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ABSTRACT OF THE DISSERTATION 

 

Cell Density Regulates the Golgi through Hippo, the STRIPAK 

Complex, and GOLPH3 

 

by 

Thuy Thi Thu Tran 

 

Doctor of Philosophy in Biology 

 

University of California San Diego, 2018 

 

Professor Seth Field, Chair 
Professor Amy Kiger, Co-chair 

 

The Golgi is the main hub for the modification, sorting, and transport of proteins to 

various intra- and extracellular destinations. Against conventional belief that most of Golgi 

trafficking was constitutive, our data show regulation of Golgi morphology and trafficking 

in response to cell density and extracellular cues. 

Studies in our lab showed that the Golgi phosphoprotein 3 (GOLPH3) functions at 

the Golgi in the GOLPH3 complex to regulate Golgi trafficking. GOLPH3 is recruited to 
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the Golgi by binding to phosphatidylInositol-4-phosphate (PI(4)P), which is enriched at 

the trans-Golgi. GOLPH3 also interacts with Myosin 18A (MYO18A), which in turn binds 

F-actin. The linkages of PI(4)P-GOLPH3-MYO18A-F-actin make the basis of the 

GOLPH3 complex, which provides a tensile force applied onto Golgi membranes to aid 

in vesicles budding for protein transport. The consequence of that process is the Golgi 

being stretched in the form of an extended ribbon that surrounds the nucleus. We have 

shown that interfering with the GOLPH3 complex reduces cellular transport and alters 

Golgi morphology.  

Here, we identify a signaling pathway that transduces cell density signal through 

the Hippo proteins MST1/2 and the Striatin interacting phosphatases and kinases 

(STRIPAK) complex to the GOLPH3 complex to regulate Golgi forward trafficking. In 

sparsely growing cells, the MST1/2 protein kinases, independently of their kinase activity 

and the canonical Hippo pathway, act to promote the localization of Striatin 3 (STRN3) to 

the Golgi where STRN3 directly interacts with GOLPH3 bridging it with other members of 

the STRIPAK complex. The PP2A phosphatase activity of STRIPAK promotes GOLPH3’s 

interaction with MYO18A, which together drive Golgi forward trafficking and impart its 

normal, extended ribbon shape. On the other hand, high cell density inhibits interaction 

between STRIPAK complex to GOLPH3, taking away the effect of PP2A, which results in 

a weaken GOLPH3-MYO18A interaction. Inhibition of GOLPH3-MYO18A interaction 

results in a compact Golgi and reduced Golgi trafficking in high cell density. 

Through control of secretion, cell density signaling through MST1/2, STRIPAK, and 

GOLPH3 complex regulate paracrine growth factor signaling, providing a means to affect 

the proliferation of neighboring cells.
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CHAPTER 1: INTRODUCTION TO THE GOLPH3 COMPLEX, THE HIPPO 

PATHWAY, AND CELL DENSITY SIGNALING 

1.1 The Golgi structure and trafficking. 

First discovered in year 1897 by Camillo Golgi, hence the name, the Golgi is an 

universal organelle found in most eukaryotic cells (Review: (Dröscher, 1998)). Observing 

under electron microscope, the Golgi was described as flatten cisternae of membrane 

piled on top of each other to form stacks (Dalton and Felix, 1954; Sjöstrand and Hanzon, 

1954). The Golgi is a main organelle that functions in protein modification and secretion. 

Most of the plasma membrane resident and secretory proteins need to go through the 

Golgi before reaching their destinations (Farhan and Rabouille, 2011). Figure 1.1A shows 

a 3D reconstruction of an Arabidopsis Golgi stack (Staehelin and Kang, 2008) which 

represents a typical Golgi stack. A typical Golgi stack composes of four general sub 

compartments: cis-Golgi, which includes cisternae that are close to the nucleus; trans-

Golgi, which includes cisternae that are away from the nucleus; medial-Golgi, of which 

cisternae are in between cis- and trans-Golgi; and Trans Golgi Network (TGN), the outer 

most cisterna, which has the most vesicle-budding activity. Identity of each Golgi sub 

compartment is maintained by resident enzymes, membrane binding proteins, and lipid 

composition of cisternae membrane (Munro, 2005; Puthenveedu and Linstedt, 2005). The 

structure of Golgi stacks is well conserved across many eukaryotic species, from amoeba 

to human. Figure 1.1B shows Golgi stacks of the simple, single-cell-eukaryote amoeba 

(Wise and Flickinger, 1970). Figure 1.1C shows a Golgi stack of tobacco plants (Staehelin 

and Kang, 2008). Figure 1.1D shows a Golgi stack of yeast Pichia pastoris (Rossanese 
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et al., 1999). Figure 1.1E shows structure of a human Golgi stack, of which appearance 

is similar to Golgi stacks of other higher eukaryotes (Dippold et al., 2009).  

Although most college textbooks depict a eukaryotic cell with a single Golgi stack, 

each eukaryotic cell contains many more of those stacks in the cytoplasm. For example, 

an amoeba cell or a plant root cap cell could contain several hundred Golgi stacks 

(Dupree and Sherrier, 1998; Wise and Flickinger, 1970). The number of Golgi stacks in a 

cell varies with cell types and species. Animal cells typically have ten to a few dozen Golgi 

stacks. While Golgi stacks in amoeba and plants disperse throughout the cytoplasm, 

mammalian Golgi stacks are connected by membraneous tubules to form a ribbon in the 

perinuclear region. Research shows that Golgi ribbon formation depends on microtubules 

that link all mini stacks (Wehland et al., 1983; Thyberg and Moskalewski, 1985; Valm et 

al., 2017); also, within each stack, cisternae are glued together by GRASP55 and 

GRASP65, which also contribute to the integrity of the ribbon and Golgi function (Review: 

(Zhang and Wang, 2016)). 

Figure 1.2 sketches transportation of proteins to other organelles or outside of the 

cells as well as back to the ER. The anterograde (forward) trafficking process starts with 

protein production in the ER. COPII vesicles bring proteins from the ER to cis-Golgi. From 

cis-Golgi, proteins continue to be transported to med- and trans-Golgi. By traveling along 

Golgi sub-compartments, proteins are further modified and sorted to make sure they 

reach correct destinations, either other organelles, the plasma membrane, or outside of 

the cells. In the retrograde (reverse) trafficking process, mis-transported resident 

enzymes specific for ER or each Golgi-sub compartment are returned to the correct sub 
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compartment in COPI vesicles (Appenzeller-Herzog and Hauri, 2006; Strating and 

Martens, 2009).  

Despite important roles of the Golgi in protein transport, little is known about how 

this process is regulated (Snyder et al., 2006). Recent evidences suggest that Golgi 

binding proteins and Golgi lipid composition function in regulation of Golgi trafficking 

(Kuna and Field, 2018; Makowski et al., 2017; Munro, 2005). In 2009, our lab published 

characterization of a GOLPH3 complex at the Golgi that regulates Golgi forward 

trafficking. 

1.2  GOLPH3 complex and Golgi forward trafficking 

Our findings showed that the GOLPH3 complex at the Golgi facilitate Golgi forward 

trafficking. In the GOLPH3 complex, GOLPH3 binds to PI(4)P, GOLPH3 also binds to 

MYO18A, and MYO18A binds to F-actin. These linkages create a tensile force which is 

exerted on the Golgi membrane to facilitate vesicle budding from the trans-Golgi (Dippold 

et al., 2009; Farber-Katz et al., 2014; Ng et al., 2013; Xing et al., 2016) (Figure 1.3A). 

The phosphatidylinositol-4-phosphate (PI(4)P) is generated by phosphorylation of 

phosphatidylinositol at carbon position 4 on inositol ring. Despite having low levels 

elsewhere, PI(4)P is abundant at the Golgi, especially on trans-Golgi (Di Paolo and De 

Camilli, 2006; van Meer et al., 2008). The level of PI(4)P at the Golgi is maintained by 

kinases and phosphatases that make and degrade PI(4)P. PI4KIIIα, PI4KIIIβ, and PI4KIIα 

kinases have been shown to localize to the Golgi to increase PI(4)P level (Balla et al., 

2002; Barylko et al., 2001; Minogue et al., 2001). On the other hand, Sac I, an ER-resident 

phosphatase, translocates to the Golgi to reduce PI(4)P level upon serum starvation 

(Blagoveshchenskaya et al., 2008). Manipulating PI(4)P level at the Golgi by interfering 
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with PI4K kinases and phosphatases reveals the function of PI(4)P in promoting Golgi 

forward trafficking (Hama et al., 1999; Wang et al., 2003). Although many effectors of 

PI(4)P have been identified, strikingly, most of them function in non-vesicular lipid 

transport such as CERT which transports ceramide from the ER to the trans-Golgi, OSBP 

which transports cholesterol from the ER to the trans-Golgi, and FAPP2 which transports 

glucosylceramide from the cis-Golgi to the trans-Golgi (Review: (Makowski et al., 2017)). 

Different from other PI(4)P effectors, GOLPH3 protein binds PI(4)P to facilitate Golgi 

trafficking. 

The Golgi phosphoprotein 3 (GOLPH3) was first identified in biochemical assays 

by two independent groups, (Wu et al., 2000) and (Bell et al., 2001). They subjected the 

Golgi fraction of rat liver cells (which have predominant Golgi) to mass spectroscopy and 

identified a protein of about 33 – 34 kDa, which conserves from yeast to human. They 

named it GMx33 and GPP34 respectively. In further experiments, both groups showed 

that GOLPH3 localizes to the trans-Golgi. GOLPH3 was shown to be phosphorylated at 

multiple sites in a 2D gel (Wu et al., 2000). While GOLPH3 later was shown to associate 

with Golgi tubules (Snyder et al., 2006), no one at that time was sure about what GOLPH3 

would do to the Golgi.  

Efforts have been made to crystalize GOLPH3 (Figure 1.3B). The crystal structure 

of the yeast homolog of GOLPH3, Vps74 reveal a single globular domain with many α-

helices and two protruding outward β-strands (Schmitz et al., 2008; Wood et al., 2009). 

The protruding β-strands are called a β-hairpin. Interestingly, the Vps74 structure is very 

similar to the Vps36 structure. Because Vps36 uses its β-hairpin to insert into a binding 

pocket at the center of the ESCRTII complex, the β-hairpin of Vps74 is predicted to insert 
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in some unknown of structure. Together with yeast Vps74, mammalian GOLPH3 has 

been crystallized, and also has a protruding β-hairpin (Figure 1.3B).  

Our published work (Dippold et al., 2009; Ng et al., 2013; Xing et al., 2016) led to 

the discovery of GOLPH3 as a main effector of PI(4)P in a proteomic screen for PI(4)P 

binding proteins. GOLPH3 of human, fly, and yeast all bind to PI(4)P. Disabling Pik1, the 

yeast PI(4)P kinase responsible for making PI(4)P, leads to GOLPH3 disassociation from 

the Golgi. A similar effect was observed with expression of a PI(4)P phosphatase that 

localizes to the Golgi. We showed that knockdown of GOLPH3 leads to collapse of the 

Golgi ribbon and reduced total protein secretion as measured by the 35S-amino acid pulse 

chase assay (Dippold et al., 2009; Ng et al., 2013; Xing et al., 2016) (Figures 1.3C&1.3E).  

In a complex with GOLPH3, Myosin 18A (MYO18A) was shown to bind directly to 

GOLPH3 (Buschman and Field, 2017; Dippold et al., 2009; Farber-Katz et al., 2014; Taft 

et al., 2013). First cloned from a stromal cell lines, MYO18A is considered a non-

conventional Myosin with an “extra” PDZ domain before the N-terminal motor domain 

(Furusawa et al., 2000). MYO18A has been shown to bind F-actin directly. However, 

unlike other myosins, which hydrolyze ATP to move along F-actin, whether MYO18A has 

motor activity is still a topic of debate (Guzik-Lendrum et al., 2013; Isogawa et al., 2005; 

Taft et al., 2013). Nevertheless, (Billington et al., 2015) showed the ability of MYO18A to 

form mixed bipolar filaments with myosin II, which suggests that MYO18A could still move 

along F-actin. Our lab reported that knocking down of MYO18A, similar to knocking down 

of GOLPH3, leads to a compact Golgi, reduces Golgi exit frequency and total protein 

secretion (Buschman and Field, 2017; Dippold et al., 2009; Kuna and Field, 2018; Ng et 

al., 2013; Xing et al., 2016) (Figures 1.3D&1.3E). 
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When our lab looked into regulation of Golgi trafficking through the GOLPH3 

complex, we identified another critical component, the STRIPAK complex. 

1.3  The STRIPAK complex 

The STRiatin-Interacting-Phosphatase and kinases (STRIPAK) complex consists 

of the STRN3 scaffolding protein bringing together MOB4, PP2A, STRIP1/2, CCM3, 

GCKIII, and CTTNBP2/CTTNBP2NL or SIKE/SLMAP. STRN3 was suggested to bind 

directly to MOB4, PP2A, STRIP1/2, and CCM3. Then STRIP1/2 bridge either 

CTTNBP2/NL or SIKE/SLMAP to STRN3 in a mutually exclusive manner. CCM3 links 

GCKIII to STRN3 (Goudreault et al., 2009; Hauri et al., 2013) (Figure 1.4A). However, 

recent views of the STRIPAK complex from different mass spectrometry experiments 

suggest more interdependent interactions between STRIPAK members, in which MOB4 

could also bind GCKs, STRIP1/2 could also interact with PP2A, and SIKE could also bind 

directly to STRN3 (Review: (Shi et al., 2016)) (Figure 1.4B). 

At the core of the STRIPAK complex is STRN3. STRN3 was first detected as a 

nuclear antigen in S and G2 phase of HepG2 cells being stained with serum of a patient 

with non-invasive bladder carcinoma (Muro et al., 1995). Hence, STRN3 was first named 

SG2NA. The domain structure of STRN3 consists of six tandem WD-40 motifs at the C-

terminal end, and camodulin (CaM), caveolin (CaV), and a coiled coil (C-C) domain at the 

N-terminal end. The WD-40 motifs are often observed in scaffolding proteins, in which an 

array of WD-40 forms a β-propeller structure which interacts with other proteins (Smith, 

2008). Later work by Pallas and colleagues showed that STRN3 binds calmodulin and is 

in a complex with PP2A phosphatase. However, both interaction of STRN3 with PP2A 

and PP2A phosphatase activity do not depend on Ca++ (Moreno et al., 2000). Informatics 
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prediction showed the N-terminus of STRN3 to contain not only calmodulin (CaM) but 

also caveolin (CaV) and coiled coil (C-C) motifs. All three are collectively called the Striatin 

domain (Gaillard et al., 2001; Moreno et al., 2001). A schematic representation of the 

STRN3 protein is in Figure 1.5.  

The STRIPAK complex contains PP2A holoenzyme. PP2A is a serine/threonine 

phosphatase ubiquitously expresses in all eukaryotic cells. PP2A complex includes a 

catalytic subunit, a scaffolding subunit, and a regulatory subunit. PP2A catalytic subunit 

(PP2Ac) occurs in two isoforms α and β, which have high sequence homology (97%). 

Similarly, PP2A scaffolding subunit PP2A A also has two isoforms α and β, again with 

high sequence homology (86%). More divergent is the PP2A regulatory subunit PP2A B. 

There are four different families of regulatory subunit B, denoted B, B’, B’’, and B’’’. A 

second way of naming them is B55/PR55, B56/PR61, PR48/PR72/PR130, and 

PR93/PR110. Although it looks more complicated, the second way of naming shows the 

relative molecular weight of each subunit. STRN3 belongs to B’’’/PR93/PR110 group 

(Figure 1.6A) (Review: (Seshacharyulu et al., 2013)). By making their own antibodies 

again PP2Ac, PP2A B’, and STRN3, Pallas and his group showed co-IP of STRN3 with 

the PP2A A/C complex and vice versa. The co-IP experiment was done with lysates of 

transformed NIH3T3 cells overexpressing Ha-tagged mutant or wildtype PP2Ac (Moreno 

et al., 2000). STRIPAK complex has been shown to interact with the Hippo kinases 

MST1/2 in mammals, and its PP2A functions in deactivating Hippo kinases (Bae et al., 

2017; Couzens et al., 2013; Hauri et al., 2013; Ribeiro et al., 2010; Zheng et al., 2017). 

