order to know whether GOLPH3'’s effect is restricted to the Golgi or
also affects other organelles, we examined the movement of the Golgi and
other cellular organelles upon wounding using time-lapse imaging of live cells.
We first compared movement of mitochondria to movement of the Golgi
(Movie 3.2). Upon wounding, we observed general rotation of the whole cell,
and the movement of mitochondria reflected that rotation. In comparison, the
Golgi actively moved around the nucleus toward the wound edge at a faster
speed, resulting in faster movement of the Golgi relative to mitochondria and
the rest of the cell. To assess the effect of overexpression of GOLPH3 on
mitochondrial (versus Golgi) reorientation, we measured the orientation of
mitochondria and the Golgi relative to the direction of the monolayer wound 5
hours after wounding (Figure 3.7A). We found that while Golgi reorientation
was significantly enhanced by overexpression of GOLPH3, reorientation of
mitochondria was insensitive to overexpression of GOLPH3 (Figure 3.7B).
Thus, the movement of mitochondria and the Golgi do not share the same
mechanism.

Next, we compared movement of the nucleus to movement of the Golgi
after cell monolayer wounding. As shown in Movie 3.3, structural features of
the nucleus visible by differential interference contrast (DIC) imaging allowed
us to detect rotation of the nucleus. We observed general rotation of the whole
cell that was accompanied by rotation of the nucleus. The Golgi, on the other
hand, moved at a faster speed around the nucleus toward the wound edge. By

measuring the rotation speed of the Golgi and the nucleus we noted that the
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Golgi exhibited a significantly higher rotation speed compared to the nucleus
(Figure 3.7C). Thus, we demonstrate that the nucleus, too, moves differently
from the Golgi in response to wounding.

Finally, we examined lysosome movement in response to wounding.
Unexpectedly, as shown in Movie 3.4, the Golgi and lysosomes localized in
close proximity to each other, and reoriented in a concerted fashion upon
wounding. By 5 hours, both the Golgi and lysosomes were pointed toward the
leading edge and remained co-localized (Figure 3.7D). Quantification showed
that lysosome reorientation was significantly enhanced by overexpression of
WT GOLPHS3, but not GOLPH3-R90L, similar to the effect on reorientation of
the Golgi (Figure 3.7E). Moreover, GOLPH3'’s ability to enhance both Golgi
and lysosome reorientation is through the Ptdins(4)P/GOLPH3/MYO18A/F-
actin pathway, because, in addition to GOLPH3-R90L being ineffective, either
SiIRNA depletion of MYO18A or depolymerization of F-actin by latrunculin B
significantly impaired reorientation and abolished the ability of GOLPH3 to
promote reorientation of both lysosomes and the Golgi (Figure 3.8, A-D).

We also tested whether GOLPH3 and MYO18A are required for
lysosome reorientation in response to a monolayer scratch. In NRK cells,
knock-down of either GOLPH3 or MYO18A not only impaired Golgi
reorientation, as observed previously, but also significantly impaired lysosome
reorientation (Figure 3.8, E and F). In HelLa cells we observed a similar
requirement for both GOLPH3 and MYO18A for reorientation of both the Golgi

and lysosomes following cell culture wounding (Figure 3.9, A and B). Taken
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together, we come to the surprising conclusion that lysosomes move with the
Golgi to polarize toward the leading edge in response to wounding, which is
dependent on, and also driven by, the Ptdins(4)P/GOLPH3/MYO18A/F-actin

pathway.

3.3.7 Lysosome reorientation is indirect, through microtubule tethering
to the Golgi

The question follows how GOLPHS3, a protein found at the Golgi,
regulates lysosome reorientation in response to wounding. As published
previously (Bell et al., 2001; Dippold et al., 2009; Farber-Katz et al., 2014; Ng
et al., 2013; Wu et al., 2000), we confirmed that GOLPH3 localizes to the
Golgi, not lysosomes (Figure 3.10A). Thus, we hypothesized that GOLPH3’s
effect on lysosomes may be indirect, via the Golgi. To test this possibility, we
first determined whether lysosome reorientation depends on the Golgi. We
treated MDA-MB-231 cells with Brefeldin A (BFA) to disrupt the Golgi or
methanol (vehicle control) at the time of monolayer wounding, and measured
lysosome reorientation after 5 hours (Figure 3.10, B and C). In control cells,
we recapitulated the enhanced reorientation of both the Golgi and lysosomes
in response to overexpression of GOLPH3. In BFA treated cells, the Golgi was
effectively disrupted within 15 minutes of drug treatment (Figure 3.10B and
data not shown). Consequently, lysosome reorientation was significantly

impaired. Moreover, the ability of overexpression of GOLPH3 to augment
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lysosome reorientation was abolished by BFA disruption of the Golgi. We
conclude that GOLPH3 acts on lysosomes indirectly through the Golgi.

Given the close association between the Golgi and lysosomes (Movie
3.4), we reasoned that a possible explanation for the GOLPH3-driven, Golgi-
dependent reorientation of lysosomes could be due to structural tethering of
lysosomes to the Golgi. Top candidates that could mediate this tethering
would be actin or microtubule cytoskeletal elements. Thus, we first
investigated whether F-actin is responsible for the link between the Golgi and
lysosomes. We depolymerized actin with Latrunculin B, and examined the
effect on the relationship between the Golgi and lysosomes (Movie 3.5).
Treatment with Latrunculin B led to condensation of the Golgi, consistent with
previous observations (Dippold et al., 2009). Lysosomes condensed
simultaneously with the Golgi and the two organelles remained similarly co-
localized after drug treatment (Figure 3.10D), suggesting that F-actin is not
required to link lysosomes to the Golgi.

Next, we investigated the role of microtubules in tethering lysosomes to
the Golgi. Published data indicate that lysosomes are associated with, and
depend on, microtubules to maintain normal morphology (Collot et al., 1984;
Harada et al., 1998; Matteoni and Kreis, 1987; Scheel et al., 1990). The Golgi
also requires microtubules to maintain normal ribbon morphology (Rogalski
and Singer, 1984; Sandoval et al., 1984; Thyberg and Moskalewski, 1999).
However, little is known about the structural relationship between the two

organelles. To examine a possible physical association between the Golgi and
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lysosomes mediated by microtubules, we observed the consequences of
depolymerization of microtubules. Treatment with nocodazole to depolymerize
microtubules caused fragmentation and dispersal of both the Golgi and
lysosomes, as expected (Movie 3.6). More importantly, we noted that upon
nocodazole treatment that the Golgi and lysosome puncta moved away from
each other, becoming spatially distinct. Measurement of the overlap between
the Golgi and lysosome compartments showed significant dissociation upon
treatment with nocodazole (Figure 3.10D), in contrast to the effect of
Latrunculin B treatment. These data suggest that microtubules serve to link
the Golgi and lysosomes. Overall, we conclude that GOLPH3’s effect on
lysosome reorientation is secondary to its effect on the Golgi, mediated by

microtubule tethering of lysosomes to the Golgi.