Beside, PP2A has been indicated in many dephosphorylation processes in cells, 
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especially in regulating activity of more than thirty other protein kinases (Millward et al., 

1999). 

Okadaic acid (OKA) and Calyculin A (Cal A) are the two toxins most commonly 

used to inhibit PP2A activity. Structures of OKA and Cal A are presented in Figure 1.6B, 

adapted from (Cohen et al., 1990). OKA was first isolated from two marine sponges 

(Tachibana et al., 1981). OKA was linked to diarrheic shellfish poisoning associated with 

consuming shellfish (Yasumoto et al., 1984). Phosphatase assays on 32P labeled-

substrates myosin light chain and phosphorylase a showed a great specificity of OKA to 

inhibit PP2A with ID50 = 1 nM. PP1 was inhibited to a lesser extent with  ID50 = 0.1 – 0.5 

µM. PP2B was quite resistant to OKA with ID50 = 4 – 5 µM. PP2C was not affected by 

OKA (Bialojan and Takai, 1988; Cohen et al., 1989). Structure of OKA showed high 

hydrophobicity which means OKA is able to cross the plasma membrane. This prompted 

experiments in intact cells to examine the effects of phosphatase inhibition. Isolated 

hepatocytes and adipocytes were labeled with 32P then treated with different 

concentrations of OKA. After 15 min incubation, OKA was shown to have maximal effect 

to promote phosphorylation in cells at 1 µM, while half maximal (ED50) was obtained with 

200 nM (Hardie et al., 1991). OKA was shown to be more specific in inhibiting PP2A than 

PP1 with about 10 folds difference in specificity (Bialojan and Takai, 1988; Cohen et al., 

1989; Hardie et al., 1991). Various concentrations of OKA have been used to treat 

different types of cells with different time points. For example, primary cultures of rat 

cortical neurons were treated with 10 nM OKA for 4 – 24 hours (Yoon et al., 2006).  With 

30 min incubation, concentration of OKA required to inhibit swelling activated the K+-influx 

channel in human erythrocytes was 65 nM (Kaji and Tsukitani, 1991). Between 10 nm to 
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1000 nm of OKA was used to treat human hepatocytes to increase glucose output 

(Haystead et al., 1989). On the other hand, Cal A was shown to efficiently inhibit PP1 at 

similar concentration as OKA inhibits PP2A (Cohen et al., 1990; Ishihara et al., 1989). 

1.4 Cell density signaling and the Hippo pathway 

Density-dependent cell growth and proliferation have been observed for decades, 

in which cells in culture dish stop or slow their proliferation upon “touching” other cells 

(Eagle and Levine, 1967; Holley, 1975; Stoker and Rubin, 1967). In contrast, cancer cells 

are able to escape density-regulated cell proliferation; they acquire enhanced ability to 

invade host tissues and metastasize (Hanahan and Weinberg, 2000). Characterization of 

density-dependent cell growth and proliferation would involve identification of cell surface 

receptors with their respective signaling cascades, and the mechanism of interaction 

between each member (Holley, 1975).  

The Hippo signaling pathway, as depicted in Figure 1.7, consists of Hippo kinases 

MST1 and MST2 in mammals and a single Hippo (Hpo) kinase in Drosophila. In high cell 

density, MST1/2 phosphorylate LATS1/2, which in turn phosphorylate YAP/TAZ. 

Phosphorylated YAP/TAZ are inactive and kept in cytoplasm by binding to 14-3-3 or 

subjected to degradation. In low cell density, the Hippo pathway is inactive, so 

unphosphorylated YAP/TAZ translocate into the nucleus to activate transcription of 

growth promotion genes. The Hippo pathway is also implicated in regulation of organ size. 

Enhancing activity of YAP leads to organ overgrowth in both Drosophila and mice (Dong 

et al., 2007; Pan, 2007; Zhao et al., 2011). There are many excellent reviews on the Hippo 

pathway such as (Halder and Johnson, 2011; Avruch et al., 2012; Park and Guan, 2013; 

Mo et al., 2014; Meng et al., 2016). 
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The Hpo kinase was first isolated in Drosophila genetic screen for genes that inhibit 

cell growth. Its kinase domain reveals Hpo as a member of the Ste20 family of Ser/Thr 

kinases and belongs to group II GCK subfamily. Hpo associates with and phosphorylates 

Sav. The Hpo/Sav complex promotes Wts (LATS1/2) phosphorylation (Harvey et al., 

2003; Udan et al., 2003; Wu et al., 2003). Hpo is most closely related to human kinases 

MST2 (60%) and MST1 (58%) which were first isolated by Chernoff’s group (Creasy and 

Chernoff, 1995a, 1995b). Independently, another group identified MST1/2 as kinases that 

are activated under extreme stress in NIH3T3 cells (Taylor et al., 1996).  

The domain structures of MST1/2 are represented in Figure 1.8. Global alignment 

of MST1 and MST2 sequences reveals 87.95% similarity. The kinase domain alone 

shows 94.4% similarity (Figure 1.9). The ATP binding pocket, surface properties, and 

substrate selectivity are very similar between MST1 and MST2 (Record et al., 2010). 

Human MST1 is encoded by the STK4 gene, and human MST2 is encoded by the STK3 

gene. They are 487 and 491 amino acids in length respectively. Both MST1 and MST2 

contain an N-terminal kinase domain, an autoinhibitory domain (sometimes called the 

linker region), and a C-terminal SARAH domain. The autophosphorylation sites T183 and 

T180 on MST1 and MST2 respectively are critical for kinase activity. Mutants bearing 

T180A or T183A are kinase deficient (Glantschnig et al., 2002; Praskova et al., 2004). 

TAOK1-3 have been shown to phosphorylate T183 and T180 to activate MST1/2 

(Boggiano et al., 2011). Crystal structures of the active MST1 kinase domain and the 

inactive MST2 kinase domain reveals conformational changes upon phosphorylation of 

T183 and T180 leading to substrate binding. The SARAH domain enables MST1/2 to form 

homodimer that is capable of trans-autophosphorylation at T183 and T180, leading to 
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kinase activation (Jin et al., 2012; Ni et al., 2013). One layer of MST1/2 kinase activity 

control is the formation of heterodimers between MST1/2 and RASSF proteins through 

SARAH domains, which is thought to disrupt MST1/2 homodimers, thus reducing 

autophosphorylation activation (Creasy et al., 1996; Hwang et al., 2007, 2014; Polesello 

et al., 2006). It is worth noting that there have not been any reports on whether MST1 and 

MST2 can form heterodimers with each other. Other phosphorylation events also 

contribute to regulation of MST1/2 activity. MST1 T387 has been shown to be 

phosphorylated by Akt to inhibit MST1 activity (Jang et al., 2007). PHLPP phosphatases 

counter Akt’s effect by dephosphorylating T387 on MST1 while physically interacting with 

MST1 in Hela cells (Jung et al., 2014; Qiao et al., 2010; Rawat and Chernoff, 2015). 

MST1/2 also autophosphorylate their linker region, which creates a docking site for Mob1 

which serves to enhance downstream LATS1/2 phosphorylation. On the other hand, 

phosphorylation of the linker region also leads to docking of the STRIPAK complex, which 

brings PP2A to dephosphorylate and thus deactivate MST1/2 (Bae et al., 2017; Zheng et 

al., 2017).  

Studies of a particular kinase often involve the use of a corresponding kinase-dead 

version as a negative control. The kinase-dead MST1/2 are generated by mutating the 

lysine at position 59 and 56 within the kinase domain of MST1 and MST2 respectively to 

arginine, because this lysine is critical for ATP binding in a kinase reaction. Many groups 

have used MST1K59R and MST2K56R as negative controls for kinase activity of MST1 

and MST2, and during the process showed that MST1K59R and MST2K56R do not retain 

kinase activity. MST1K59R is unable to phosphorylate myelin basic protein in vitro 

(Creasy et al., 1996). MST1K59R and MST2K56R are unable to phosphorylate its 
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substrate Mob1 in vivo (Praskova et al., 2008). MST2K56R is unable to phosphorylate 

cdc2(6–20)F15K19 synthetic peptide in vitro (Deng et al., 2003). Mutants bearing T180A 

or T183A are kinase deficient comparable to that of K59R or K56R mutants (Glantschnig 

et al., 2002; Praskova et al., 2004).  

Given the canonical role of the Hippo pathway in regulating cell proliferation and 

organ growth and the explosive amount of literature on the topic, many have the 

impression that MST1/2 kinases function primarily in the Hippo pathway. Although it may 

be true in the fly model, evidence in humans suggests that MST1/2 can be functionally 

redundant and deviated from those in fly. For example, MST1/2 have functions in the 

immune system. They have been reported to phosphorylate Mob1 to restrain proliferation 

of naïve T cells in mice (Zhou et al., 2008) or loss of MST1 leads to progressive loss of 

naïve T cells in human (Nehme et al., 2012). Unlike in Drosophila, MST1/2 are redundant 

in activating LATS1/2 kinases. MAP4K family kinases can act on LATS1/2 in parallel with 

MST1/2. Knocking down MST1/2 has minimal effect on YAP phosphorylation in human 

cells (Meng et al., 2015).  An interesting observation is that the Hippo pathway also exerts 

non-cell autonomous effect on neighboring cells. The non-cell autonomous effect of the 

Hippo pathway was shown to mostly occur through regulation of autocrine/paracrine 

signaling (Del Re et al., 2010; Sarikaya and Extavour, 2015; Zhang et al., 2009).  

Here, we report that under conditions of low cell density, the Hippo protein MST1/2 

interact with the STRIPAK complex, which leads to STRIPAK localization to the Golgi via 

interaction with GOLPH3. At the Golgi, dephosphorylation by PP2A leads to enhanced 

GOLPH3-MYO18A interaction, thus promoting vesicle trafficking, and as a consequence, 

an extended Golgi. On the other hand, at high cell density when the canonical Hippo 
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pathway is activated, the STRIPAK complex leaving the Golgi leads to weakening of 

GOLPH3-MYO18A interaction, which results in inhibition of Golgi-dependent protein 

secretion and a compact Golgi. We find that cell density, by controlling secretion via 

MST1/2, STRIPAK, GOLPH3, and MYO18A, regulates paracrine growth factor secretion 

and signaling, providing a means to affect the proliferation of neighboring cells. 

 

 

 

  



14 
 

 

 

 

 

 

 

 

 

  

  

Figure 1.1: The Structure of Golgi Stacks. 
(A) 3D reconstruction of Arabidopsis’ Golgi representing a typical Golgi with four 
general sub compartments: cis-Golgi, medial-Golgi, trans-Golgi and Trans Golgi 
Network (TGN). TGN is where the most vesicle-budding activity happens. (B) Golgi 
stacks of the simple, single-cell-eukaryote amoeba. (C) A Golgi stack of tobacco 
plant. (D) A Golgi stack of yeast Pichia pastoris. (E) A human Golgi stack. Adapted 
from (Staehelin and Kang, 2008; Wise and Flickinger, 1970; Rossanese et al., 
1999; Dippold et al., 2009). 
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Figure 1.2: Protein Transportation at The Golgi.  
The anterograde (forward) trafficking process starts with protein production in the 
ER. COPII vesicles bring protein from the ER to cis- Golgi. From cis-Golgi, proteins 
are continued to be transported to med- and trans- Golgi. By traveling along Golgi 
sub compartments, proteins are further modified and sorted to make sure they 
reach correct destinations: either other organelles or outside of the cells. In the 
retrograde (reverse) trafficking process, if some enzymes specific for ER or each 
Golgi-subcompartment are mis-carried to the next compartment, they will return in 
COPI vesicles. Figure was retrieved from the book Biology of the Cell with 
modification (Volume 101, Issue 9, pages 495-509, 3 JAN 2012 DOI: 
10.1042/BC20080233. 
http://onlinelibrary.wiley.com/doi/10.1042/BC20080233/full#f1) 
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Figure 1.3: The GOLPH3 Complex Regulates Golgi Morphology and 
Function.  
(A) The GOLPH3 complex consists of GOLPH3 protein binding to PI(4)P; GOLPH3 
also binds MYO18A which binds F-actin. These linkages create a tensile force 
which applies onto Golgi membrane to facilitate vesicle budding from trans-Golgi. 
(B) Crystal structure and electrostatic model of human GOLPH3 and yeast ortholog 
Vps74 show high similarity. They both have the appearance of a globular protein 
with a protruding β-hairpin, and a highly hydrophilic pocket crystalizing with SO4

2- 
resembles PI(4)P binding site. (C) Knocking down GOLPH3 using three different 
siRNAs lead to compact Golgi. (D) Knocking down MYO18A using three different 
siRNAs lead to compact Golgi. (E) Cells with GOLPH3 or MYO18A knockdown or 
F-actin destroyed by Latrunculin B have impaired vesicle exit at the Golgi.  Adapted 
from (Dippold et al., 2009) and (Wood et al., 2009). 
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Figure 1.4: Architecture of the STRIPAK Complex.  
(A) The STRiatin-Interacting-Phosphatase and kinases (STRIPAK) consists of 
STRN3 bringing together MOB4, PP2A, STRIP1/2, CCM3, GCKIII, and 
CTTNBP2/CTTNBP2NL or SIKE/SLMAP. STRN3 binds directly to MOB4, PP2A, 
STRIP1/2, and CCM3. STRIP1/2 bridge either CTTNBP2/NL or SIKE/SLMAP to 
STRN3 in a mutually exclusive manner. CCM3 links GCKIII to STRN3 (Adapt with 
modification Hwang and Pallas, 2014). (B) More interdependent interactions 
among STRIPAK members. MOB4 could also bind GCKs, STRIP1/2 interact with 
PP2A, and SIKE could bind directly to STRN3 (Shi et al., 2016) 
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Figure 1.5: Schematic Structure of STRN3.  
STRN3 carries calmodulin (CaM), caveolin (CaV), and coiled coil (C-C) motifs at 
the N-terminal, which are collectively termed striatin domain. STRN3 carries a 
tandem of six WD-40 motifs at the C-terminal. WD-40 can form a β-propeller 
structure, which is often observed in scaffolding proteins. The coiled coil domain 
enables STRN3 to form homodimer. 
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Figure 1.6: Structure of PP2A, Okadaic Acid, and Calyculin A.  
(A) The catalytic subunit of PP2A, PP2Ac, occurs in two isoforms α and β, which 
have high sequence homology (97%). The scaffolding subunit PP2A A also has 
two isoforms α and β with high sequence homology (86%). More diverted is the 
PP2A regulatory subunit, PP2A B. There are four different families of regulatory 
subunit B, denoted B, B’, B’’, and B’’’ or B55/PR55, B56/PR61, 
PR48/PR72/PR130, and PR93/PR110. STRN3 belongs to the B’’’ group. (B) 
Structure of Okadaic acid (OKA) and Calyculin A (Cal A) showed high 
hydrophobicity, which allows them to cross cell membrane. OKA is a potent 
inhibitor of PP2A. OKA could inhibit PP2A about 10-100 times better than inhibiting 
PP1 at an effective concentration for PP2A. Cal A is a potent inhibitor of both PP2A 
and PP1 at nano-molar scale. Cal A could inhibit both PP2A and PP1 equally well. 
Adapted from (Seshacharyulu et al., 2013) and (Cohen et al., 1990). 
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Figure 1.7: The Hippo Signaling Pathway That Responds to Cell Density to 
Regulate Cellular Growth.  
The canonical Hippo pathway starts from Hippo kinases MST1/2. When Hippo 
pathway is active, MST1/2 phosphorylate LATS1/2, which in turn phosphorylate 
YAP/TAZ. Phosphorylated YAP/TAZ are inactivated and kept in cytoplasm by 
binding to 14-3-3 or subjected to degradation. When Hippo pathway is inactive, 
unphosphorylated YAP/TAZ translocate into the nucleus to activate transcription 
of growth promotion genes. 

The Hippo pathway (Yu &Guan, 2013) 
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Figure 1.8: Schematic Structure of MST1/2.  
MST1 contains an N-terminal kinase domain, an autoinhibitory domain (linker 
region), and a C-terminal SARAH domain. MST1 and MST2 are activated by 
phosphorylation at T183 and T180 on MST1 and MST2 respectively by TAOK1-3 
or by autophosphorylation. Akt is reported to inactivate MST1 by phosphorylating 
T387. This action is countered by PHLPP phosphatases (Rawat and Chernoff, 
2015). 
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Figure 1.9: Global Alignment of MST1 and MST2 Protein Sequences. 
Protein sequences of MST1 and MST2 bear 87.95% similarity. The kinase 
domains alone bear 94.4% similarity. ATP binding pocket, surface properties and 
substrate selectivity are very similar between MST1 and MST2 (Alignment using 
EMBOSS Needle). 

 

MST1               1 METVQLRNP--PRRQLKKLDEDSLTKQPEEVFDVLEKLGEGSYGSVYKAI     48 

                          :..|  |:.:||||.||||||||||||||||||||||||||:||| 

MST2               1 -----MEQPPAPKSKLKKLSEDSLTKQPEEVFDVLEKLGEGSYGSVFKAI     45 

 

MST1              49 HKETGQIVAIKQVPVESDLQEIIKEISIMQQCDSPHVVKYYGSYFKNTDL     98 

                     |||:||:||||||||||||||||||||||||||||:|||||||||||||| 

MST2              46 HKESGQVVAIKQVPVESDLQEIIKEISIMQQCDSPYVVKYYGSYFKNTDL     95 

 

MST1              99 WIVMEYCGAGSVSDIIRLRNKTLTEDEIATILQSTLKGLEYLHFMRKIHR    148 

                     |||||||||||||||||||||||.||||||||:||||||||||||||||| 

MST2              96 WIVMEYCGAGSVSDIIRLRNKTLIEDEIATILKSTLKGLEYLHFMRKIHR    145 

 

MST1             149 DIKAGNILLNTEGHAKLADFGVAGQLTDTMAKRNTVIGTPFWMAPEVIQE    198 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

MST2             146 DIKAGNILLNTEGHAKLADFGVAGQLTDTMAKRNTVIGTPFWMAPEVIQE    195 

 

MST1             199 IGYNCVADIWSLGITAIEMAEGKPPYADIHPMRAIFMIPTNPPPTFRKPE    248 

                     |||||||||||||||:|||||||||||||||||||||||||||||||||| 

MST2             196 IGYNCVADIWSLGITSIEMAEGKPPYADIHPMRAIFMIPTNPPPTFRKPE    245 

 

MST1             249 LWSDNFTDFVKQCLVKSPEQRATATQLLQHPFVRSAKGVSILRDLINEAM    298 

                     ||||:||||||:||||:|||||||||||||||:::||.||||||||.||| 

MST2             246 LWSDDFTDFVKKCLVKNPEQRATATQLLQHPFIKNAKPVSILRDLITEAM    295 

 

MST1             299 DVKLKRQESQQREVDQDDEENSEEDEMDSGTMVRAVGDEMGTVRVASTMT    348 

                     ::|.||.|.||||: :::||||:|||:||.|||:...:.:||:|..|||: 

MST2             296 EIKAKRHEEQQREL-EEEEENSDEDELDSHTMVKTSVESVGTMRATSTMS    344 

 

MST1             349 DGANTMIEHDDT-LPSQLGTMVINAEDEEEE-GTMKRRDETMQPAKPSFL    396 

                     :||.|||||:.| |.|.|||||||:|||||| |||||...:.|..:|||: 

MST2             345 EGAQTMIEHNSTMLESDLGTMVINSEDEEEEDGTMKRNATSPQVQRPSFM    394 

 

MST1             397 EYFEQ---KEKENQINSFGKSVPGPLKNS---SDWKIPQDGDYEFLKSWT    440 

                     :||::   |.|.::..:.....|.|:..:   .:||:|||||::|||:.: 

MST2             395 DYFDKQDFKNKSHENCNQNMHEPFPMSKNVFPDNWKVPQDGDFDFLKNLS    444 

 

MST1             441 VEDLQKRLLALDPMMEQEIEEIRQKYQSKRQPILDAIEAKKRRQQNF    487 

                     :|:||.||.|||||||:||||:||:|.:||||||||::||||||||| 

MST2             445 LEELQMRLKALDPMMEREIEELRQRYTAKRQPILDAMDAKKRRQQNF    491 
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CHAPTER 2: CELL DENSITY REGULATION OF THE GOLGI THROUGH HIPPO, 

THE STRIPAK COMPLEX, AND GOLPH3 

2.1 Introduction  

Exit from the Golgi for trafficking to the plasma membrane (PM) is a key step in 

secretion whose regulation is poorly understood (Buschman et al., 2015a, 2015b; 

Makowski et al., 2017). Discovery of the role of the GOLPH3 complex in Golgi vesicle exit 

has provided a conceptual framework to understand regulation of the Golgi. GOLPH3 is 

tightly localized to the trans-Golgi and to vesicles budding from it (Bell et al., 2001; Dippold 

et al., 2009; Snyder et al., 2006). This localization is a consequence of GOLPH3’s 

interaction with the phosphoinositide PI4P (Dippold et al., 2009), which is highly enriched 

at the trans-Golgi (Godi et al., 1999, 2004). GOLPH3 further binds to the unconventional 

myosin, MYO18A, which binds F-actin to apply a tensile force to the Golgi. This force is 

required for efficient vesicle budding from the trans-Golgi for trafficking to the PM (Bishé 

et al., 2012; Dippold et al., 2009; Ng et al., 2013; Xing et al., 2016). As a side-effect, this 

force also gives the Golgi its characteristic appearance as an extended ribbon, as 

observed by light microscopy, and flattened cisternae, as observed by electron 

microscopy (Dippold et al., 2009; Ng et al., 2013). A large body of data make it clear that 

in higher organisms, the majority of Golgi-to-PM trafficking occurs through the GOLPH3 

pathway (Bishé et al., 2012; Dippold et al., 2009; Ng et al., 2013; Xing et al., 2016). 

Cell density sensing provides a critical control on cell growth. The Hippo pathway, 

first identified in flies but conserved throughout metazoa, senses increasing cell crowding 

to shut off cell proliferation (Avruch et al., 2012; Meng et al., 2016). This behavior is 

observed in cell culture, but in vivo manifests to regulate organ size. In mammals, the 



25 
 

upstream signals are uncertain, but cell crowding leads to activation of the protein kinase 

activity of the MST1 and MST2 orthologs of the Drosophila Hippo protein (Zhao et al., 

2007). Activation of MST1 and MST2 involves SAV1-dependent relief of inhibitory 

dephosphorylation by the protein phosphatase PP2A (Bae et al., 2017; Couzens et al., 

2013; Ribeiro et al., 2010; Zheng et al., 2017). PP2A is bound to STRN3 in the STRiatin 

Interacting Phosphatases and Kinases (STRIPAK) complex that interacts with MST1/2. 

In crowded cells, activated MST1/2 phosphorylate the LATS1 and LATS2 protein kinases, 

in a manner that depends on the MOB1 protein (Chan et al., 2005; Praskova et al., 2008). 

LATS1 and LATS2, in turn, phosphorylate the YAP and TAZ transcriptional co-activators. 

When phosphorylated, YAP and TAZ are retained in the cytoplasm and are degraded, 

resulting in shut-off of nuclear target genes, and exit from the cell cycle. Although this 

regulation of transcription is well known, whether other aspects of cell function are 

regulated in response to cell crowding remains unknown. In particular, the coordinated 

regulation required to control organ size is likely to depend on secreted, diffusible 

extracellular signals (Hariharan, 2015; Penzo-Méndez and Stanger, 2015). Indeed, in 

addition to its cell autonomous regulation of transcription, Hippo has non-cell autonomous 

effects on cell proliferation (Del Re et al., 2010; Sarikaya and Extavour, 2015; Zhang et 

al., 2009)  

Here, we report that the Golgi is regulated by cell density. This regulation involves 

signaling through MST1/2 to STRN3/STRIPAK to enhance the interaction between 

GOLPH3 and MYO18A. In sparse cells, MST1/2 promote STRN3 interaction with 

GOLPH3. The PP2A catalytic subunit within STRIPAK dephosphorylates the GOLPH3 

complex, which promotes the interaction between GOLPH3 and MYO18A, resulting in 
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enhanced Golgi-to-PM trafficking and extension of the Golgi ribbon around the nucleus. 

Surprisingly, in this regard, MST1 and MST2 act independently of their kinase activity, 

and independently of LATS1/2. With increasing cell density, the lack of signal from 

MST1/2 results in dissociation of STRN3 from GOLPH3, resulting in impaired interaction 

of GOLPH3 with MYO18A, and thus reduces Golgi-to-PM trafficking and compaction of 

the Golgi ribbon. Notably, this global regulation of the secretory pathway includes 

regulation of growth factor secretion, providing a mean for controlling cell proliferation in 

neighboring cells. This signaling pathway, by which cell density regulates the Golgi, 

involves a novel role for MST1/2 (Hippo) and has implications for understanding the 

biology of regulation of cell proliferation and organ size and the roles that these proteins 

play in cancer. 

2.2 Results  

2.2.1 High Cell Density Causes Golgi Compaction and Impaired Golgi-to-PM 

Trafficking 

While studying the Golgi, we noted changes in Golgi morphology that correlated 

with cell density. We plated HeLa cells at different densities and observed Golgi 

morphology using immunofluorescence (IF) to the Golgi marker GM130 (Figure 2.1A). At 

low density, the Golgi ribbon extended partially around the nucleus. However, with 

increasing cell density, the Golgi condensed into a compact ball. To quantify the effect of 

cell density, we measured the area of the Golgi (area of the smallest encircling ellipse). 

Golgi area decreased significantly with increasing cell density (Figure 2.1B). In addition 

to HeLa, Golgi compaction in response to high cell density occurred in HEK293 human 
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kidney cells (Figures 2.1C and 2.1D), MDA-MB-231 human breast cancer cells (Figures 

S2.1A and S2.1B), and NRK normal rat kidney cells (Figures S2.1C and S2.1D).  

We examined whether regulation of the Golgi by cell density affects secretion. 

First, we measured global secretion of endogenous proteins using a 35S-amino acid 

pulse-chase experiment. After pulse-chase, we measured the appearance of labeled 

protein secreted into the media, as well as incorporation of label into proteins in the cell 

lysate. We calculated relative secretion as a fraction of total protein synthesis, and 

compared cells plated at low and high density. For all cell lines examined, HEK293, HeLa, 

and NIH3T3, high cell density caused a significant reduction in global secretion of 

endogenous proteins (Figure 2.1E).  

Next, we observed trafficking of the experimental cargo ts045-VSVG-GFP, a 

temperature sensitive mutant of the Vesicular Stomatitis Virus G glycoprotein, that, upon 

shift to the permissive temperature, is released from the ER to the Golgi and then to the 

PM (Presley et al., 1997; Scales et al., 1997). In unpermeabilized cells, an antibody to the 

extracellular domain detects VSVG at the PM. In sparsely plated cells, we observed 

robust trafficking to the PM and minimal intracellular accumulation of VSVG-GFP, as 

expected (Figures 2.1F and 2.1G). Although the regulation of this viral protein was muted 

compared to endogenous proteins, we observed a significant reduction in VSVG 

trafficking to the PM in densely plated cells, with accumulation in the Golgi. We conclude 

that in densely plated cells, VSVG is able to exit the ER, but then accumulates at the 

Golgi, unable to traffic efficiently to the PM. Taken together, these data demonstrate novel 

regulation of the Golgi as a common feature of the mammalian cellular response to high 

cell density. 
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2.2.2 High Cell Density Inhibits the GOLPH3 Complex at The Golgi 

Golgi compaction and impaired forward trafficking are hallmarks of inhibition of the 

PI4P/GOLPH3/MYO18A/F-actin complex that we previously found functions to promote 

vesicle exit from the trans-Golgi (Bishé et al., 2012; Dippold et al., 2009; Ng et al., 2013; 

Xing et al., 2016). Because of the similarity to Golgi phenotypes in response to high cell 

density, we examined the GOLPH3 complex. By western blot (WB), GOLPH3 and 

MYO18A expression were unaffected by cell density (Figure S2.1E). Furthermore, 

GOLPH3 localization to the Golgi was unaffected by cell density (Figure S2.1F). Since 

GOLPH3 localizes to the Golgi via binding to PI4P, we infer that PI4P levels at the Golgi 

and the recruitment of GOLPH3 to the Golgi are unaffected by cell density. 

Next, we examined whether the interaction between GOLPH3 and MYO18A is 

regulated by cell density. We immunoprecipitated (IPed) endogenous GOLPH3 from low 

density HeLa cells, observing robust co-IP of endogenous MYO18A (Figure 2.1H). 

However, IP of GOLPH3 from high density HeLa cells co-IPed significantly less MYO18A 

(Figures 2.1H and 2.1I). A similar decrease in the association of GOLPH3 with MYO18A 

at high cell density occurred in HEK293 cells (Figure S2.1G). We conclude that high cell 

density leads to impaired interaction between GOLPH3 and MYO18A. Notably, impaired 

interaction between GOLPH3 and MYO18A is known to result in Golgi compaction and 

arrest of Golgi-to-PM trafficking (Dippold et al., 2009; Farber-Katz et al., 2014; Ng et al., 

2013; Xing et al., 2016) and thus explains the response of the Golgi to high cell density. 

2.2.3 STRN3 Interacts with GOLPH3 at the Golgi 

We predicted that one or more proteins that interact with the GOLPH3/MYO18A 

complex are involved in relaying the cell density signal. Thus, we performed large scale 
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IP of endogenous GOLPH3, followed by mass spectrometry (MS), which identified 

multiple peptides of striatin 3 (STRN3) (Figure S2.2A). STRN3 is the core of the STRIPAK 

complex (Goudreault et al., 2009; Kean et al., 2011). Notably, STRN3 binds to the MST1/2 

(Hippo) kinases (Couzens et al., 2013; Hauri et al., 2013; Ribeiro et al., 2010), which are 

regulated by cell density (Avruch et al., 2012; Meng et al., 2016). Thus, we further 

investigated the interaction between GOLPH3 and STRN3.  

By IP/WB, endogenous STRN3 robustly co-IPed with endogenous GOLPH3 in 

both HeLa and HEK293 cells (Figures 2.1H, 2.2A, and S2.1G). Furthermore, by IF 

endogenous STRN3 localized, in part, to the Golgi (Figure 2.2B), consistent with previous 

literature (Baillat et al., 2001). We confirmed the specificity of the IF signal by knockdown 

of STRN3 with three different siRNAs. Strikingly, STRN3 localization to the Golgi 

depended on GOLPH3, as siRNA knockdown of GOLPH3 (confirmed by parallel WB, 

Figure 2.2D) caused STRN3 to dissociate from the Golgi (Figure 2.2E). However, STRN3 

localization to the Golgi was independent of MYO18A (Figures 2.2D and 2.2E). A co-IP 

experiment confirmed that the interaction between GOLPH3 and STRN3 occurs 

independently of MYO18A, unaffected by siRNA knockdown of MYO18A (Figure 2.2F). 

These results establish that STRN3 complexes with GOLPH3, resulting in its Golgi 

localization, in a manner independent of MYO18A. 

2.2.4 STRN3 Regulates the Golgi by Promoting the Interaction of GOLPH3 with 

MYO18A 

With the discovery that STRN3 interacts with GOLPH3, we wondered whether it 

plays a role in regulation of the structure and function of the Golgi, as is true for the 

GOLPH3 complex. Knockdown of STRN3 using three different siRNAs efficiently reduced 
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STRN3 levels as observed by IF (Figure 2.2B) and WB (Figure S2.3A). Knockdown of 

STRN3 caused compaction of the Golgi (Figures 2.2B and 2.2C). Furthermore, 

expression of siRNA-resistant STRN3 in knockdown cells restored STRN3 expression 

(Figures 2.2G and S2.3B) and restored normal Golgi morphology (Figures 2.2G and 

2.2H). Thus, the Golgi phenotype is not an off-target effect of the siRNA, but rather Golgi 

compaction is a consequence of loss of STRN3. 