3.3.8 GOLPH3 overexpression promotes directional trafficking toward
the leading edge

Having discovered that GOLPHS3 drives both the Golgi and lysosomes
to reorient toward the leading edge upon wounding, we examined the
functional requirement for each organelle for cell migration. We used inhibitors
of Golgi or lysosome function to ask whether they interfere with monolayer
scratch healing by NRK and MDA-MB-231 cells. Consistent with previous
findings (Tseng et al., 2014), inhibition of Golgi function with BFA significantly
reduced monolayer wound healing in both NRK and MDA-MB-231 cells

(Figure 3.11, A and B). We note that the reduction in wound healing caused by
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treatment with BFA is comparable to that due to siRNA depletion of either
GOLPH3 or MYO18A (Figure 3.2, A and B). By contrast, inhibition of
lysosomal function by NH4CI or Bafilomycin A1 had a minimal, non-significant
effect on scratch wound healing (Figure 3.11, A and B). The effectiveness of
lysosome inhibition was verified by loss of LysoTracker staining upon
treatment with NH4Cl or Bafilomycin Al (see Movie 3.7). Therefore, we
conclude that while the lysosome is dispensable, the Golgi plays an important
role in cell migration that is enhanced by overexpression of GOLPHS3.

Finally, we sought to elucidate the functional significance of GOLPH3-
driven Golgi polarization in directional cell migration. Given that directed
trafficking toward the leading edge occurs in migrating cells (Bergmann et al.,
1983; Yadav et al., 2009), and that the GOLPH3 pathway is critical for Golgi-
to-plasma membrane trafficking (Bishé et al., 2012a; Dippold et al., 2009;
Farber-Katz et al., 2014; Ng et al., 2013), we examined the effect of
overexpression of GOLPH3 on trafficking from the Golgi to the leading edge in
wound healing. We transfected MDA-MB-231 cells overexpressing GOLPH3
or control cells with the trafficking reporter ts045-VSVG-GFP, which is
released from the ER and traffics through the Golgi to the plasma membrane
upon shift from the restrictive temperature (40°C) to the permissive
temperature (32°C) (Presley et al., 1997). We created a monolayer scratch
while cells were at the restrictive temperature and then allowed the Golgi to
reorient for 4 hours. We then shifted to the permissive temperature for one

hour to allow trafficking of VSVG. By using an exofacial antibody to VSVG on
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unpermeablized cells, we measured surface VSVG at the front and back of
cells at the edge of the monolayer wound (Figure 3.11C). We defined the front
of the cell by a vector drawn from the centroid of the nucleus to the centroid of
the Golgi. In GOLPH3 overexpressing cells, we observed significantly higher
surface VSVG compared to control cells, especially at the front of the cell, with
a smaller increase at the back of the cell (Figure 3.11, C and D). We
calculated the ratio of surface VSVG at the front versus at the back of the cell
as a measure of directional trafficking, and found a significant increase in
directional trafficking in response to overexpression of GOLPH3 (Figure
3.11E). The ability of GOLPHS3 to drive increased trafficking of VSVG to the
plasma membrane, and increased directional trafficking to the front of the cell
is dependent on GOLPH3'’s function at the Golgi, since the R90L mutant is
inactive. Taken together, we conclude that overexpression of GOLPH3
promotes directional trafficking from the Golgi to the leading edge in wound

healing.

3.4 Discussion

3.4.1 GOLPH3 drives Golgi-to-plasma membrane trafficking toward the
wound edge

A large body of literature has demonstrated that extensive remodeling
of the actin cytoskeleton occurs at the plasma membrane facing a monolayer

wound, resulting in dramatic cell asymmetry with particular increases in the
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steady-state and dynamic actin cytoskeleton toward the wound edge (Cau and
Hall, 2005; Li and Gundersen, 2008; Nobes and Hall, 1999). Our data indicate
that by linking the Golgi to the actin cytoskeleton, the GOLPH3 pathway
transmits these changes in the actin cytoskeleton to the Golgi (Figure 3.12).
Since the same GOLPH3 linkage of the Golgi to actin is important for
trafficking, overexpression of GOLPH3 enhances both Golgi repositioning and
forward trafficking.

We note that the Golgi is also known to be linked to microtubules, and,
in fact, can nucleate microtubule growth (Chabin-Brion et al., 2001). Since the
Golgi is linked to both microtubules and to actin microfilaments, it is perhaps
not surprising that depolymerization of microtubules (Yadav et al., 2009) or F-
actin (this study) each impair Golgi repositioning toward the wound. Our data
indicate that the Golgi, and indirectly lysosomes via a linkage to the Golgi, are
dependent on the Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway for efficient
reorientation toward the wound.

Our data demonstrate three consequences of overexpression of
GOLPHa3 that drive increased trafficking from the Golgi to the plasma
membrane at the wound edge. First, overexpression of GOLPH3 increases
overall trafficking to the plasma membrane. This is consistent with previous
data demonstrating that the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway is
important for the majority of trafficking from the Golgi to the plasma membrane
(Bishé et al., 2012a; Dippold et al., 2009; Farber-Katz et al., 2014; Ng et al.,

2013). Second, we also observe that overexpression of GOLPH3 promotes
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trafficking preferentially toward the front of the cell, as defined by the position
of the Golgi relative to the nucleus. Third, overexpression of GOLPH3

promotes reorientation of the Golgi toward the wound edge, thus causing the
front of the cell to point toward the wound. All three of these effects contribute

toward driving trafficking to the wound edge.

3.4.2 Golgi cargoes important for directed cell migration

Our VSVG reporter experiments demonstrate that GOLPH3 drives
increased trafficking from the Golgi to the plasma membrane at the monolayer
wound edge. VSVG serves as a general reporter for trafficking, suggesting
that many cargoes undergo enhanced delivery to the plasma membrane at the
wound edge. A few cargoes have been reported to be important for cell
migration. General delivery of membrane lipids to build the plasma membrane
at the leading edge has been suggested to be important to allow the
generation of plasma membrane protrusions (lamellipodia and filopodia) that
contribute to cell migration (Bergmann et al., 1983). In addition, the delivery of
integrins to the leading edge is also known to be important for directional cell
migration (Danen et al., 2005; Etienne-Manneville and Hall, 2001). We suspect
that there is not a single cargo, but rather an ensemble of cargoes that are
important for cell migration that are delivered to the leading edge via the Golgi

GOLPH3 pathway. Future work will be required to identify critical cargoes.

3.4.3 Role of the GOLPH3 pathway in cancer
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A growing body of evidence indicates that GOLPH3 is an oncogene,
frequently amplified and overexpressed in human cancers (Buschman et al.,
2015a; Scott et al., 2009). Furthermore, high levels of GOLPH3 predict poor
prognosis in a wide variety of cancers, independent of other prognostic
indicators. Cancer morbidity and mortality are largely a consequence of
invasion and metastasis, processes driven by cell migration. Thus, the ability
of GOLPH3 to drive cell migration may provide mechanistic insight into
GOLPH3’s contribution to the pathophysiology of cancer. GOLPH3 is also
known to play a central role in the Golgi response to DNA damage that
promotes cell survival following DNA damage (Farber-Katz et al., 2014). This
provides another mechanism by which GOLPH3 can contribute to cancer
progression. GOLPH3, like many clinically important oncogenes (Bieging et
al., 2014; Gabay et al., 2014, Stephen et al., 2014), appears to have multiple
mechanisms by which it can contribute to the pathophysiology of cancer. In
addition to providing insights into the mechanism of important physiology and
pathophysiology, the GOLPH3 pathway may provide new targets for novel

cancer therapeutic agents.

3.5 Materials and methods

3.5.1 Cell culture and DNA construction
MDA-MB-231, NRK, and HelLa S3 cell lines were grown according to

ATCC guidelines. The stable MDA-MB-231 cell lines that overexpress
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GOLPHS3-IRES-GFP, GOLPH3-R90L-IRES-GFP, or IRES-GFP were
constructed with the pBABE-Puro retroviral system (Morgenstern and Land,
1990). Empty retroviral expression vector pBABE-Puro and packaging vectors
pUMVC and pVSV-G were a kind gift from Dr. Jing Yang (University of
California, San Diego). The expression vector of wild-type GOLPH3 was
generated by serial cloning to combine GOLPH3 (Dippold et al., 2009) and
IRES-hrGFP (Stratagene) into the BamHI and EcoRI sites of pPBABE-Puro
vector. Expression and packaging vectors were transfected into HEK293T
packaging cells using TransIT-LT1 (Mirus). Viral supernatants harvested at 48
and 72 hrs after transfection were filtered through a 0.45 pm filter (Thermo
Fisher Scientific) and incubated with target MDA-MB-231 cells in the presence
of 6 ug/ml protamine (Sigma). 24 hrs after the second viral infection, 0.5 pg/ml
puromycin (InvivoGen) was used to select and maintain stable cell pools. The
cell lines overexpressing IRES-GFP and RO0L-IRES-GFP were generated in

similar fashion.

3.5.2 Cell proliferation assay

On day 0, cells were seeded in replicate wells at 20,000 cells/well in 6-
well plates, and grown in normal medium. On day 1, 3, and 5 each, triplicate
wells for each cell line were trypsinized and counted using a hemocytometer.
Growth rate was measured by taking the binary logarithm of cell counts,

normalized to day 1.
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3.5.3 Scratch wound healing assay

Cells were seeded in 35 mm gridded glass-bottom culture dishes
(MatTek), and maintained in normal growth medium until reaching a confluent
monolayer. A 200 ul pipette tip was used to scratch the cell monolayer,
followed by two rinses with PBS. For end-point analysis, random fields at the
scratch were selected and captured by 10x phase contrast imaging with an
Olympus 1X81-ZDC microscope. Cells were then incubated in normal growth
medium for 15 hrs before fixation, followed by permeablization and DAPI
staining. DAPI images were taken at the same selected fields. For each field,
the number of cells that migrated into the pre-defined scratch area were
counted, and normalized to confluent density. For time-lapse imaging, cells
were incubated in normal growth medium containing calcein AM (Life
Technologies) after wounding. Time-lapse images were taken at 15 min
intervals for 15 hrs.

For scratch assays with sSiRNA knockdowns, siRNA oligos were
transfected into cells 48 hrs prior to monolayer wounding. For scratch assays
with Golgi or lysosome inhibitors, after making the scratch cells were
incubated in normal growth media containing 0.1% DMSO (Sigma), 0.1%
MeOH, 5 ng/ml Brefeldin A (Sigma), 10 mM NH,CI (Sigma), or 100 nM
Bafilomycin Al (Sigma) for 8 hrs before fixation. DMSO was used as vehicle
control for Bafilomycin A1. MeOH was used as vehicle control for Brefeldin A.
Since DMSO and MeOH gave identical results, their data are pooled in Figure

3.11, A and B.
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3.5.4 Fluorescence microscopy

Fluorescent microscopy was performed on an Olympus IX81-ZDC
spinning disk confocal microscope, and images were analyzed with Slidebook
and ImageJ software. All images shown represent maximum projections in z of

confocal stacks with spacing of 0.5 uM. Movies show a single confocal plane.

3.5.5 Measurement of cell migration speed

Time-lapse images of scratch wound healing assay were analyzed in
ImageJ of actively migrating cells, defining the center of the nucleus between
consecutive frames, and measuring the traveling distance of the nucleus

divided by the time interval.

3.5.6 Measurement of Golgi/lysosome/mitochondria orientation angle
Immunofluorescent images of cells at wound edge stained with a Golgi

marker and DAPI were analyzed in ImageJ, by drawing a first line from the
centroid of the nucleus to the wound edge and a second line from the centroid
of the nucleus to the centroid of the Golgi. The angle formed in between the
two lines was measured. The orientation angles of mitochondria and lysosome
were measured in similar fashion. For cells prior to wounding, a fixed direction
was chosen arbitrarily and the angle between said direction and the Golgi was

measured for each cell.
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3.5.7 Time-lapse imaging of cellular organelles after wounding

Cells were transfected with the expression vector for Manll-GFP to
mark the Golgi and grown to confluence. Prior to making the scratch wound,
cells were incubated with MitoTracker Deep Red or LysoTracker Red (Life
Technologies) following the manufacturer’s instructions to label mitochondria
and lysosomes, respectively. A wound was made in the same way as
described for the scratch wound healing assay. After wounding, time-lapse

images were taken at 3 min intervals for 5 hrs.

3.5.8 Measurement of Golgi/nucleus rotation speed

Time-lapse fluorescent and DIC images of cells at the wound edge
were analyzed in ImageJ, in each frame identifying the direction of the nucleus
with the aid of structural features visible by DIC imaging, and identifying the
direction of the Golgi by drawing a line through the center of the nucleus and
the center of the Golgi (marked by ManlI-GFP). Rotation speed was
determined by measuring the rotation angle between consecutive frames

divided by the time interval.

3.5.9 Measurement of surface ts045-VSVG-GFP in wound healing
Cells were transiently transfected with an expression vector for

temperature-sensitive, GFP-tagged ts045-VSVG-GFP and grown to a

confluent monolayer. 36 hrs after transfection, cells were maintained at the

restrictive temperature (40°C) for 12 hrs before a razor blade was used to
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create a wound. Cells were returned to 40°C for 4 hrs to allow Golgi
reorientation, and then shifted to the permissive temperature (32°C) for 1 hr to
allow VSVG trafficking before fixation. An exofacial antibody specific to VSVG
was used on unpermeabilized cells to detect surface VSVG, followed by
permeabilization and staining with GOLPH3 antibody to label the Golgi. IF
images were taken of transfected cells at the edge of the wound. Surface
VSVG was analyzed in ImageJ by drawing a line through the nucleus and the
Golgi with a width of 10 pixels and measuring the average intensity at the
plasma membrane at the front and back of the cell (seen as two peaks in

histogram), with background subtracted.