Next, we used a 35S-amino acid pulse-chase experiment to assess the effect of 

loss of STRN3 on global secretion of endogenous proteins. Similar to the effect of 

knockdown of MYO18A, knockdown of STRN3 by either of two siRNAs impaired overall 

secretion (Figures 2.3A and 2.3B). We also examined the effect of STRN3 knockdown 

(Figure S2.3C) on trafficking of ts045-VSVG-GFP (Figures 2.3C and 2.3D). While the 

regulation of trafficking of this viral protein was muted compared to endogenous proteins, 

trafficking was still significantly impaired upon knockdown of STRN3. We observed 

accumulation of VSVG-GFP at the Golgi, with a significant reduction in the amount 

delivered to the PM. Thus, knockdown of STRN3 results in Golgi compaction and arrest 

of Golgi-to-PM trafficking, which are the hallmarks of inhibition of the GOLPH3 complex. 

We investigated whether knockdown of STRN3 affects the GOLPH3 complex. 

First, knockdown of STRN3 did not affect the expression of GOLPH3 or MYO18A proteins 

(Figure S2.3E). Likewise, siRNA knockdown of STRN3 that was sufficient to cause Golgi 

compaction did not alter the Golgi localization of GOLPH3 (Figures S2.3D and S2.3E), 

indicating that PI4P levels and GOLPH3 recruitment to the Golgi are unaffected by loss 

of STRN3. Next, we assessed the interaction between GOLPH3 and MYO18A. siRNA 

knockdown of STRN3 resulted in a significant decrease in the co-IP of MYO18A with 
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GOLPH3 (Figures 2.3E and 2.3F). The decrease in the interaction of GOLPH3 with 

MYO18A upon knockdown of STRN3 explains the Golgi compaction and arrest of Golgi-

to-PM trafficking that occurs with loss of STRN3, and mimics the effect of high cell density. 

2.2.5 STRN3 Interaction with GOLPH3 is Regulated by Cell Density 

Since loss of STRN3 recapitulates the Golgi phenotype caused by cell crowding, 

and STRN3 is known to interact with the Hippo proteins, MST1/2, that are part of a cell 

density-sensing pathway (Couzens et al., 2013; Hauri et al., 2013), we wondered if the 

GOLPH3-STRN3 interaction is regulated by cell density. Compared to cells at low density, 

co-IP of STRN3 with GOLPH3 was significantly reduced in cells plated at high density 

(Figures 2.1H and 2.1K). Experiments in HEK293 cells revealed a similar reduction in the 

co-IP of STRN3 with GOLPH3 in densely plated cells (Figure S2.1G). We conclude that 

increasing cell density results in dissociation of STRN3 from GOLPH3. Since STRN3 is 

required for efficient interaction between GOLPH3 and MYO18A, loss of STRN3 from the 

GOLPH3 complex in response to increasing cell density explains the decrease in the 

GOLPH3-MYO18A interaction that occurs in response to increasing cell density. 

2.2.6 Hippo Proteins MST1/2 Regulate the Golgi 

In light of the known interaction between STRN3 and MST1/2 (Hippo), we 

examined whether MST1 or MST2 regulate the Golgi. Knockdown of MST1, MST2, or 

both (Figure S2.4A) resulted in compaction of the Golgi (Figures 2.4A and 2.4B). 

Furthermore, expression of siRNA-resistant MST1 or MST2 (corresponding to the 

appropriate siRNA) restored normal Golgi morphology (Figures 2.4C, 2.4D, S2.4B, 2.4E, 

2.4F, and S2.4C), indicating that Golgi compaction was not an off-target effect of the 

siRNA. Next, siRNA knockdown of MST1 or MST2 each significantly impaired Golgi-to-
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PM trafficking of ts045-VSVG-GFP (Figures 2.4G, 2.4H, and S2.4D). Thus, loss of MST1 

or MST2 causes Golgi compaction and impaired trafficking, the hallmarks of inhibition of 

the GOLPH3 complex, and similar to the effect of high cell density or loss of STRN3. 

2.2.7 MST1/2 Regulate the Golgi via GOLPH3 and STRN3, Independently of Their 

Kinase Activity and Canonical Hippo Signaling 

The known role of MST1 and MST2 in the regulation of gene transcription in 

response to changing cell density depends on their kinase activity to phosphorylate the 

LATS1 and LATS2 proteins (Avruch et al., 2012; Meng et al., 2016). Specifically, at high 

cell density, MST1/2 kinases phosphorylate LATS1/2, activating them to phosphorylate 

the transcriptional co-activators YAP/TAZ, causing exit from the nucleus and reduced 

transcription of target genes. We already observed a discrepancy with this canonical role 

of MST1/2 in that they are active to shut down transcription under conditions of high cell 

density, whereas we find that they are active to promote Golgi function under conditions 

of low cell density. Furthermore, MST1 and MST2 act redundantly to regulate 

transcription, whereas we observe that they are both required for Golgi function. To begin 

to understand this discrepancy, we examined the role of MST1/2 kinase activity for its 

regulation of the Golgi. We performed knockdown/rescue experiments comparing the 

ability to restore Golgi morphology by WT MST1 and MST2 versus kinase-dead mutants 

of MST1 (MST1-K59R) and MST2 (MST2-K56R) that are unable to phosphorylate 

substrates in vitro or in vivo (Creasy et al., 1996; Deng et al., 2003; Praskova et al., 2008). 

Expression of kinase-dead MST1 or MST2 each rescued Golgi morphology as well as the 

wild-type proteins (Figures 2.4C, 2.4D, S2.4B, 2.4E, 2.4F, and S2.4C).  
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To further test whether MST1/2 kinase activity is dispensable for MST1/2 

regulation of the Golgi, we used the inhibitor XMU-MP-1 (Fan et al., 2016; Zheng et al., 

2017). Unlike control cells, XMU-MP-1-treated cells continued to exhibit nuclear YAP 

even when plated at high density, indicating that XMU-MP-1 was efficiently inhibiting 

MST1/2 kinase activity (Figure 2.5A). By contrast, in the same cells, Golgi morphology 

was regulated normally, with an extended Golgi at low cell density, and a compact Golgi 

at high cell density, regardless of inhibition of MST1/2 kinase activity by XMU-MP-1 

(Figures 2.5A and 2.5B).  

To further assess whether MST1/2 regulation of the Golgi occurs independently of 

canonical Hippo pathway signaling, we tested whether loss of LATS1/2 phenocopies loss 

of MST1/2. Compared to parental WT cells, LATS1/2 double-knockout cells [engineered 

using CRISPR/Cas9 (Meng et al., 2015) (Figure S2.5A)] exhibited normal regulation of 

Golgi morphology, appearing extended in sparsely plated cells, but compact in densely 

plated cells (Figures S2.5B and S2.5C). Taken together, our data indicate that MST1/2 

function to promote Golgi function in a manner independent of their kinase activity and 

independent of the canonical downstream Hippo signaling pathway. 

Since MST1/2 interact with STRN3 (Bae et al., 2017; Couzens et al., 2013; Hauri 

et al., 2013; Zheng et al., 2017), we examined whether MST1/2 regulation of the Golgi 

occurs through STRN3, GOLPH3, and MYO18A. Attempts to overexpress MST1 or MST2 

resulted in cell death (data not shown). But, overexpression of kinase-dead FLAG-MST1-

K59R or HA-MST2-K56R did not cause cell death, consistent with published data (Graves 

et al., 1998; Lee et al., 2001). Furthermore, in cells plated at moderate density they 

caused significant expansion of the Golgi (Figures 2.5C and 2.5D). We then performed 
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epistasis analysis to determine whether the ability of MST1 and MST2 to affect the Golgi 

is dependent on STRN3, GOLPH3, and MYO18A. Knockdown of STRN3, GOLPH3, or 

MYO18A (Figure S2.5D) each completely eliminated the ability of MST1 or MST2 to affect 

the Golgi (Figures 2.5C and 2.5D). Thus, overexpression of kinase-dead MST1/2 is 

sufficient to overcome Golgi compaction caused by increasing cell density, restoring the 

extended Golgi ribbon by acting via STRN3, GOLPH3, and MYO18A.  

Since high cell density causes dissociation of STRN3 from GOLPH3 and the Golgi, 

and MST1/2 act via STRN3 and GOLPH3, we examined whether MST1/2 regulate the 

association of STRN3 with GOLPH3 and the Golgi. siRNA knockdown of MST1 or MST2 

(validated by parallel WB, Figure S2.5E) caused STRN3 to significantly dissociate from 

the Golgi (Figures 2.5E and 2.5F). Thus, loss of MST1 or MST2 recapitulates the effect 

of high cell density with dissociation of STRN3 from the Golgi, resulting in Golgi 

compaction and impairment of trafficking. In light of MST1 and MST2’s known role in 

signaling in response to changes in cell density, taken together with our data, we conclude 

that MST1/2 relay the cell density signal to STRN3, which regulates GOLPH3-MYO18A 

interaction to regulate Golgi structure and function. 

2.2.8 STRN3 Brings PP2Ac to the GOLPH3 Complex to Promote the Interaction of 

GOLPH3 with MYO18A 

To provide further insight into the mechanism by which STRN3 promotes the 

interaction of GOLPH3 with MYO18A, we characterized the nature of the 

STRN3/STRIPAK complex bound to GOLPH3. STRN3 is the core of STRIPAK, including 

alternative complexes with STRIP1/2 (also known as FAM40A/B) and CTTNBP2NL 

versus with SLMAP or CTTNBP2 (Goudreault et al., 2009; Hwang and Pallas, 2014). Our 
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MS analysis of large scale IP of GOLPH3 also identified multiple peptides from 

CTTNBP2NL (Figure S2.2B). We further characterized the nature of the 

STRN3/STRIPAK complex bound to GOLPH3 using IP/WB. Endogenous GOLPH3 co-

IPed endogenous STRIP1, CTTNBP2NL, and PP2Ac, the catalytic subunit of PP2A 

(Figure 2.6A). By contrast, we did not detect CTTNBP2 or SLMAP in the IP of GOLPH3 

(Figure S2.6A), consistent with published data that the STRIP1/2-CTTNBP2NL and 

SLMAP or CTTNBP2 complexes with STRN3 are mutually exclusive (Goudreault et al., 

2009).  

Next, we examined the connectivity of the complex. siRNA knockdown of STRN3 

eliminated the interaction of STRIP1, CTTNBP2NL, and PP2Ac with GOLPH3 (Figure 

2.6A). By IF, endogenous CTTNBP2NL localized, in part, to the Golgi (Figures 2.6B and 

S6B) and that signal was lost upon knockdown of CTTNBP2NL by each of three different 

siRNAs (Figure S2.6B, knockdown confirmed by paralleled WB, Figure S2.6C). Strikingly, 

the localization of CTTNBP2NL to the Golgi was dependent on GOLPH3 and STRN3, as 

siRNA knockdown of each (confirmed by parallel WB, Figure S2.6D) caused 

CTTNBP2NL to dissociate from the Golgi (Figure 2.6B). While CTTNBP2NL localization 

to the Golgi was dependent on GOLPH3 and STRN3, it was independent of MYO18A 

(Figures 2.6B and S2.6D). By contrast, co-IP of STRN3 with GOLPH3 occurs 

independently of CTTNBP2NL (Figure 2.6C). STRIP1 has been proposed to directly 

interact with STRN3 and bridge CTTNBP2NL to STRN3 (Goudreault et al., 2009; Kean 

et al., 2011); however, we observed that co-IP of STRIP1 with GOLPH3 is partly 

dependent on CTTNBP2NL (Figure 2.6C). Our data indicate that STRN3 interacts with 
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GOLPH3 independently of CTTNBP2NL and STRIP1, while CTTNBP2NL, STRIP1, and 

PP2Ac interact with GOLPH3 via STRN3.  

To examine whether the interaction between GOLPH3 and STRN3 is direct, we 

observed bacterially expressed, purified proteins in vitro. GST-STRN3, but not GST 

alone, pulled-down GOLPH3 (Figure 2.6D). We conclude that GOLPH3 directly interacts 

with STRN3, which bridges to other STRIPAK proteins, including PP2Ac, STRIP1, and 

CTTNBP2NL (Figure 2.6E). 

 We next sought insight into how STRN3/STRIPAK regulates the interaction 

between GOLPH3 and MYO18A, such that dissociation of STRN3 from GOLPH3 in cells 

at high density causes dissociation of MYO18A from GOLPH3. First, we examined the 

STRIPAK complex itself, finding that IP of endogenous STRN3 robustly co-IPed STRIP1, 

CTTNBP2NL, and PP2Ac equally well in sparse and dense cells (Figure S2.6D). PP2Ac 

is a core subunit of the STRIPAK complex that dephosphorylates MST1/2 in sparse cells 

(Bae et al., 2017; Couzens et al., 2013; Ribeiro et al., 2010; Zheng et al., 2017). Indeed, 

as shown above, PP2Ac is in the complex that co-IPs with GOLPH3 (Figure 2.6A). To 

examine whether PP2A plays a role in regulation of the Golgi, we treated sparsely plated 

cells with the PP2A inhibitors Okadaic acid or Calyculin A. Each caused significant 

compaction of the Golgi (Figures 2.7A and 2.7B). These data imply that PP2A 

phosphatase activity in STRIPAK may enhance the interaction between GOLPH3 and 

MYO18A. To further test whether dephosphorylation of the GOLPH3/MYO18A complex 

results in enhanced interaction, we examined the effects of dephosphorylation of the 

complex in vitro. Treatment with phosphatase strongly enhanced co-IP of MYO18A with 

GOLPH3 (Figure 2.7C). Thus, at low cell density STRN3 binding to GOLPH3 recruits the 
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STRIPAK phosphatase PP2Ac. PP2Ac-dependent dephosphorylation enhances the 

interaction between GOLPH3 and MYO18A. This enhanced interaction between 

GOLPH3 and MYO18A promotes Golgi-to-PM trafficking and causes extension of the 

Golgi ribbon (Figure 2.6E).  

2.2.9 Cell Density Regulation of Secretion Provides an Explanation for Non-Cell 

Autonomous Growth Regulation by Hippo 

The Hippo signaling pathway is known for its role to determine organ size in vivo, 

while in cell culture, it is observed to regulate cell proliferation in response to changing 

cell density (Avruch et al., 2012; Meng et al., 2016). Presumably, the ability to regulate 

overall organ size involves extracellular signals that coordinate overall organ growth. 

Indeed, Hippo signaling is known to exert both cell autonomous and non-cell autonomous 

control of cell proliferation (Del Re et al., 2010; Sarikaya and Extavour, 2015; Zhang et 

al., 2009). It occurs to us that regulation of secretory trafficking could allow for regulation 

in one cell to have consequences for neighboring cells. To determine if cell density 

regulation of Golgi function (via MST1/2-STRN3/STRIPAK-GOLPH3/MYO18A) affects 

growth factor secretion, we assessed secretion of PDGFA by MDA-MB-231-LM2 (LM2) 

cells (Minn et al., 2005). These cells secrete PDGFA in a manner dependent on PI4P 

(Halberg et al., 2016). We collected conditioned media from equal numbers of LM2 cells 

plated at low versus high density, and assessed PDGFA secretion. While cells grown at 

low and high densities expressed similar levels of intracellular PDGFA protein, the low 

density cells secreted significantly more than did the high density cells (Figure 2.7D and 

7E). Next, we found that the secretion of PDGFA was dependent on GOLPH3 and STRN3 

(Figures 2.7F, 2.7G, and S2.7).  
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Thus, we observe that growth factor secretion is modulated in response to cell 

density via the STRN3/GOLPH3 pathway that we found to be regulated by cell density 

via the Hippo signaling proteins, MST1 and MST2. Our data provide an explanation for 

the ability of cell density and the Hippo pathway to control cell proliferation at a distance. 

2.3 Discussion 

2.3.1 Novel Regulation of the Golgi by Cell Density 

Remarkably little has been published regarding control of Golgi function in 

response to extracellular or intracellular signaling (Makowski et al., 2017). Here, we 

provide a striking example of previously unknown regulation of the Golgi in response to 

changing cell density. Our findings reveal that in low cell density, the Hippo proteins MST1 

and MST2 function to promote STRN3/STRIPAK association with GOLPH3 at the Golgi. 