3.5.10 siRNA knockdown

SiRNA oligonucleotides containing Stealth modifications were
synthesized by LifeTechnologies and transfected using RNAIMAX according to
the manufacturer's instructions. Negative control, GOLPH3, and MYO18A
sequences were the same as those described previously (Dippold et al.,
2009). If not otherwise specified in the figures, GOLPH3 siRNA #3 and
MYO18A siRNA #1 were used. Knockdowns were verified by Western blots

performed in parallel for each experiment.

3.5.11 Antibodies
The GOLPH3 rabbit polyclonal antibody was described previously

(Dippold et al., 2009). The MYO18A antibody was a generous gift from Dr.
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Zissis Chroneos (University of Texas, Tyler, TX). The GM130 antibody was
from BD Biosciences. The YAP antibody H-125 was from Santa Cruz
Biotechnologies. The ATP synthase subunit IF1 antibody SE2D7 used to mark
mitochondria was from Invitrogen. The LAMP1 and GAPDH antibodies were
from Cell Signaling Technology. The VSVG exofacial monoclonal antibody
8G5F11 was from KeraFAST. The horseradish peroxidase-conjugated mouse
anti-rabbit secondary antibody for Western blot was from Jackson
ImmunoReasearch. AlexaFluor (488, 594, and 647)-conjugated secondary

antibodies for immunofluorescence were from Invitrogen.

3.5.12 Statistics
Two-tailed Student’s unpaired t-test was calculated using Microsoft
Excel. Analysis of variance (ANOVA) and least squares linear regression were

performed using PastProject statistical software (Hammer et al., 2001).
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Figure 3.1: GOLPH3 overexpression promotes scratch wound healing. (A)
Western blot of duplicate SDS lysates demonstrates increased expression of
GOLPH3 (WT or R90L mutant) compared to parental cells or IRES-GFP
control cells. GAPDH provides a control to demonstrate similar loading.
Dashed lines indicate omission of irrelevant intervening lanes. (B) IF
demonstrates endogenous GOLPH3 (green) in parental and IRES-GFP
control cells, increased GOLPH3 at the Golgi in cells overexpressing WT
GOLPH3, and increased GOLPH3 throughout the cytosol in cells
overexpressing GOLPH3-R90L, a mutant unable to bind to Ptdins(4)P. GM130
marks the Golgi (red) and DAPI marks the nucleus (blue). (C) Representative
images of scratch wound healing by MDA-MB-231 cells overexpressing IRES-
GFP (control), GOLPH3-IRES-GFP, or GOLPH3-R90L-IRES-GFP. Top row,
images of random fields at the scratch were taken at time of wounding (t=0
hr), with the scratch area indicated by the white box. Bottom row, the same
fields after 15 hr, fixed and stained with DAPI for cell counting (t=15 hr). (D)
Quantification of wound healing from (C) relative to control. Overexpression of
GOLPHS results in a significant, ~2-fold increase in cell migration into the
scratch compared to control or GOLPH3-R90L expressing cells. Graphed are
mean and standard error of the mean (SEM). The number of fields measured
(n, pooled from four independent experiments) and p-values (t-test) are
indicated.
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Figure 3.2: GOLPH3 and MYO18A are required for scratch wound healing.
(A) (B) Quantification of scratch assay wound healing by MDA-MB-231 cells
and NRK cells, respectively. Cells were transfected with control siRNA or
SIRNA targeting GOLPH3 or MYO18A prior to monolayer wounding.
Effectiveness of knockdown was confirmed by parallel Western blots (not
shown, see Figure 3.5 for representative examples). Scratch wound healing is
expressed relative to control. Interference with the GOLPH3/MYO18A pathway
significantly impairs wound healing in both MDA-MB-231 and NRK cells.
Graphed are mean = SEM pooled from two independent experiments. Number
of fields measured (n) and p-values (t-test) are indicated.
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Figure 3.3: GOLPH3 does not affect MDA-MB-231 proliferation or sensing of
loss-of-contact, but drives cell migration speed. (A) Rate of proliferation of cell
lines was measured by counting on days 1, 3, and 5 following initial seeding of
equal numbers of cells, and expressed as the binary logarithm of cell count
normalized to day 1. (B) Doubling time for each cell line was calculated from
(A) and shown in corresponding color. GOLPH3 overexpression has no
significant effect on cell proliferation rate. (A) and (B), graphs indicate mean +
SEM. For each data point, n=3. (C) MDA-MB-231 cells overexpressing GFP
(control), GOLPH3, or GOLPH3-R90L were grown to confluence and
transfected with control sSiRNA or MYO18A siRNA prior to wounding.
Subcellular YAP distribution of confluent cells and cells at wound edge was
measured as the ratio of nuclear YAP versus cytoplasmic YAP. As expected,
monolayer wounding caused loss of confluence and YAP translocation to the
nucleus. However, neither GOLPH3 overexpression nor MYO18A knockdown
had any effect on YAP distribution. Graphed are mean + SEM pooled from two
independent experiments. Number of cells measured (n) and p-values (t-test)
are indicated. MYO18A knockdown was confirmed by parallel Western blots
(data not shown, comparable to Figure 3.5) (D) Speed of actively migrating
MDA-MB-231 cells overexpressing GFP (control) or GOLPH3 were measured
from time-lapse images following wounding (Movie 3.1). Overexpression of
GOLPH3 enhances cell migration. Graphed are mean = SEM, with number of
cells (n) and p-value (t-test) indicated.
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Figure 3.3: GOLPH3 does not affect MDA-MB-231 proliferation or sensing of
loss-of-contact, but drives cell migration speed, continued. (C) MDA-MB-231
cells overexpressing GFP (control), GOLPH3, or GOLPH3-R90L were grown
to confluence and transfected with control SIRNA or MYO18A siRNA prior to
wounding. Subcellular YAP distribution of confluent cells and cells at wound
edge was measured as the ratio of nuclear YAP versus cytoplasmic YAP. As
expected, monolayer wounding caused loss of confluence and YAP
translocation to the nucleus. However, neither GOLPH3 overexpression nor
MYO18A knockdown had any effect on YAP distribution. Graphed are mean +
SEM pooled from two independent experiments. Number of cells measured (n)
and p-values (t-test) are indicated. MYO18A knockdown was confirmed by
parallel Western blots (data not shown, comparable to Figure 3.5) (D) Speed
of actively migrating MDA-MB-231 cells overexpressing GFP (control) or
GOLPH3 were measured from time-lapse images following wounding (Movie
3.1). Overexpression of GOLPH3 enhances cell migration. Graphed are mean
+ SEM, with number of cells (n) and p-value (t-test) indicated.
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Figure 3.4: GOLPH3 overexpression promotes Golgi reorientation toward the
wound edge. (A) Representative IF images of confluent monolayer of MDA-
MB-231 cells overexpressing GFP (control), GOLPH3 or GOLPH3-R90L
before and 1, 2, and 5 hrs after wounding are shown, with the Golgi marked by
GM130 (red) and the nucleus by DAPI (blue). (B) lllustration of measurement
of Golgi orientation angle. For each cell, a first line was drawn from the center
of the nucleus to the wound edge, a second line was drawn from the center of
the nucleus to the center of the Golgi. The angle formed between was
measured. (C) Quantification of Golgi orientation angles from (A). The Golgi
polarizes toward the wound edge upon monolayer wounding. GOLPH3
overexpression significantly enhances Golgi reorientation. Graphed are mean
+ SEM pooled from two independent experiments, with p-values (ANOVA)
indicated. (D) Representative immunofluorescence (IF) images of MDA-MB-
231 cells overexpressing GFP, GOLPH3 or GOLPH3-R90L 5 hrs after
wounding are shown. Each cell line was transfected with control siRNA or
MYO18A siRNA prior to induction of wound. (E) Quantification of Golgi
orientation angles from (D). GOLPH3-driven enhancement on Golgi
reorientation toward the leading edge is abrogated by MYO18A depletion.
Graphed are mean + SEM pooled from two independent experiments. Number
of cells measured (n) and p-values (t-test) are indicated.
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Figure 3.4: GOLPH3 overexpression promotes Golgi reorientation toward the
wound edge, continued. (D) Representative immunofluorescence (IF) images
of MDA-MB-231 cells overexpressing GFP, GOLPH3 or GOLPH3-R90L 5 hrs
after wounding are shown. Each cell line was transfected with control sSiRNA or
MYO18A siRNA prior to induction of wound. (E) Quantification of Golgi
orientation angles from (D). GOLPH3-driven enhancement on Golgi
reorientation toward the leading edge is abrogated by MYO18A depletion.
Graphed are mean + SEM pooled from two independent experiments. Number
of cells measured (n) and p-values (t-test) are indicated.
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Figure 3.5: Efficient knockdown of GOLPH3 and MYO18A. (A) MDA-MB-231
and (B) NRK cells were transfected with control siRNA, siRNAs specific to
GOLPH3, and siRNAs specific to MYO18A as indicated. Lysates were
Western blotted for MYO18A and GOLPH3 with GAPDH as a loading control.
Lysates from control siRNA-treated cells were loaded at different amounts to
allow semiquantitative assessment of knockdown efficiency. Transfection with
each of the GOLPH3 or MYO18A siRNA oligos results in at least 90%
knockdown.
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Figure 3.6: GOLPH3 and MYO18A are required for normal Golgi reorientation
toward the wound edge. (A) MDA-MB-231 cells and (C) NRK cells were
transfected with control siRNA, or siRNA oligos targeting GOLPH3 or
MYO18A prior to wounding. Representative IF images of cells before and 5
hrs after wounding are shown, with the Golgi marked by GM130 (green) and
the nucleus marked by DAPI (blue). (B) (D) Quantification of Golgi orientation
angles from (A) and (C), respectively. The Golgi had a random orientation
prior to wounding and polarized toward the leading edge after wounding. Golgi
reorientation is significantly impaired if either GOLPH3 or MYO18A is depleted
with different siRNA oligos. Graphed are mean = SEM. The number of cells
measured (n) and p-values (t-test) are indicated.
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Figure 3.7: Comparison of Golgi to mitochondria, nucleus, and lysosomes in
response to monolayer wounding. (A) IF example of cell at wound edge with
mitochondria marked by ATP synthase (green), Golgi marked by GOLPH3
(red), and the nucleus marked by DAPI (blue). (B) Quantification of Golgi and
mitochondria orientation angles from MDA-MB-231 cells overexpressing GFP
(control), GOLPH3 or GOLPH3-R90L. Mitochondria orientation is insensitive to
GOLPH3 overexpression, whereas Golgi reorientation is driven by GOLPH3
overexpression. (C) Measurement of Golgi and nuclear rotation speed upon
wounding. The Golgi rotates significantly faster than the nucleus. Data are
pooled from ten movies (e.g., Movie 3.3) with p-value indicated (t-test). (D)
Representative IF images of cells at wound edge with Golgi marked by GM130
(green), lysosomes marked by LAMP1 (red), and the nucleus marked by DAPI
(blue). (E) Quantification of Golgi and lysosome orientation angles from (D),
showing GOLPHS3-driven reorientation upon wounding for both organelles. (B)
and (E) represent mean + SEM pooled from two independent experiments with
number of cells (n) and p-values (t-test) indicated.
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Figure 3.8: GOLPH3 drives Golgi and lysosome reorientation via the
GOLPH3/MYO18A/F-actin pathway. (A) Representative IF images of MDA-
MB-231 cells overexpressing GFP (control), GOLPH3, or GOLPH3-R90L at
wound edge with Golgi labeled in green, lysosome in red, and the nucleus in
blue. Cells were transfected with control sSiRNA or MYO18A siRNA for 48 hrs
prior to monolayer wounding, and fixed 5 hrs after wounding. (B)
Quantification of Golgi and lysosome orientation angles from (A). Depletion of
MYO18A significantly impairs Golgi and lysosome reorientation, rendering
them insensitive to overexpression of GOLPH3. (C) Representative IF images
of MDA-MB-231 cells at wound edge treated with DMSO (vehicle control) or
250 nM Latrunculin B at time of monolayer wounding and fixed 5 hrs after
wounding. (D) Quantification of Golgi and lysosome orientation angles from
(C). Depolymerizing F-actin significantly impairs Golgi and lysosome
reorientation. (E) Representative IF images of NRK cells at wound edge,
transfected with control siRNA or siRNA targeting GOLPH3 or MYO18A 48 hrs
prior to wounding and fixed 5 hrs after wounding. (F) Quantification of Golgi
and lysosome orientation angles from (E). Golgi and lysosome reorientation
toward the leading edge upon wounding is significantly impaired by
interference with GOLPH3 or MYO18A. (B), (D), and (F), graphed are mean +
SEM pooled from two independent experiments, with number of cells
measured (n) and p-values (t-test) indicated.
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Figure 3.8: GOLPH3 drives Golgi and lysosome reorientation via the
GOLPH3/MYO18A/F-actin pathway, continued. (C) Representative IF images
of MDA-MB-231 cells at wound edge treated with DMSO (vehicle control) or
250 nM Latrunculin B at time of monolayer wounding and fixed 5 hrs after
wounding. (D) Quantification of Golgi and lysosome orientation angles from
(C). Depolymerizing F-actin significantly impairs Golgi and lysosome
reorientation. (E) Representative IF images of NRK cells at wound edge,
transfected with control siRNA or siRNA targeting GOLPH3 or MYO18A 48 hrs
prior to wounding and fixed 5 hrs after wounding. (F) Quantification of Golgi
and lysosome orientation angles from (E). Golgi and lysosome reorientation
toward the leading edge upon wounding is significantly impaired by
interference with GOLPH3 or MYO18A. (B), (D), and (F), graphed are mean *
SEM pooled from two independent experiments, with number of cells
measured (n) and p-values (t-test) indicated.
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Figure 3.9: GOLPH3 and MYO18A are required for Golgi and lysosome
reorientation at cell culture wound edge in Hela cells. (A) Representative IF
images of Hela cells at wound edge. Cells were transfected with control sSiRNA
or siRNA targeting GOLPH3 or MYO18A 48 hrs prior to wounding and fixed 5
hrs after wounding. The Golgi is labeled in green (GM130), lysosome in red
(LAMP1), and the nucleus in blue (DAPI). (B) Quantification of Golgi and
lysosome orientation angles from (A). Reorientation of the Golgi and lysosome
toward the leading edge upon wounding is significantly impaired by depletion
of GOLPH3 or MYO18A. Graphed are mean + SEM pooled from two
independent experiments, with number of cells (n) measured and p-values (t-
test) indicated.
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Figure 3.10: GOLPH3 acts indirectly on lysosome reorientation via the Golgi.
(A) Representative IF image of cell stained for GOLPH3 (green), with Golgi
marked by GM130 (magenta), lysosomes labeled with LysoTracker (red), and
the nucleus marked by DAPI (blue). The staining pattern of GOLPH3 closely
mimics GM130, but is distinct from LysoTracker. (B) Representative IF images