At the Golgi, the STRIPAK subunit PP2Ac promotes enhanced GOLPH3-MYO18A 

interaction, which drives active vesicle trafficking to the PM. In contrast, when cells 

become crowded, MST1/2 no longer promote STRIPAK association with GOLPH3 (and 

instead signal to LATS1/2 (Zhao et al., 2007)), resulting in weakening of the GOLPH3-

MYO18A interaction, and thus compaction of the Golgi ribbon and reduced secretory 

trafficking. The defect in secretion that occurs as a result of increasing cell density affects 

overall trafficking, as observed by unbiased experiments that assess secretion of all 

endogenous cargoes. Importantly, the defect in secretion caused by high cell density 

includes reduced secretion of PDGFA, thus demonstrating a mechanism by which cell 

density and Hippo signaling can affect proliferation of neighboring cells.  
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2.3.2 Non-Canonical Activity of MST1/2 

The canonical Hippo pathway in mammalian cells requires the kinase activity of 

MST1 and MST2 to phosphorylate the downstream substrates, LATS1 and LATS2, along 

with the associated protein, MOB1 (Avruch et al., 2012; Meng et al., 2016). Notably, the 

kinases MST1 and MST2 are functionally redundant in this activity and they are active in 

their role to activate LATS1/2 in cells at high density. By contrast, here we find that 

MST1/2 regulation of the Golgi involves an active role in cells at low density, and requires 

both MST1 and MST2. Furthermore, this activity occurs independently of LATS1/2 and 

independently of MST1 and MST2 kinase activity. MST1 and MST2 are known to directly 

interact with STRN3/STRIPAK (Bae et al., 2017; Couzens et al., 2013; Ribeiro et al., 

2010; Zheng et al., 2017), and we find that MST1/2 regulation of the Golgi occurs via 

STRN3, controlling its interaction with GOLPH3 at the Golgi. Understanding the detailed 

nature of MST1/2 regulation of STRN3/STRIPAK remains an important unsolved question 

for future investigation. 

2.3.3 GOLPH3 Pathway is a Hub for Signals that Regulate the Golgi 

Until recently, in the literature the Golgi has been treated as a constitutive 

organelle, functioning without input in response to changes in intracellular and 

extracellular conditions (Makowski et al., 2017). However, recent examples demonstrate 

regulation of the Golgi by several signaling pathways (Buschman et al., 2015a, 2015b; 

Makowski et al., 2017). Growth factor signaling, via regulation of the subcellular 

localization of the SAC1 PI4P-phosphatase, results in increased Golgi PI4P, 

accompanied by increased Golgi extension and activation of Golgi-to-PM trafficking (Bajaj 

Pahuja et al., 2015; Blagoveshchenskaya et al., 2008). The Golgi is also regulated in 
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response to cellular DNA damage (Farber-Katz et al., 2014). Activated DNA-PK directly 

phosphorylates GOLPH3 to enhance the interaction between GOLPH3 and MYO18A, 

resulting in increased vesiculation and subsequent dispersal of the Golgi. Cell 

differentiation state also regulates the Golgi (Ng et al., 2013). GOLPH3L is a paralog of 

GOLPH3 that acts as an endogenous dominant negative inhibitor of GOLPH3-MYO18A. 

GOLPH3L expression is restricted to highly secretory cell-types, where it acts as a throttle 

for the GOLPH3-MYO18A complex. Here, we report regulation of the Golgi in response 

to changing cell density downstream of the mammalian Hippo proteins, MST1 and MST2. 

Taken together, we see that the GOLPH3 complex is a hub through which multiple input 

signals converge to regulate the Golgi.  

2.3.4 Role in Cancer 

GOLPH3 and MYO18A have both been identified as oncogenic cancer drivers for 

many types of cancer (Buschman and Field, 2017; Buschman et al., 2015a; Kuna and 

Field, 2018; Makowski et al., 2017; Scott et al., 2009; Xing et al., 2016). Furthermore, the 

PI transfer protein family, implicated in PI delivery to Golgi PI-4-kinases, including 

PITPNC1, is an oncogenic cancer driver found to act via GOLPH3 (Halberg et al., 2016; 

Kuna and Field, 2018). By contrast, null mutations in mice have demonstrated that 

components of the Hippo pathway, including MST1/2 and LATS1/2, can act as tumor 

suppressors (John et al., 1999; Yabuta et al., 2013; Zhou et al., 2009). Our data indicate 

that MST1/2 differ from LATS1/2, because only MST1/2 act as positive regulators of the 

GOLPH3 complex. Since the GOLPH3 complex promotes cancer, the prediction is that 

MST1/2 should have features both as tumor suppressors and as oncogenes. Indeed, data 

from TCGA demonstrate that while homozygous loss of function mutations of LATS1 or 
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LATS2 are common in cancer, homozygous loss of MST1 or MST2 is uncommon (Cerami 

et al., 2012; Gao et al., 2013; Weinstein et al., 2013). In fact, unlike LATS1/2, amplification 

of MST1 or MST2 is seen in many cancers. The TCGA observations are only correlative, 

with many possible explanations. However, in light of our findings, the role in cancer of 

regulation of the GOLPH3 complex by MST1 and MST2 becomes an interesting topic for 

future research.  
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2.4  Materials and Methods 

2.4.1 Key resources tables 

Table 2.1: Key Antibodies 

ANTIBODIES SOURCE IDENTIFIER 

Rabbit polyclonal anti-GOLPH3  (Dippold et al., 
2009) 

N/A 

Rabbit polyclonal anti-MYO18A Dr. Zissis 
Chroneos 
(University of 
Texas, Tyler, TX) 

N/A 

Mouse monoclonal anti-STRN3 (clone S68) Novus biologicals Cat#NB110-
74572 

Rabbit polyclonal anti-STRN3 Sigma Cat#HPA0046
36 
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Table 2.1: Key Antibodies, cont. 

ANTIBODIES SOURCE IDENTIFIER 

Rabbit polyclonal anti-STRN3 Millipore  Cat# not yet 

available  

Mouse monoclonal anti-FAM40A (STRIP1) 
(Clone 7B8) 

OriGene Cat#TA502310 

Rabbit polyclonal anti-CTTNBP2NL Proteintech Cat#25523-1-
AP 

Rabbit monoclonal anti-STK3 (MST2) 
(EP1466Y) 

Abcam Cat#ab52641 

Rabbit polyclonal anti-MST1 Cell Signaling 
Technology 

Cat#3862S 

Rabbit polyclonal anti-LATS1 Bethyl 

Laboratories 

Cat#A300-

477A 

Rabbit polyclonal anti-LATS2 Bethyl 

Laboratories 

Cat#A300-

479A 

Rabbit polyclonal anti-PDGFA Origene Cat#AP20635
PUN 

Mouse monoclonal anti-VSV-G (8G5F11) Kerafast Cat#EB0010 
Rabbit polyclonal anti-YAP (H-125) Santa Cruz 

Biotechnology 
Cat#sc-15407 

Mouse monoclonal anti-GM130 BD Transduction 
Laboratories 

Cat#610823 

Mouse monoclonal anti-p230 BD Transduction 
Laboratories 

Cat#611281 

Rabbit polyclonal anti-Giantin Covance Cat#PRB-
114C 

Sheep polyclonal anti-TGN46 Bio-rad Cat#AHP500G
T 

Rabbit polyclonal anti-HA (Y-11) Santa Cruz 
Biotechnology 

Cat#sc-805 

Rabbit monoclonal anti-FLAG (D6W5B) Cell Signaling 
Technology 

Cat#14793 

Mouse monoclonal anti-FLAG (M2) Sigma Cat#F1804 

Mouse monoclonal anti-MYC (9B11) Cell Signaling 

Technology 

Cat#2276 

Rabbit monoclonal anti-GAPDH (D16H11) Cell Signaling 
Technology 

Cat#5174 

Mouse monoclonal anti-rabbit IgG, HRP-linked 
antibody 

Jackson 

ImmunoResearch 

Cat#211-032-

171 

Horse polyclonal anti-mouse IgG, HRP-linked 
antibody 

Cell signaling 
Technology 

Cat#7076 
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Table 2.1: Key Antibodies, cont. 

ANTIBODIES SOURCE IDENTIFIER 

Goat anti-rabbit AlexaFluor-488 conjugated 
secondary antibody 

Invitrogen Cat#A11034 

Goat anti-mouse AlexaFluor-488 conjugated 
secondary antibody 

Invitrogen Cat#A11029 

Goat anti-rabbit AlexaFluor-594 conjugated 
secondary antibody 

Invitrogen Cat#A11037 

Goat anti-mouse AlexaFluor-594 conjugated 
secondary antibody 

Invitrogen Cat#A11032 

Donkey anti-sheep AlexaFluor-647 conjugated 
secondary antibody 

Invitrogen Cat#A21448 

Table 2.2: Key Chemicals 

CHEMICALS SOURCE IDENTIFIER 

Okadaic acid Fisher Scientific Cat#49560925

UG 

Calyculin A Cell Signaling 
Technology 

Cat#9902 

XMU-MP-1 Cayman Chemical Cat#22083 

LipofectamineTM RNAiMax  Invitrogen Cat#56532 

TransIT-LT1 Mirus Cat#MIR2300 

Paraformadehyde Sigma-Aldrich Cat#158127 

OmniPur BSA Fraction V Calbiochem Cat#2960 

DAPI Roche Diagnostics Cat#10236276

001 

HCS CellMask Deep Red Stain Invitrogen Cat#H32721 

Fluoromount-G SouthernBiotech Cat#0100-01 

Protein A sepharose CL-4B GE Healthcare Cat#17-0780-

01 

Lambda Protein Phosphatase New England 
Biolabs 

Cat#P0753 
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Table 2.3: Key Cell Lines 

CELL LINES SOURCE IDENTIFIER 

HeLa S3 ATCC  
HeLa S3 stably expressed Golgi localization 
domain of α-mannosidase II-EGFP (amino 
acids 1-90) (ManII-GFP Hela) 

This study  

HEK293 (AD-293 variant) Stratagene  Cat#240085 

HEK293 stably express ts045-VSVG-GFP (Farber-Katz et al., 
2014) 

 

Normal Rat kidney cells (NRK cells) ATCC  

MDA-MB-231 ATCC  

MDA-MB-231-LM2  Dr. Joan 
Massagué 
(Memorial Sloan 
Kettering Cancer 
Center) 

(Minn et al., 
2005) 

HEK293 LATS1/2DKO Dr. Kun-liang 

Guan (University 

of California, San 

Diego) 

(Meng et al., 
2015) 

 

Table 2.4: Key Oligonucleotides 

OLIGONUCLEOTIDES SOURCE IDENTIFIER 

siRNA targeting sequence for MYO18A: 
Forward 5’-

UGGAGGUUAUGGAAAUGGAGGUGAU-3’ 

Reverse 5’-

AUCACCUCCAUUUCCAUAACCUCCA-3’ 

Stealth modified 

siRNA, Invitrogen, 

(Dippold et al., 

2009) 

 

siRNA targeting sequence for GOLPH3: 
Forward 5’-

AAAUGAUGUGUAACCCUCGCGGUCC-3’ 

Reverse 5’-

GGACCGCGAGGGUUACACAUCAUUU-3’ 

Stealth modified 

siRNA, Invitrogen, 

(Dippold et al., 

2009) 

 

The first siRNA targeting sequence for STRN3 

Forward 5’-

GGAACUGAACCAAGGUGACUUGAAA-3’ 

Reverse 5’-
UUUCAAGUCACCUUGGUUCAGUUCC-3’ 

Stealth modified 

siRNA, Invitrogen, 

this study  
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Table 2.4: Key Oligonucleotides, cont. 

OLIGONUCLEOTIDES SOURCE IDENTIFIER 

The second siRNA targeting sequence for 

STRN3 

Forward 5’-

UUGCUUAGGAGAUUCACCUCCAUUC-3’ 

Reverse 5’-

GAAUGGAGGUGAAUCUCCUAAGCAA-3’ 

Stealth modified 

siRNA, Invitrogen, 

this study  

 

The third siRNA targeting sequence for STRN3 

Forward 5’-

GCCAAAUGUUCUAGCUGGCACUUUA-3’ 

Reverse 5’-

UAAAGUGCCAGCUAGAACAUUUGGC-3’ 

Stealth modified 

siRNA, Invitrogen, 

this study  

 

The fourth siRNA targeting sequence for 

STRN3 

Forward 5’- 

GGAGACCUUGCAGACUUGACGGUAA-3’ 

Reverse 5’-

UUACCGUCAAGUCUGCAAGGUCUCC-3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The fifth siRNA targeting sequence for STRN3 

Forward 5’-

CAAGUCAUUUAUUAUGGGUUCUGAU-3’ 

Reverse 5’-

AUCAGAACCCAUAAUAAAUGACUUG-3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The first siRNA targeting sequence for 

CTTNBP2NL 

Forward 5’- 

CCACUCCUGCUUACUCAUAUGCAAA -3’ 

Reverse 5’- 

UUUGCAUAUGAGUAAGCAGGAGUGG -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The first siRNA targeting sequence for 

CTTNBP2NL 

Forward 5’- 

CCACUCCUGCUUACUCAUAUGCAAA -3’ 

Reverse 5’- 

UUUGCAUAUGAGUAAGCAGGAGUGG -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 
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Table 2.4: Key Oligonucleotides, cont. 

OLIGONUCLEOTIDES SOURCE IDENTIFIER 

The second siRNA targeting sequence for 

CTTNBP2NL 

Forward 5’- 

GCAAGCCUGAACUCCUGACACUAUU -3’ 

Reverse 5’- 

AAUAGUGUCAGGAGUUCAGGCUUGC -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The third siRNA targeting sequence for 

CTTNBP2NL 

Forward 5’- 

CCAAUACUGUUGUAGCAAAUGGUAA -3’ 

Reverse 5’- 

UUACCAUUUGCUACAACAGUAUUGG -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The first siRNA targeting sequence for MST1 

Forward 5’- 

GACAGCCCUCAUGUAGUCAAAUAUU -3’ 

Reverse 5’- 

AAUAUUUGACUACAUGAGGGCUGUC -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The second siRNA targeting sequence for 

MST1 

Forward 5’- 

GGCUGGUUCUGUAUCUGAUAUCAUU -3’ 

Reverse 5’- 

AAUGAUAUCAGAUACAGAACCAGCC -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The third siRNA targeting sequence for MST1 

Forward 5’- 

GGAGUGUCAAUACUGCGAGACUUAA -3’ 

Reverse 5’- 

UUAAGUCUCGCAGUAUUGACACUCC -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The first siRNA targeting sequence for MST2 

Forward 5’- 

CCUGUUGAAUCAGAUCUUCAGGAAA -3’ 

Reverse 5’- 

UUUCCUGAAGAUCUGAUUCAACAGG -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 
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Table 2.4: Key Oligonucleotides, cont. 