of cells at wound edge treated with MeOH (vehicle) or Brefeldin A (BFA) at
time of wounding, with Golgi labeled in green, lysosome in red, and the
nucleus in blue. (C) Quantification of lysosome orientation angles from (B).
Lysosome reorientation toward the wound is significantly impaired by
disruption of the Golgi. Likewise, the ability of overexpressed GOLPH3 to

accelerate lysosome reorientation is abolished by BFA treatment. Graphed are
mean = SEM pooled from two independent experiments. Number of cells
measured (n) and p-values (t-test) are indicated. (D) Measurement of overlap
of the Golgi labeled by Manll-GFP and lysosome labeled by LysoTracker from
time-lapse imaging upon treatment with Latrunculin B to depolymerize F-actin
or Nocodazole to depolymerize microtubules. The overlap between the Golgi
and lysosome compartments remains intact with Latrunculin B treatment, but
significantly decreases with Nocodazole treatment. Graphed are mean and
SEM, and p-values (two-way ANOVA) are indicated.
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Figure 3.11: GOLPH3 promotes directional trafficking to the leading edge in
wound healing. (A) (B) Quantification of scratch wound healing in NRK and
MDA-MB-231 cells, treated with inhibitors of Golgi or lysosome function at time
of wounding. Graphs indicate cell migration into the wound relative to vehicle
control. Treatment with Golgi inhibitor BFA results in a significant reduction in
cell migration, while treatment with lysosome inhibitors NH4Cl or Bafilomycin
Al has minimal effect. (C) Representative IF images of migrating cells
expressing ts045-VSVG-GFP at wound. Surface VSVG (red) was detected by
using an exofacial VSVG antibody on unpermeablized cells. The Golgi is
shown in green and nucleus in blue. (D) Quantification of surface VSVG at the
leading and trailing edges of cells from (C). GOLPH3 overexpression results in
a significant increase in surface VSVG in both leading and trailing edges
compared to GFP (control) or GOLPH3-R90L. (E) Quantification of directional
VSVG trafficking expressed as the ratio of leading over trailing surface VSVG
intensity. (A), (B), (D) and (E), graphed are mean = SEM pooled from two
independent experiments. Number of fields (A, B) or number of cells (D, E)
measured (n) and p-values (t-test) are indicated.
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Figure 3.12: Model for GOLPH3-dependent Golgi reorientation and directional
trafficking in wound healing. Upon wounding, the GOLPH3/MYO18A/F-actin
machinery pulls the Ptdins(4)P-rich Golgi to actively reorient toward the
leading edge. Lysosomes move in concert with the Golgi due to linkage to the
Golgi mediated by microtubules. As a functional consequence of Golgi
polarization, directional trafficking occurs toward the leading edge, which is
required for cell migration. Overexpression of GOLPHS3 drives enhanced
reorientation of the Golgi toward the leading edge, increased overall Golgi-to-
plasma membrane trafficking, and increased trafficking preferentially toward
the front of the cell. All three contribute to increased directional trafficking to
the wound edge, driving enhanced cell migration.




CHAPTER 4: Conclusions and future directions

4.1 The Roles of GOLPH3

GOLPHS functions at the Golgi to promote secretory trafficking (Bishé
et al., 2012a; Dippold et al., 2009; Ng et al., 2013). Deeper investigations into
the implications for this function of GOLPH3 promise to yield insights into not
only basic biology of the Golgi, but also insights that translate into clinical
benefits. The high frequency of GOLPH3 amplification, in 32% to 56% of the
most common human tumors, and its correlation with patient mortality are
striking signposts pointing to the clinical relevance of GOLPH3 (Buschman et
al., 2015a; Dai et al., 2015; Hua et al., 2012; Hu et al., 2013, 2014, JianXin et
al., 2014; Kunigou et al., 2011; Li et al., 2014, 2012, 2011; Lu et al., 2014; Ma
et al., 2014a, 2014b; Peng et al., 2014; Scott et al., 2009; Tokuda et al., 2014;
Wang et al., 2012, 2014; Xue et al., 2014; Zeng et al., 2012; L.-J. Zhang et al.,
2014; X. Zhang et al., 2014; Y. Zhang et al., 2014; Zhou et al., 2012, 2014,
2013).

The known functions of GOLPHS3 occur at the Golgi, and enhancement
of the GOLPHS3 pathway at the Golgi, by overexpressing GOLPHS3, confers
resistance to killing by DNA damaging agents (Farber-Katz et al., 2014). The
role for GOLPH3 in the DNA damage response provides a plausible
explanation for why it is so frequently amplified in refractory tumors. However,
this role does not adequately account for how GOLPH3 functions as an

oncogene that is capable of causing cellular transformation.
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Overexpression of GOLPHS3 drives increased cell migration, a
phenotype likely related to the observed correlation of GOLPH3
overexpression with advanced metastatic disease. The contribution of
GOLPH3 to promote cell migration is also through its Golgi function. However,
like its role in the DNA damage response, the role for GOLPH3 in promoting
cell migration seems able only to explain its frequent overexpression observed
in tumors, but unable to explain why GOLPH3 is an oncogene in the first
place.