OLIGONUCLEOTIDES SOURCE IDENTIFIER 

The second siRNA targeting sequence for 

MST2 

Forward 5’- 

GGUCAGUUAACAGAUACAAUGGCAA -3’ 

Reverse 5’- 

UUGCCAUUGUAUCUGUUAACUGACC -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

The third siRNA targeting sequence for MST2 

Forward 5’- 

CAAGAAUGCCAAACCUGUAUCAAUA -3’ 

Reverse 5’- 

UAUUGAUACAGGUUUGGCAUUCUUG -3’ 

Stealth modified 

siRNA, Invitrogen, 

this study 

 

Negative control siRNA, 48% GC content, 

designed to have no cognate site in 

mammalian transcriptomes 

Stealth modified 

siRNA, Invitrogen  

Cat# 12935300 

Primer for site-directed mutagenesis to make 

siRNA resistant STRN3 

Forward 5’- 

CACAAATTAAAATATGGCACAGAGCTTAAT

CAGGGCGATCTAAAGATGCCAACCTTTGA

GTCAGA-3’ 

Reverse 5’- 

TGACTCAAAGGTTGGCATCTTTAGATCGCC

CTGATTAAGCTCTGTGCCATATTTTAATTT-

3’ 

This study  

Primer for site-directed mutagenesis to make 

siRNA resistant MST2 and MST2KR  

Forward 5’- 

CCGGTCAAGTTGTCGCAATTCGACAAGTAC

CTGTTGAATCAGATCTTC-3’ 

Reverse 5’- 

GAAGATCTGATTCAACAGGTACTTGTCGAA

TTGCGACAACTTGACCGG-3’ 

This study  
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Table 2.5: Key Recombinant DNA 

RECOMBINANT DNA SOURCE IDENTIFIER 

ts045-VSVG-GFP vector Dr. Jennifer 

Lippincott-

Schwartz (NIH) 

(Presley et al., 
1997) 

pcDNA3.1(+)-Myc-STRN3 This study  

pcDNA3.1(+)-Myc-STRN3 siRNA-resistant This study  

pcDNA3.1(+)-STRN3 This study  

pcDNA3.1(+)-STRN3 siRNA-resistant This study  

pGEX-4T3-GST-STRN3 This study  

pGEX-4T3-GST-GOLPH3 (Dippold et al., 

2009) 

 

pCMV-FLAG-MST1  Dr. Joe Avruch 

(Harvard 

University) 

 

pCMV-FLAG-MST1-K59R  Dr. Joe Avruch 

(Harvard 

University) 

 

pcDNA 3.1(+)-HA-MST2 Dr. Kun-Liang 

Guan (University 

of California, San 

Diego) 

 

pcDNA 3.1(+)-HA-MST2 siRNA-resistant This study  

pcDNA 3.1(+)-HA-MST2-K56R Dr. Kun-Liang 

Guan (University 

of California, San 

Diego) 

 

pcDNA 3.1(+)-HA-MST2-K56R siRNA-resistant This study  
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Table 2.6: Key Software and Algorithms 

SOFTWARE AND ALGORITHMS SOURCE IDENTIFIER 

Cell Profiler  (Carpenter et 
al., 2006) 

Slidebook Intelligent Imaging 
Innovations 

 

Image Studio Lite Ver. 5.2 LI-COR 
biosciences  

https://www.lic

or.com/bio/pro

ducts/software/

image_studio_l

ite/ 

2.4.2 Cell cultures 

HeLa S3, HEK293, MDA-MB-231, and NRK cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) (DMEM 1x, Gibco, Cat#10-013-CV) supplemented with 

10% (v/v) fetal bovine serum (FBS) and 100 units/ml Penicillin and 100 μg/ml 

Streptomycin at 37°C in a humidified, 10% carbon dioxide atmosphere. The stable cell 

lines HeLa S3 expressing ManII-GFP and HEK293 expressing ts045-VSVG-GFP were 

grown in media supplemented with 800 μg/mL G418. Experiments are performed in HeLa 

cells unless indicated otherwise. 

2.4.3 Western blot 

Cells were lysed at 95oC for 10 min in SDS sample buffer composed of 34.7 mM 

Tris-HCl, pH 6.8, 6.9% glycerol, 0.5 M β-mercaptoethanol, 1.7% SDS, and 0.04% 

bromophenol blue. Lysates were run on SDS-PAGE (10% acrylamide), then wet 

transferred to polyvinylidene difluoride (PVDF) membrane for 3.5 hr at 100 V in 4oC. The 

membranes were then blocked with 5% (w/v) non-fat milk in tris buffered saline 

(TBS)/0.1% Tween-20 for one hour before incubation with primary antibody in 5% (w/v) 

bovine serum albumin (BSA) in TBS/0.1% Tween-20 at 4°C overnight. After that, 

membranes were washed with TBS/0.1% Tween-20 then incubated with horse radish 
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peroxidase-conjugated secondary antibody at room temperature for one hour, followed 

by washing with TBS 0.1% Tween-20. Membranes were then incubated with enhanced 

chemiluminescence substrates and exposed to film.  

2.4.4 siRNA transfection 

Cells were incubated with 300 μl of DMEM with 10% FBS and without any 

antibiotics per well of a 24-well plate (24-well plate, Thermo Scientific, Cat#930186) for 

30 min prior to transfection with RNAiMax (Invitrogen, Cat#56532), according to 

manufacturer’s instructions. Cells were incubated with siRNA transfection mixture 

overnight before replacing with regular growth media. Cells were harvested after 66 hr 

from first contact with siRNA. The final concentration of siRNA in each well is 20 nM.  

2.4.5 DNA transformation 

Cells were incubated with 500 μl of DMEM with 10% FBS and without any 

antibiotics per well of a 24-well plate for 30 min prior to addition of DNA transformation 

mixture using LT1 (Mirus, Cat#MIR2300), according to manufacturer’s instructions. Cells 

were harvested after 24 hr. 

2.4.6 Immunofluorescence 

For IF, cells were grown on glass coverslips (Fisherbrand, Microscope Cover 

Glass, Cat#12-545-81). Cells were fixed with 4oC freshly made 3.7% paraformaldehyde 

in phosphate buffered saline (PBS) pH 7.5 and gently rocked for 20 min at room 

temperature. After fixing, cells were washed with PBS then permeabilized with 0.1% 

TritonX-100 in PBS for 10 min, then washed with PBS. After that, cells were blocked with 

5% (w/v) BSA in PBS for one hour at room temperature. Next, cells were immunostained 

with primary antibody in 1% (w/v) BSA and 500 ng/ml DAPI in PBS overnight at 4°C. The 
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next day, cells were washed with PBS then immunostained with secondary antibody in 

1% (w/v) BSA and 500 ng/ml DAPI in PBS for 2 hr at room temperature. When 

appropriate, cells were then stained with HCS CellMask Deep Red Stain at 50 ng/ml in 

PBS for 30 min at room temperature to allow automated image segmentation. After that, 

cells were washed with PBS and mounted onto glass slides (FisherScientific, Premium 

Microscope Slides Superfrost, Cat#12-544-7) using Fluoromount-G and sealed with clear 

nail polish.  

2.4.7 Immunoprecipitation 

Adherent cells were scraped down and rotated for 1 hr at 4oC in lysis buffer 

containing 150 mM NaCl, 10 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), 2 mM EDTA, 10 mM Na2PO4 (pH 7.0), 5 mM dithiothreitol 

(DTT), 100 μM leupeptin, 1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride 

(AEBSF), 1 μg/mL pepstatin A, 40 μM bestatin, 1 mM sodium orthovanadate, 20 mM 

sodium fluoride, 5 mM β-glycerophosphate, and 2.5 mM sodium pyrophosphate. Lysates 

were precleared at 12,000 rpm for 10 min and then incubated with appropriate antibody 

and corresponding pre-immune serum, rotating for 2 hr at 4oC. Protein A Sepharose 

beads were then added to the mixture and rotated for another hour at 4oC. Finally, beads 

were recovered at 3,000 rpm for two minutes and decanting. Beads were washed three 

times with lysis buffer and protein eluted by boiling in SDS sample buffer, followed by WB. 

2.4.8 Treatment of cell lysates with Lambda protein phosphatase 

Adherent cells were scraped down and rotated for 1 hr at 4oC in lysis buffer 

containing 150 mM NaCl, 10 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), 10 mM Na2PO4 (pH 7.0), 5 mM dithiothreitol (DTT), 100 μM 



52 
 

leupeptin, 1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 1 

μg/mL pepstatin A, and 40 μM bestatin. After precleared by spinning at 12,000 rpm for 10 

min, lysates were added with 1 mM MnCl2 then 800 U/ml Lambda protein phosphatase 

before incubating at 30oC for 1 hr. Subsequent immunoprecipitation steps followed what 

described above. 

2.4.9 ts045-VSVG-GFP trafficking assay 

HEK293 cells engineered to stably express ts045-VSVG-GFP protein were 

transfected with appropriate siRNAs. After 49 hr, cells were moved to 40oC. After 15.5 hr 

at 40oC, cells were shifted to the permissive temperature of 32oC. After 90 min incubation 

at 32oC, cells were fixed and stained. Immunofluorescence was performed without 

permeablizing the cells, using an anti-VSV-G antibody to detect the extracellular domain 

of VSVG protein at the PM. Images were analyzed using CellProfiler for image 

segmentation and quantification of PM VSVG relative to total VSVG-GFP per cell.  

2.4.10 35S-amino acid pulse chase assay 

Cells were plated at high or low density and/or transfected with appropriate 

siRNAs. One hour prior to harvest, cells were washed once with the modified DMEM 

without L-methionine, L-cystine, and L-glutamine (Corning, DMEM 1x, Cat#17-204-CIR), 

then pulse-labeled for 30 min at 37°C with 25 μCi/mL 35S-amino acid mixture 

(PerkinElmer, EasyTag™ EXPRESS35S Protein Labeling Mix, [35S], 2 mCi, 

NEG772002MC) in modified DMEM and 10% dialyzed FBS (GE Healthcare Life 

Sciences, Dialyzed Fetal Bovine Serum, Cat#SH30079.02). Afterward, cells were 

washed twice with regular DMEM (Corning, DMEM 1x, Cat#10-0130CV) and chased for 

10 min with regular DMEM supplemented with 10% regular FBS. The ‘chase’ media was 
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harvested and proteins from the media and cell lysate were precipitated with 10% 

trichloroacetic acid (TCA) at -20°C overnight followed by centrifugation, and washing 

twice with cold 10% TCA. Pellets were re-dissolved in 1 M Tris pH 8.8 buffer and counted 

in a scintillation counter. Protein secretion was calculated as the ratio of labeled protein 

in the media to total labeled proteins. 

2.4.11 In vitro pulldown assay 

GOLPH3, GST, and GST-STRN3 were bacterially expressed and purified. The 

pull-down buffer contained 150 mM NaCl, 10 mM Na2PO4 (pH 7.0), 10 mM CHAPS, and 

2 mM EDTA, 5 mM DTT, 100 μM leupeptin, 1 mg/ml AEBSF, 10 μM pepstatin A, and 40 

μM bestatin. Equimolar amounts of GOLPH3 and GST or GOLPH3 and GST-STRN3 

were mixed, rocked at 4oC for 2 hr, and added to GSH beads (Sigma, 

Glutathione−Agarose, Cat#G4510), rocking for another 2 hr. The beads were recovered 

by centrifuging at 500 g for 20 s and then washed three times with pull-down buffer. 

Proteins were recovered from the beads by boiling in sample buffer for 10 min. Proteins 

were analyzed by WB.  

2.4.12 Treatment of cells with MST1/2 inhibitors XMU-MP-1 

Cells were plated at high or low density on coverslips. XMU-MP-1 was then added 

at 1 μM, 3 μM, or 10 μM, versus addition of DMSO (vehicle control). After 6 hr cells were 

fixed with paraformaldehyde and processed for IF with antibodies to YAP and GM130, 

and stained with DAPI and HCS CellMask Deep Red. 
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2.4.13 Treatment with PP2A inhibitors Okadaic acid (OKA) and Calyculin A (CalA) 

Cells were plated on coverslips at low or high density. Treatment with OKA (10 

nM, 30 nM, or 50 nM), CalA (1 nM), or DMSO (vehicle control) was performed for 4 hr, 

followed by fixation with paraformaldehyde and processing for IF.  

2.4.14 PDGFA secretion assay 

LM2 cells were plated at high or low density and/or transfected with appropriate 

siRNAs. 40 hr after siRNA transfection cells were washed twice with DMEM and 

incubated in DMEM without serum for 16 hr. The conditioned media was collected, 

precleared at 1500 rpm for 3 min, passed through a 0.45 μM filter, and then concentrated 

20 fold using an Amicon Ultra-4 centrifugal device (Fisher, Ultra-4 Amicon, 3000NMWL, 

Cat#UFC800308). The cells were trypsinized, counted, washed two times with PBS, and 

lysed with RIPA buffer (150 mM NaCl, 2 mM EDTA, 10 mM sodium phosphate pH 7.2, 

1%(w/v) NP-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, protease inhibitors). 

Concentrated conditioned media was normalized according to cell count of corresponding 

samples. Conditioned media and cell lysates were examined by Western blot.  

2.4.15 Fluorescence microscopy 

Images of stained cells were acquired with an Olympus IX81-ZDC spinning-disk 

confocal microscope using a 40X/NA 1.30 objective lens. Images were captured using a 

Photometrics CoolSnap HQ2 cooled CCD camera. The microscope was controlled by 

and images captured using Slidebook software (Intelligent Imaging Innovations). 

Automated image segmentation and analysis were performed using CellProfiler software 

(Carpenter et al., 2006). Additional image analysis was performed using ImageJ software 
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(Schneider et al., 2012). Images shown in figures are maximum projections in z of 

confocal z-stacks, unless noted otherwise. 

2.4.16 Measurement of Golgi area 

An automated pipeline was built in CellProfiler software for automated image 

segmentation to identify individual cells and to measure the area of the Golgi per cell. 

Golgi area was determined as the area of an ellipse with the same second moment as 

the Golgi within that cell (similar to the area of the smallest encircling ellipse). 

Measurements of Golgi area per cell across treatments and replicate experiments were 

further analyzed in Microsoft Excel and PAST.   

2.4.17 Statistical analysis 

Bar graph indicate mean ± SEM. p-values were calculated using the indicated 

statistical test, using Microsoft Excel or PAST software (Hammer et al., 2001). 

Acknowledgements 

Chapter 2 is the complete text and figures of the manuscript by Tran, T.T.T, 

Dippold, H.C., Makowski, S.L., Buschman, M.D., Tanaka, H., Guan, K.-L., and Field, S.J. 

(2018). Cell Density Regulates the Golgi Through Hippo, the STRIPAK Complex, and 

GOLPH3. Manuscript is in review with Developmental Cell. I, Thuy Thi Thu Tran, is the 

primary investigator and author of this paper. 

 

  



56 
 

  

Figure 2.1: Increasing Cell Density Inhibits the GOLPH3 Complex to Cause 
Reduced Golgi Trafficking and Compact Golgi Morphology. 
(A) HeLa cells plated at increasing cell density, examined by IF to Golgi marker 
GM130 and stained with DAPI to mark nuclei. Differential interference contrast 
(DIC) images provide an overview of cell density. White box indicates the region 
shown in lower images to observe Golgi morphology. High cell density results in 
Golgi compaction. (B) Quantification of (A) reveals reduced Golgi area with 
increasing cell density.  (C) Similar to (A), showing high cell density causes Golgi 
compaction in HEK293 cells. See also Figures S2.1A-D for additional cell types. 
(D) Quantification of (C) reveals reduced Golgi area with increasing cell density. 
(E) Analysis of overall secretion of endogenous proteins by 35S-amino acid pulse-
chase assay to detect total protein secretion into the media relative to total protein 
synthesis. For each cell line, HEK293, HeLa, and NIH3T3, plating cells at high 
density results in reduced overall secretion. (F) Analysis of trafficking of ts045-
VSVG-GFP to the PM in HEK293 cells plated at low versus high density. Delivery 
of VSVG to the PM is detected using an antibody to the extracellular domain in 
unpermeabilized cells, occurring only after shift to the permissive temperature of 
32ºC. High cell density results in impaired delivery of VSVG to the PM. (G) 
Quantification of (F) reveals reduced VSVG transport to the PM in cells plated at 
high density. (H) IP of endogenous GOLPH3 from HeLa cells co-IPs both 
endogenous MYO18A and endogenous STRN3, and reveals impaired interaction 
of both proteins with GOLPH3 in cells plated at high density. See also Figures 
S2.1E-G for related data, including co-IP from HEK293 cells. (I) Quantification of 
co-IP from (H) reveals impaired GOLPH3-MYO18A interaction in cells at high 
density. (K) Quantification of co-IP from (H) reveals impaired GOLPH3-STRN3 
interaction in cells at high density. Bar graphs show mean ± SEM. Data for (B), 
(D), and (G) include n cells (as indicated), pooled from three independent 
experiments for each. (E), (I), and (K) include n (as indicated) independent 
experiments. p-values calculated for (B), (D), (E), and (G) by t test, for (I) and (K) 
by one sample t test.  
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Figure 2.2: STRN3 Interacts with GOLPH3 to Regulate Golgi Morphology and 
Trafficking. 
(A) IP of endogenous GOLPH3 robustly co-IPs both endogenous MYO18A and 
endogenous STRN3. Neither is observed with the pre-immune control. Dashed 
line indicates omission of irrelevant intervening lanes. (B) IF detects endogenous 
STRN3 partially colocalizing with the Golgi marker GM130 (red) in HeLa cells. 
Knockdown of STRN3 by each of three different siRNAs validates the specificity 
of the STRN3 IF, and demonstrates compaction of the Golgi relative to cells 
transfected with a control siRNA. See Figure S2.3A for parallel WB to further 
validate knockdown of STRN3. (C) Quantification of (B) demonstrating significant 
compaction of the Golgi with STRN3 knockdown. (D) WB demonstrates successful 
knockdown of GOLPH3, MYO18A, and STRN3 in blots performed in parallel with 
(E). (E) Partial localization of STRN3 to the Golgi (marked by TGN46), as detected 
by IF to the endogenous protein. Specificity of IF is validated by siRNA knockdown 
of STRN3. STRN3 localization to the Golgi is dependent on GOLPH3, but 
independent of MYO18A. (F) Endogenous STRN3 and MYO18A robustly co-IP 
with endogenous GOLPH3. Knockdown of MYO18A does not affect the interaction 
of STRN3 with GOLPH3. (G) siRNA knockdown of STRN3 results in reduced 
levels of STRN3 and compaction of the Golgi. Expression of siRNA-resistant 
STRN3 restores STRN3 expression, and restores extended ribbon morphology of 
the Golgi. See Figure S2.3B for WB. (H) Quantification of (G) demonstrating that 
knockdown of STRN3 causes Golgi compaction (reduced Golgi area), while 
expression of siRNA-resistant STRN3 rescues normal Golgi morphology. Bar 
graphs show mean ± SEM for n cells (as indicated), pooled from three independent 
experiments for each; p-values calculated by t test. 
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Figure 2.3: STRN3 Controls Golgi Form and Function via Regulation of the 
Interaction of GOLPH3 with MYO18A. 
(A) WB of (B) demonstrates successful knockdown of MYO18A and STRN3 (by 
two independent siRNA oligonucleotides). Dashed line indicates omission of 
irrelevant intervening lanes.(B) Analysis of overall secretion of endogenous 
proteins by 35S-amino acid pulse-chase, measuring total protein secretion relative 
to total protein synthesis, normalized to control. siRNA knockdown of MYO18A or 
STRN3 (by two independent siRNAs) each cause significant reduction in overall 
secretion. (C) Trafficking of ts045-VSVG-GFP to the PM in HEK293 cells plated at 
low versus high density. Delivery of VSVG to the PM is detected by an antibody to 
extracellular domain in unpermeabilized cells, occurring only after shift to the 
permissive temperature of 32ºC. siRNA knockdown of STRN3 results in impaired 
delivery of VSVG to the PM.(D) Quantification of (C) shows significant reduction of 
VSVG trafficking to the PM in cells plated at high density or upon knockdown of 
STRN3. (E) siRNA knockdown of STRN3 results in impaired co-IP of endogenous 
MYO18A with GOLPH3. See also Figure 2.6A.(F) Quantification of (E) shows 
significant reduction in GOLPH3-MYO18A interaction upon knockdown of 
STRN3.Bar graphs show mean ± SEM, for (B) and (F) from n (as indicated) 
independent experiments. (D) from n cells (as indicated), pooled from three 
independent experiments. p-values are calculated for (B) and (D) by t test, for (F) 
by one sample t test. 
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Figure 2.4: MST1 and MST2 are Required for Normal Golgi Form and 
Function. 
(A) siRNA knockdown of MST1, MST2, or both (using three independent siRNAs 
for each protein, as indicated), results in compaction of the Golgi ribbon. Shown 
are IF images of the Golgi marker GM130 (red), together with DAPI to mark the 
nucleus (blue). See also Figure S2.4A for parallel WB confirming knockdown of 
MST1 or MST2 by each siRNA. See also Figure S2.5, showing Golgi is unaffected 
by knockout of LATS1/2. (B) Quantification of (A) shows significant compaction of 
the Golgi upon knockdown of MST1, MST2, or both. (C) Compaction of the Golgi 
caused by siRNA knockdown of MST1 is rescued by expression of both WT and 
kinase-dead (K59R) siRNA-resistant FLAG-MST1. Transfected cells are detected 
by GFP (control, green) or anti-FLAG IF (FLAG-MST1, green). Golgi morphology 
is observed by IF to GM130 (red), with nucleus marked by DAPI (blue). See Figure 
S2.4B for parallel WB to validate expression. (D) Quantification of (C) shows 
significant compaction of the Golgi upon MST1 knockdown, and rescue of Golgi 
morphology with re-expression of siRNA-resistant FLAG-MST1, WT or kinase-
dead (K59R). (E) Compaction of the Golgi caused by siRNA knockdown of MST2 
is rescued by expression of both WT and kinase-dead (K56R) siRNA-resistant HA-
MST2. Transfected cells are detected by GFP (control, green) or anti-HA IF (HA-
MST2, green). Golgi morphology is observed by IF to GM130 (red), with nucleus 
marked by DAPI (blue). See Figure S2.4C for parallel WB to validate expression. 
(F) Quantification of (E) shows significant compaction of the Golgi upon MST2 
knockdown, and rescue of Golgi morphology with re-expression of siRNA-resistant 
HA-MST2, WT or kinase-dead (K56R). (G) Trafficking of ts045-VSVG-GFP to the 
PM in HEK293 cells is impaired upon knockdown of MST1 or MST2. Delivery to 
the PM is detected using an antibody to the extracellular domain in 
unpermeabilized cells. Trafficking occurs upon shift to the permissive temperature 
of 32ºC. See Figure S2.4D for WB to validate the knockdowns. (H) Quantification 
of (G) shows significant reduction in VSVG trafficking to the PM upon knockdown 
of MST1 or MST2. Bar graphs show mean ± SEM for n cells (as indicated), pooled 
from three independent experiments for each; p-values calculated by t test.  
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Figure 2.5: MST1 and MST2 Act on the Golgi Independently of Their Kinase 
Activity, Through STRN3, GOLPH3, and MYO18A. 
(A) HeLa treated with MST1/2 kinase inhibitor XMU-MP-1 or DMSO (vehicle 
control), followed by IF to YAP (green) and the Golgi marker GM130 (red) and 
stained with DAPI to mark nuclei (blue). In control cells, increasing cell density 
leads to loss of YAP from the nucleus and compaction of the Golgi. Treatment with 
MST1/2 kinase inhibitor XMU-MP-1 abrogates regulation of YAP, but has no effect 
on the Golgi. (B) Quantification of (A) shows Golgi area is unaffected by increasing 
XMU-MP-1. (C) Overexpression of FLAG-MST1-K59R or HA-MST2-K56R causes 
expansion of the Golgi, but this effect depends on GOLPH3, MYO18A, and 
STRN3. Transfected cells are detected by expression of GFP (control), FLAG-
MST1-K59R, or HA-MST2-K56R IF (all green). The Golgi is observed by IF to 
GM130 (red), and nuclei are stained with DAPI (blue). See also Figure S2.5D for 
WB to assess protein levels. (D) Quantification of (C) shows significant expansion 
of the Golgi upon overexpression of FLAG-MST1-K59R or HA-MST2-K56R, but 
not after knockdown of GOLPH3, MYO18A, or STRN3. (E) Sparsely plated cells 
transfected with siRNAs to knockdown MST1 or MST2 (or control), followed by IF 
to endogenous STRN3 (green) and Golgi marker GM130 (red), and stained with 
DAPI to mark nuclei (blue). Partial localization of endogenous STRN3 to the Golgi 
depends on MST1 and MST2. See also Figure S2.5E for WB to assess protein 
levels. (F) Quantification of (E) shows significant reduction in STRN3 localization 
to the Golgi upon MST1 or MST2 knockdown. Bar graphs show mean ± SEM for 
n cells (as indicated), pooled from three independent experiments for each; p-
values calculated by t test. 
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Figure 2.6: The STRIPAK Complex Interacts with GOLPH3 via STRN3. 
(A) Endogenous STRIPAK proteins CTTNBP2NL, STRIP1, PP2Ac, and STRN3, 
as well as MYO18A, co-IP with endogenous GOLPH3. Co-IP of STRIPAK proteins 
is dependent on STRN3, as observed by loss of co-IP after knockdown of STRN3. 
See also Figure S2.6A for assessment of other STRIPAK proteins. (B) Hela cells 
transfected with siRNAs to CTTNBP2NL, GOLPH3, STRN3, or MYO18A, followed 
by IF to CTTNBP2NL (green), Golgi marker GM130 (red) and stained with DAPI 
(blue) to mark the nuclei. Endogenous CTTNBP2NL is observed to partially 
localize to the Golgi, validated by siRNA knockdown. CTTNBP2NL localization to 
the Golgi depends on GOLPH3 and STRN3, but is independent of MYO18A. See 
also Figure S2.6D for parallel WB confirming knockdowns. See also Figure S2.6B 
and S6C for additional siRNA validation of IF to CTTNBP2NL. (C) IP of 
endogenous GOLPH3 co-IPs endogenous STRIP1, CTTNBP2NL, and STRN3. 
siRNA knockdown of CTTNBP2NL impairs co-IP of STRIP1, but co-IP of STRN3 
is unaffected. (D) Bacterially expressed, purified GOLPH3, GST, and GST-STRN3 
proteins interact in vitro. GST-STRN3 pulled-down on GSH beads robustly pulls-
down GOLPH3, but GST alone does not. (E) Model of STRIPAK interaction with 
GOLPH3, regulated by MST1/2. In cells at low density STRN3 interacts directly 
with GOLPH3, dependent on MST1/2. STRN3 bridges to other STRIPAK 
components including STRIP1, CTTNBP2NL, and PP2A. STRIPAK promotes the 
interaction between GOLPH3 and MYO18A to promote Golgi-to-plasma 
membrane trafficking in cells at low density. 
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Figure 2.7: STRIPAK PP2Ac Acts on the GOLPH3 Complex in Sparse Cells to 
Enhance GOLPH3-MYO18A Interaction to Promote Secretion. 
(A) HeLa cells plated at low density were treated with PP2A inhibitors Okadaic acid 
(OKA) or Calyculin A (CalA) or DMSO (vehicle control), followed by IF to the Golgi 
marker GM130 (red) and stained with DAPI to mark nuclei (blue). OKA and CalA 
cause Golgi compaction compared to the control. (B) Quantification of (A) shows 
significant compaction of the Golgi with OKA or CalA treatment. (C) Co-IP of 
endogenous MYO18A with endogenous GOLPH3 is enhanced by phosphatase 
treatment of the lysate. Effective phosphatase activity is detected by loss of AKT 
phosphorylation (on Ser473) in the input lysate. Dashed lines indicate omission of 
irrelevant intervening lanes. (D) WB detects significantly reduced PDGFA 
secretion into the media when LM2 cells are plated at high density despite similar 
expression of PDGFA. Re-blotting for GAPDH provides a loading control for the 
cell lysates, and demonstrates lack of contamination of the media with cells. (E) 
Quantification of (D) shows significantly reduced secretion of PDGFA from cells at 
high density. (F) Knockdown of GOLPH3 or STRN3 in LM2 cells does not affect 
cellular PDGFA expression, but significantly reduces the amount secreted into the 
media. Re-blotting for GAPDH provides a loading control for the cell lysates, and 
demonstrates lack of contamination of the media with cells. See also Figure S2.7 
for parallel WB confirming knockdown of GOLPH3 and STRN3. (G) Quantification 
of (F) shows significant reduction of PDGFA secretion following siRNA knockdown 
of GOLPH3 or STRN3. Bar graphs show mean ± SEM for n cells (as indicated), in 
(B) pooled from three independent experiments. (E) and (G) are from n (as 
indicated) independent experiments. p-values calculated for (B) by t test, for (E) 
and (G) by one sample t test.  
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Figure S2.1: Increasing Cell Density Inhibits the GOLPH3 Complex to Cause 
Golgi Compaction and Impaired Trafficking. 
(A) MDA-MB-231 cells were plated at low, medium, or high cell density, followed 
by IF to the Golgi marker GM130 (red) to examine Golgi morphology, and stained 
with DAPI to mark nuclei (blue). DIC images provide an overview of cell density. 
The white box indicates the region shown in the lower images to observe Golgi 
morphology. (B) Quantification of (A) shows a decrease in Golgi area when MDA-
MB-231 cells are plated at higher density. (C) High cell density causes Golgi 
compaction in NRK cells. See also Figures 2.1A-D for additional cell types. (D) 
Quantification of (C) shows a decrease in Golgi area when NRK cells are plated at 
higher density. (E) Protein levels of MYO18A, STRN3, GOLPH3, CTTNBP2NL, 
STRIP1, MST1, MST2, PP2Ac, and β-actin are not affected by cell density as 
detected by WB of lysates from equal numbers of cells, plated at low or high 
density. Dashed line indicates omission of irrelevant intervening lanes. (F) 
GOLPH3 remains tightly localized to the Golgi in HeLa cells plated at low or high 
density. IF to observe GOLPH3 (red) was performed in HeLa cells stably 
expressing ManII-GFP to mark the Golgi (green), and stained with DAPI to mark 
nuclei (blue). (G) IP of endogenous GOLPH3 from lysates of HEK293 cells plated 
at low density robustly co-IPs endogenous MYO18A and STRN3. However, when 
cells are plated at high density the interaction of MYO18A and STRN3 with 
GOLPH3 is impaired. See also Figure 1H for similar results in Hela cells. Bar 
graphs in (B) and (D) represent mean ± SEM n cells (as indicated), pooled from 
three independent experiments for each; p-values are calculated by t test. 
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Figure S2.2: Mass Spectrometry of IP of GOLPH3 Detects STRN3 and 
CTTNBP2NL. 
(A) Large-scale IP of GOLPH3 from HeLa cell lysate was separated on SDS-PAGE 
and compared to IP with pre-immune serum. A specific, prominent band observed 
at 100 kDa was trypsinized and analyzed by mass spectrometry. Multiple peptides 
corresponding to STRN3 were detected, highlighted in red and shown in the 
context of the full amino acid sequence of human STRN3 (NP_001077362.1). See 
also Figures 2.1H, 2.2A, 2.2F, 2.3E, 2.6A, and 2.6C for confirmatory IP/WB. (B) A 
second band from (A) was also analyzed by mass spectrometry. Multiple peptides 
corresponding to CTTNBP2NL were detected, highlighted in red and shown in the 
context of the full amino acid sequence of human CTTNBP2NL (NP_061174.1). 
See also Figures 2.6A and 2.6C for confirmatory IP/WB. 
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Figure S2.3: STRN3 Regulates Golgi Morphology and Trafficking. 
(A) WB shows efficient knockdown of STRN3 by three different siRNAs in the 
experiment in Figure 2.2B. Blot for GAPDH provides a loading control. (B) WB 
validating the knockdown and rescue of expression of STRN3 for the experiment 
in Figure 2.2G. Blot for GAPDH provides a loading control. Dashed line indicates 
omission of irrelevant intervening lanes. (C) WB shows efficient knockdown of 
STRN3 in the experiment in Figure 2.3C. (D) Knockdown of STRN3 causes Golgi 
compaction, but GOLPH3 remains tightly localized to the Golgi. IF was performed 
to observe GOLPH3 (green) and the Golgi marker GM130 (red), together with 
staining by DAPI to mark nuclei (blue). (E) WB shows efficient knockdown of 
STRN3 for the experiment in Figure S2.3D. Knockdown of STRN3 does not affect 
GOLPH3 or MYO18A protein levels. Dashed line indicates omission of irrelevant 
intervening lanes.  
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Figure S2.4: MST1 and MST2 Control Golgi Morphology and Trafficking. 
(A) WB validating siRNA knockdown for the experiments in Figures 2.4A-B. HeLa 
cells were transfected with control siRNA, one of three independent siRNAs 
against MST1 or MST2, or combinations of them, as indicated. SDS lysates were 
analyzed by WB to detect MST1, MST2, and GAPDH (as a loading control). (B) 
WB validating siRNA knockdown and rescue of expression of MST1 for the 
experiments in Figures 2.4C-D. siRNA to MST1 significantly reduces MST1 
expression. Transfection with an expression vector for siRNA-resistant FLAG-
MST1, either WT or the kinase-dead K59R mutant, restores MST1 expression. 
GOLPH3 and MYO18A levels are unaffected by knockdown or rescue of MST1 
expression. GAPDH serves as a loading control. Dashed line indicates omission 
of irrelevant intervening lanes. (C) WB validating siRNA knockdown and rescue of 
expression of MST2 for the experiments in Figures 2.4E-F. siRNA to MST2 
significantly reduces MST2 expression. Transfection with an expression vector for 
siRNA-resistant HA-MST2, either WT or the kinase-dead K56R mutant, restores 
MST2 expression. GOLPH3 and MYO18A levels are unaffected by knockdown or 
rescue of MST2 expression. GAPDH serves as a loading control. (D) WB validating 
siRNA knockdown of MST1 or MST2 for the experiments in Figures 2.4G-H. 
GAPDH serves as a loading control. 
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Figure S2.5: MST1 and MST2 Act on the Golgi Independently of LATS1/2, 
Through GOLPH3, MYO18A, and STRN3. 
(A) WB validating knockout of both LATS1 and LATS2 for the experiments in 
Figures S2.5B-C. SDS lysates were analyzed by WB for LATS1 and LATS2. 
GAPDH provides a loading control. (B) IF demonstrates an extended Golgi in cells 
at low density and a compact Golgi in cells at high density, in both WT and LATS1/2 
double-knockout (DKO) cells. Images show IF to the Golgi marker GM130 (red), 
together with DAPI staining to mark the nucleus (blue). (C) Quantification of (B) 
shows similar compaction of the Golgi in response to high cell density for control 
and LATS1/2 DKO cells. See also Figure 2.5 for additional evidence that MST1/2 
act on the Golgi independently of canonical Hippo signaling. (D) WB validating 
overexpression of FLAG-MST1-K59R or HA-MST2-K56R, together with siRNA 
knockdown of GOLPH3, MYO18A, or STRN3 for experiments in Figures 2.5C-D. 
GAPDH provides a loading control. (E) WB validating siRNA knockdown of MST1 
or MST2 for the experiments in Figures 2.5E-F. GAPDH serves as a loading 
control. Dashed line indicates omission of irrelevant intervening lanes. Bar graphs 
in (C) show mean ± SEM n cells (as indicated), pooled from three independent 
experiments; p-values are calculated by t test. 
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Figure S2.6: The STRIPAK Complex Localizes to the Golgi via STRN3 and 
GOLPH3. 
(A) Unlike CTTNBP2NL, STRIP1, and PP2Ac (Figure 2.6A), CTTNBP2 and 
SLMAP do not co-IP with GOLPH3, demonstrating that only one of the mutually 
exclusive STRIPAK complexes (Goudreault et al., 2009) associates with GOLPH3. 
IP of endogenous GOLPH3 was analyzed by WB to detect endogenous MYO18A, 
CTTNBP2, and SLMAP. As expected, MYO18A robustly co-IPs with GOLPH3. 
However, CTTNBP2 and SLMAP do not. (B) WB validates knockdown of 
CTTNBP2NL by three independent siRNAs for the experiment in Figure S2.6C. 
GAPDH provides a loading control. (C) siRNA validation of IF detection of 
CTTNBP2NL (2NL) at the Golgi. Images show IF to CTTNBP2NL (green) and the 
Golgi marker GM130 (red), together with DAPI to stain the nucleus (blue). In 
control cells, CTTNBP2NL IF is observed partially at the Golgi (overlapping 
GM130), and the Golgi IF signal is lost upon knockdown of CTTNBP2NL with each 
of three independent siRNAs. (D) WB validation of siRNA knockdown of GOLPH3, 
MYO18A, STRN3, and CTTNBP2NL for the experiment in Figure 2.6B. (E) IP of 
endogenous STRN3 co-IPs endogenous CTTNBP2NL, STRIP1, and PP2Ac, 
unaffected by changing cell density. 