Others had previously shown that GOLPH3 modulates intracellular
signaling (Scott et al., 2009; Zeng et al., 2012). We have now shown that
GOLPH3’s role in modulating signaling is a consequence of its function at the
Golgi, rather than functioning through a novel signaling pathway. We show
that GOLPHS is required for growth factor signaling because it is required for
trafficking of growth factor receptors to the plasma membrane. Since the
trafficking and signaling of growth factor receptors also require MYO18A, we
infer that it is indeed the Golgi function of GOLPH3, which is mediated by
MYO18A, that is required for its ability to regulate growth factor receptor
trafficking and, therefore, growth factor receptor signaling as a consequence.

It is surprising that GOLPH3 overexpression is sufficient to increase the
delivery of growth factor receptors to the plasma membrane, pointing to the
fact that GOLPH3 is a limiting factor for their trafficking. Since GOLPH3 must
retain the ability to bind PtdIns(4)P in order to enhance receptor trafficking to

the plasma membrane, we infer that it is the Golgi function of GOLPH3 which
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is responsible for our observations. The consequence of GOLPH3
overexpression-enhanced Golgi-to-plasma membrane trafficking is enhanced
growth factor signaling. Therefore, GOLPH3-dependent Golgi-to-plasma
membrane trafficking is limiting for growth factor signaling. A model
summarizing the role of GOLPH3 in controlling growth factor receptor
trafficking and signaling is depicted in Figure 4.1. The function of GOLPHS3 in
regulating Golgi-to-plasma membrane trafficking, thereby controlling growth
factor signaling, provides a parsimonious explanation for the role of GOLPH3
in causing oncogenic transformation, since enhanced growth factor signaling
is known to cause cellular transformation and mTORCL1 signaling is a ciritcal
requirement for GOLPH3-overexpression-induced cellular transformation
(Scott et al., 2009; Velu et al., 1987). This function of GOLPH3 at the Golgi
highlights a novel aspect of growth factor signaling and its regulation by the
cell's secretory system. Further experiments will need to be done to address
whether other components of the secretory system are capable of driving

cellular transformation and what are the critical cargoes.

4.2 Dependence of growth factor receptors on GOLPH3

We have shown that GOLPH3 is required for growth factor signaling
because of its role in Golgi-to-plasma membrane trafficking of growth factor
receptors. This raises questions about the types of cargo dependent on the
GOLPH3 pathway and whether the dependence of growth factor receptors is

in some way unique. Our model would predict that many different secretory
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cargoes rely on the GOLPH3-dependent trafficking pathway and we have
shown this is indeed the case (Bishé et al., 2012a; Dippold et al., 2009;
Farber-Katz et al., 2014; Ng et al., 2013). However, we would also predict that
the types of cargo most acutely dependent on the GOLPH3 pathway are those
that are most rapidly turned-over at the plasma membrane, thus relying on
efficient trafficking from the Golgi to the plasma membrane in order to be
replenished with nascent protein.

Since growth factor receptors have relatively short half-lives, they may
have greater dependence than other cargoes for efficient GOLPH3-dependent
Golgi-to-plasma membrane trafficking. For example, the half-life of PDGFR is
only 45 minutes in the presence of ligand, while many other cell surface
proteins have half lives >75 hours (Hare and Taylor, 1991; Keating and
Williams, 1987). Because of this relatively rapid turnover, PDGFR levels at the
plasma membrane may be more tightly regulated by GOLPHS3 than the
average, longer-lived plasma membrane protein. The half-life of a growth
factor receptor depends on its expression level, growth conditions, and many
other factors, and is therefore variable from one context to another. Perhaps
certain contexts and conditions lend themselves to greater dependence and
regulation by the GOLPHS3 pathway.

The effect of increased growth factor receptor delivery to the plasma
membrane may also be compounded by effects on the receptor internalization
machinery. If the abundance of active EGFR at the plasma membrane

becomes too high, the clathrin-mediated endocytosis machinery becomes
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saturated (Goh and Sorkin, 2013; Wiley, 1988). Thus, not only does GOLPH3
overexpression drive signaling by driving increasing levels of growth factor
receptors at the plasma membrane, it has the potential to overload the
endocytic machinery necessary for terminating signaling. Elegant studies will
need to be designed for studying the effects of GOLPH3 perturbations on
trafficking kinetics. It will also be interesting to investigate the effects on the
entire cell surface proteome in order to identify whether sets of GOLPH3-

dependent and independent cargoes may be classified.

4.3 Implications for constitutively active growth factor receptors

Growth factor receptors normally become activated upon ligand binding
at the plasma membrane (Lemmon and Schlessinger, 2010). However, many
tumors are driven by mutated growth factor receptors that are constitutively
active, having gained ligand-independence. For example, a constitutively
active EGFR variant is harbored by 25% to 64% of patients with of
glioblastoma multiforme (GBM), the most common and lethal brain tumor in
adults (Gan et al., 2013). This variant, termed EGFRUVIII, is a truncated form of
EGFR which lacks the regulation of the extracellular ligand-binding domain,
yielding a receptor that is not internalized and has constitutively activated and
prolonged signaling (Huang et al., 1997). In another example, a mutation of
FLT3 (FLT3/ITD) resulting in constitutively active RTK activity occurs in
approximately 23% of adult acute myeloid leukemia (AML) patients (Levis and

Small, 2003, p. 3). In both cases, the mutant receptors are active without the
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input signal of ligand binging at the plasma membrane. Even so, the spatial
regulation of growth factor receptors is an important determinant of their
signaling output as observed with FLT3/ITD, which normally signals through
the PI-3-kinase, ERK, and STAT5 pathways, but mislocalization of the
constitutively active receptor alters the signaling output to these pathways
(Choudhary et al., 2009). Reasoning that PI-3-kinase signaling occurs at the
locale of its substrate PtdIns(4,5)P2, which is primarily at the plasma
membrane, we would predict that even constitutively active growth factor
receptors would require trafficking to the plasma membrane for class I PI-3-
kinase signaling. Therefore, we anticipate that inhibition of the GOLPH3
pathway will likely interfere with signaling, even by constitutively active growth
factor receptors. It will be interesting to experimentally investigate this

possibility.

4.4 Therapeutic implications of the GOLPH3 pathway

Many, if not most, of the current efforts for developing targeted cancer
therapeutics are focused on inhibiting growth factor receptors and other
components of their downstream signaling pathways. Inhibition of growth
factor receptors is a clinically validated therapeutic strategy for several
cancers (Gschwind et al., 2004). Despite their successes, the emergence of
resistance to growth factor receptor-targeted inhibitors is a perennial problem
resulting from mutations of the target or activation of alternate pathways (Chen

and Fu, 2011; Niederst and Engelman, 2013). To combat this problem it will
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be important to continue innovating new therapeutic strategies that can be
used to overcome drug resistance.

Toward this end, we anticipate that the GOLPH3 pathway we have
identified contains new targets for therapeutics. Because of the high frequency
of GOLPH3 overexpression in cancer and the common theme of dysregulated
growth factor signaling found in cancer, it seems likely that inhibition of the
GOLPH3 pathway will be a broadly applicable strategy. Moreover, because
GOLPH3 is required for signaling by multiple growth factor receptors, we
expect that inhibition of GOLPH3 will be helpful for overcoming common
resistance mechanisms. This is because amplification of alternate receptor
signaling pathways in response to individual receptor inhibition is a known
mechanism of resistance for growth factor receptor-targeted therapeutics
(Niederst and Engelman, 2013; Shattuck et al., 2008). Indeed, in vitro
evidence indicates that inhibition of more than one growth factor receptor is
required for killing GBM tumor cells, while targeted inhibition of a single
receptor is largely ineffective (Stommel et al., 2007). For this reason, the
GOLPH3 pathway will perhaps be a particularly efficacious therapeutic target
because of the capacity for regulating signaling by multiple receptors.

Beyond cancer, the GOLPH3 pathway may have therapeutic
implications for other human diseases. Thus far, virion secretion of hepatitis C
virus (HCV) and replication of human immunodeficiency virus (HIV) have been
shown to depend on GOLPH3 (Bishé et al., 2012a, 2012b; Brass et al., 2008).

In light of these studies, it seems likely there are additional viruses that require
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GOLPH3 for secretion. It will be important to further validate the efficacy and
safety of GOLPHS3 as a therapeutic target, using cell-based and animal models
of disease. Currently, our lab is testing a mouse model of GOLPH3
overexpression and screening compound libraries for inhibitors of the

GOLPH3 pathway.

4.5 Requlation of GOLPH3

Further insights into the regulation of GOLPH3 will enhance our
understanding of the functions of the GOLPH3 pathway in biology. Originally,
GOLPH3 was first identified as a phosphoprotein (Bell et al., 2001; Wu et al.,
2000). Characterization of the regulation of several of the phosphorylation
sites on GOLPH3 helped reveal its role in the cytoplasmic response to DNA
damage and its role in promoting cell survival (Farber-Katz et al., 2014). The
phosphorylation of GOLPHS3 in response to DNA damage enhances its
interaction with MYO18A and secretory trafficking is altered. Therefore,
because of the increased interaction with MYO18A, GOLPH3 phosphorylation
leads to activation of the pathway which we would predict has consequences
for growth factor receptor trafficking and thus growth factor signaling. It
remains to be tested whether DNA damage or regulation of specific
phosphorylation sites on GOLPH3 by additional kinases or phosphatases has
consequences for regulating its function in modulating growth factor receptor

trafficking and signaling.
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Additional roles for GOLPH3 will likely be revealed by further
investigation into regulation of its other phosphorylation sites and
posttranslational modifications (PTMs), especially since PTMs can regulate
the activity, interactions, and stability of a protein. To date, there are ten
phosphorylation sites and two ubiqutinated lysines observed for GOLPH3
whose regulation and function remain largely uncharacterized (Figure 4.2).

The regulation of GOLPH3 in cancer appears to be primarily related to
its overexpression by gene amplification (Buschman et al., 2015a). Moreover,
we have shown that GOLPH3 is rate-limiting for growth factor signaling and its
overexpression enhances signaling. Therefore, it seems likely that
mechanisms regulating GOLPH3 expression will have consequences for
oncogenic signaling. Thus far, it has been shown that GOLPH3 expression
levels are under the control of androgen signaling (Romanuik et al., 2009).
Since androgens and many other regulatory factors depend on the secretory
pathway it will be interesting to investigate the potential for feedback
mechanisms regulating GOLPH3 expression and their effects on growth factor
signaling.

Enhancement of growth factor signaling by GOLPH3 overexpression
requires that GOLPH3 retains the ability to bind Ptdins(4)P, as evidenced by
the lack of effects observed upon GOLPH3(R90L) compared with WT
GOLPH3 overexpression. Thus, GOLPH3 functions as a Ptdins(4)P-effector in
order to enhance growth factor signaling, suggesting the requirement for

adequate Ptdins(4)P/GOLPH3 stoichiometry to mediate the effects of
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GOLPH3 overexpression. For this reason, we predict that regulation of
Ptdins(4)P levels, in addition to GOLPH3 levels will have consequences for
growth factor signaling. Indeed, growth factor signaling regulates the
Ptdins(4)P-4-phosphatase SACL1 to increase PtdIins(4)P levels at the Golgi
(Blagoveshchenskaya et al., 2008). Further investigation into the regulation of
Ptdins(4)P and GOLPH3’s other binding partner, MYO18A, will likely reveal
additional mechanisms for regulating growth factor receptor trafficking and
signaling.

In conclusion, the study of the Golgi protein, GOLPH3, has generated
significant new insights into the regulation of the Golgi, with consequences for
cell survival and, as we now understand, growth factor signaling and cell
migration. We have discovered that the PtdIns(4)P/GOLPH3/MYO18A
pathway is required for growth factor signaling because it is required for
trafficking growth factor receptors to the plasma membrane. Surprisingly,
GOLPHa3 is rate-limiting and overexpression of GOLPH3 is sufficient to drive
increased levels of growth factor receptors to the plasma membrane,
consequently driving increased growth factor signaling. This mechanism
presents a new paradigm for regulation of growth factor signaling from the
Golgi. We find that the PtdIns(4)P/GOLPH3/MYO18A pathway is also required
for Golgi reorientation and that overexpression of GOLPH3 is able to drive the
reorientation process, thereby driving cell migration. These roles for GOLPH3

highlight a previously underappreciated role for the Golgi in key biological
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processes with consequences for human disease, and the GOLPHS3 pathway

described here contains novel targets for therapeutics.
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Figure 4.1: Model for GOLPH3-dependent regulation of growth factor
signaling. A tensile force is applied to the Golgi membrane by the
Ptdins(4)P/GOLPH3/MYO18A/F-actin pathway that pulls vesicles from the
Golgi and assists in Golgi-to-plasma membrane trafficking of vesicle cargo,
including growth factor receptors. GOLPH3 is required and, in some cases,
rate-limiting for trafficking of growth factor receptors, having consequences for
ligand-stimulated growth factor signaling through the receptor/PI-3-
kinase/AKT/mTOR and receptor/Ras/Raf/Mek/Erk pathways.
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Figure 4.2: Post-translational modifications and domains of GOLPH3. The
majority of GOLPHS3 is comprised of the GPP34 domain which is required for
PtdIns(4)P binding. Ten different phosphorylation (p) sites have been mapped
for human GOLPH3. Of these, only phosphorylations of Thr143 and Thr148
have known functions. Phosphorylation of Thr143 and Thr148 are
phosphorylated by DNA-PK to mediate the Golgi response to DNA damage.
The regulation and function of the other eight phosphorylation sites and two
ubiquitinated (ub) lysines remain uncharacterized. (Dippold, et al., 2009,
Farber-Katz, et al., 2014, www.phosphosite.org)
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