78 
 

 

  



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

100% 30% 10% 100% 

Ctrl siRNA: 

Loading%: 

GOLPH3 STRN3 

GOLPH3 

GAPDH 

STRN3 
Blot 

Figure S2.7: Cell Density-Regulated Secretion of PDGFA Depends on 
GOLPH3 and STRN3. 
WB validation of the siRNA knockdown of GOLPH3 and STRN3 for the experiment 
in Figure 2.7F. GAPDH provides a loading control. 
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CHAPTER 3: THE MODEL, DISCUSSION, AND FUTURE EXPERIMENTS 

THE MODEL 

The Golgi plays a critical role in protein transport and secretion, and most cytokines 

and growth factors depend on the Golgi for secretion out of the cells, but very little is 

known about regulation of Golgi trafficking. There is scattered evidence showing inhibition 

of COPI and COPII vesicles or mutating some of Golgi enzymes which can eventually 

lead to inhibition of secretion due to lack of cargo formation, but very little is known about 

mechanisms that could affect Golgi trafficking in response to extracellular signals.  

Here we report that in low cell density, the MST1 and MST2 protein kinases, 

independent of their kinase activity, trigger STRIPAK complex localization to the Golgi. 

The STRIPAK complex docks at the Golgi through direct interaction between GOLPH3 

and STRN3. There, dephosphorylation by PP2A of the STRIPAK/GOLPH3-MYO18A 

complex leads to enhanced interaction between GOLPH3 and MYO18A. GOLPH3 

interaction with MYO18A creates a pulling force applied onto Golgi membrane, which aids 

vesicle budding for forward trafficking. A consequence of that pulling force is that the Golgi 

ribbon is stretched around the nucleus. On the other hand, high cell density decouples 

the effect of MST1/2 on the STRIPAK complex, making STRIPAK delocalize from the 

Golgi, which leads to weakening of GOLPH3-MYO18A interaction. This results in 

inhibition of forward trafficking, and a compact Golgi (Figure 3.1).  

DISCUSSION 

Although cell density signaling to the Golgi also relies on the ability of MST1/2 to 

transduce cell density signals, available data show that MST1/2 regulate the Golgi 

independent from the canonical Hippo pathway. There are discrepancies in our 
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observation of Hippo MST1/2 involvement in Golgi trafficking versus the canonical Hippo 

pathway. First, our model shows MST1/2 function in sparse cells, whereas in the 

canonical Hippo pathway, MST1/2 function at high cell density. Second, our data show 

that MST1/2 function independent of their kinase activity, while with the Hippo pathway, 

MST1/2 need to be kinase activated to activate downstream effectors. Third, MST1/2 

have been shown to be redundant to each other and to other kinases in activating 

downstream effectors LATS1/2 in mammals (Meng et al., 2015), while in our model, 

MST1/2 are both required for Golgi function. Fourth, disabling downstream effectors of 

the canonical Hippo pathways such as LATS1/2 does not affect regulation of the Golgi. 

Therefore, our data report a novel function for the Hippo protein MST1/2. 

There is evidence showing the STRIPAK complex regulates kinase activity of 

MST1/2 in the Hippo pathway (Bae et al., 2017; Couzens et al., 2013; Hauri et al., 2013; 

Ribeiro et al., 2010; Zheng et al., 2017). Besides, our model (Figure 3.1) proposes that 

MST1/2, independent of their kinase activity, localize the STRIPAK complex to the Golgi 

in sparse cells. The question is, whether MST1/2-STRIPAK interaction in canonical Hippo 

pathway is similar to MST1/2-STRIPAK interaction in cell density signaling at the Golgi. 

Recent findings by two groups (Bae et al., 2017; Zheng et al., 2017) showed MST1/2 

kinase activity being inhibited by PP2A. They showed that the protein SLMAP of the 

STRIPAK complex links STRIPAK, and thus PP2A to MST1/2 through direct binding of 

SLMAP to the phosphorylated linker region of MST1/2. In our proteomic screen for 

GOLPH3 interacting partners as well as in our co-IPs, we did not detect SLMAP but 

CTTNBP2NL. CTTNBP2NL has been shown to form a complex with STRIPAK in a 

mutually exclusive manner from SLMAP (Couzens et al., 2013; Kean et al., 2011). 
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Therefore, STRIPAK complex may interact differently with MST1/2 in the context of the 

canonical Hippo pathway versus Golgi signaling. In addition, (Bae et al., 2017; Zheng et 

al., 2017) showed that in mammalian cells SLMAP does not bind to kinase-dead MST2. 

This finding is in line with our data, since we found that MST1/2 act on the Golgi 

independent of their kinase activity. Therefore, our signaling pathway involving MST1/2, 

STRIPAK, and GOLPH3 complex are independent from the canonical Hippo pathway. 

The Hippo pathway has been shown to exert both autonomous and non-cell 

autonomous effects on cell proliferation. The non-cell autonomous effect of the Hippo 

pathway causes reduction in growth factor secretion. This effect was often attributed to 

the probable reduction in transcription level due to inhibition of YAP (Del Re et al., 2010; 

Sarikaya and Extavour, 2015; Zhang et al., 2009). However, our data reveal the level of 

growth factors such as PDGFA is unchanged in cells, but reduced secretion into media. 

Here, we report a novel mechanism for non-cell autonomous effect of the Hippo pathway, 

in which Hippo MST1/2 regulate Golgi secretion, thus regulate growth factors secretion 

into media. 

Figuring out upstream effectors that send cell density signal to MST1/2 is a topic 

being studied by many different labs that study the Hippo pathway. Some research groups 

have published data on upstream signaling to MST1/2. The neurofibromatosis type 2 

(NF2) gene encodes for protein Merlin. Examination of NIH3T3, Rat1 fibroblasts, normal 

rat kidney (NRK), and human osteosarcoma (MG63 and U20S) cells showed that high 

cell density or serum starvation leads to an increase in Merlin protein level. In low cell 

density or addition of serum, Merlin level is reduced. Especially, the faster running, 

unphosphorylated form of the Merlin doublet reduced even further (Morrison et al., 2001; 
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Shaw et al., 1998). In primary normal rat Schwann cells, cells at high cell density express 

more Merlin than cells at low density. In the transformed Schwannoma cells, which do not 

cease division at high density but continue to form foci, Merlin levels do not increase. 

Inducible expression of wild type Merlin but not an inactive Merlin mutant reduce 

Schwannoma foci formation (cell growth) in soft agar and tumor volume when nude mice 

are injected with those cells (Morrison et al., 2001).  

On the cell surface, the polymorphic glycoprotein CD44 is a receptor for hyaluronic 

acid (HA), an important component of the extracellular matrix (Aruffo et al., 1990; Lesley 

et al., 2000; Sherman et al., 1995). (Morrison et al., 2001) showed that only the 

hypophosphorylated form of Merlin (high cell density merlin form) could bind to CD44 but 

not the related Ezrin, Radixin, and Moesin (ERM) family of membrane/cytoskeletal linker 

proteins. When only the cytoplasmic tail of CD44 is expressed to neutralize Merlin, the 

growth inhibition effect is blocked. On the other hand, phosphorylated Merlin and the ERM 

family protein bind to CD44 in low density cells. To confirm that cell density signals 

through extracellular matrix HA binding to CD44 receptor then signaling to Merlin, 

(Morrison et al., 2001) grew cells in the presence of soluble extracellular domain of CD44 

(apparently depleted HA binding to cell surface, full length CD44) and saw that Merlin 

overexpression could no longer inhibit cell growth. On the other hand, if the soluble 

extracellular domain of CD44 carrying mutations that render it unable to bind 

glycosaminoglycan, Merlin overexpression stills inhibited cell growth. Treating murine 

NIH3T3, canine MDCK, and rat kangaroo Ptk2 cells with HA caused Merlin 

dephosphorylation and inhibited cell proliferation. Overexpression of Merlin in human 

melanoma cells that metastasized to the lymph node (MeWo) cells led to increased 
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phosphorylation of MST1/2 and further pre-disposed MST1/2 to phosphorylation by stress 

stimuli such as H2O2 treatment (Murray et al., 2012) 

Clearly, these studies provide a compelling example of a pathway that responsed 

to cell density, through HA, CD44, and Merlin and transduces signal to MST1/2. It 

presents an example of annotated signal transduction upstream of the Hippo pathway, 

involving substrates, receptors, and effectors. Of course, many more signaling pathways 

upstream of MST1/2 are believed to exist and remained to be elucidated. 

Although our model highlights different steps of the signaling pathway, there are 

still details to fill in the picture. 

FUTURE EXPERIMENTS 

How do MST1 and MST2 work together to affect the Golgi? 

Our data show MST1/2 function independent of their kinase activity. They together 

promote Golgi trafficking in sparse cells. Unlike in the canonical Hippo pathway, MST1/2 

are not functionally redundant. Our data showed that MST1/2 are both required for 

extended Golgi and Golgi trafficking. There have been reports that MST1/2 form 

homodimer through the SARAH domain (Jin et al., 2012; Ni et al., 2013), however, 

heterodimer formation between MST1/2, although very likely, has not been reported. 

MST1/2 forming heterodimer to function at the Golgi is a likely explanation for why they 

are both required for Golgi function. The ability of MST1/2 to form heterodimer could be 

tested in vitro by mixing purified, differently labeled kinase-dead MST1/2 together to see 

if heterodimers form. The reason kinase-dead versions of MST1/2 need to be used is 

because our model points away from relevance of kinase activity; however, WT versions 

of MST1/2 can also be used. SARAH domain-truncated mutant of MST1 could be mixed 
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with full length MST2 and vice versa to test the role of SARAH domain in heterodimer 

formation. In vivo experiments such as fluorescence resonance energy transfer (FRET) 

(Sekar and Periasamy, 2003) could be done with kinase-dead MST1/2 to determine their 

ability to form heterodimer.  

How do MST1/2 promote STRIPAK localization to the Golgi? 

Detailed mechanisms of how kinase-dead MST1/2 interact with STRIPAK in 

sparse cells and how that interaction promote STRIPAK localization to the Golgi remain 

to be elucidated. In that context, MST1/2 could either act as scaffold or they themselves 

regulate other kinases/phosphatases upstream of STRIPAK. To figure out this interaction 

network, conventional IP-MS or BioID (Roux et al., 2012, 2013) could be done in sparse 

cells using each protein kinase-dead MST1/2 or STRIPAK as baits. It must be noted that 

IP-MS and BioID have been done with MST1/2 before, but not with kinase dead MST1/2 

specifically in sparse cells. Analysis of acquired data should give some hints on possible 

proteins that link MST1/2 to STRIPAK. Hits found on IP-MS or BioID with kinase-dead 

MST1/2 as baits could also give hints for upstream signaling that transduces cell density 

signal to MST1/2. 

What are regulatory phosphorylation events that affect GOLPH3-MYO18A 

interaction? 

Our data showed that when the GOLPH3-MYO18A/STRIPAK complex is 

dephosphorylated, the interaction between GOLPH3 and MYO18A is enhanced. It would 

be interesting to identify such regulatory phosphorylation sites on GOLPH3, MYO18A, 

and STRN3. To identify those sites, stable isotope labeling by amino acids in cell culture 

(SILAC) (Ong et al., 2002) accompanied by phosphopeptide isolation could be done on 
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GOLPH3, MYO18A, or STRN3 in sparse versus confluent cells. Alternatively, such SILAC 

experiments could be done in cells with PP2A inhibition versus controls. Either PP2A 

inhibitor used in our experiments, OKA or Cal A, could be used to treat the cells. Because 

our model predicts that the absence of STRN3 falls to direct PP2A to the Golgi, and our 

data showed reduction of GOLPH3 interaction with MYO18A upon STRN3 knockdown, 

another possibility is to use SILAC experiments to look at differences in GOLPH3 or 

MYO18A phosphorylation in STRN3 knockdown cells versus controls, which could reveal 

regulatory phosphorylation sites on both proteins. Upon identification of phosphorylation 

sites, phosphomimetic and unphosphorylatable mutants can be made, and tested their 

ability to rescue Golgi function in respective knockdowns. 

How does STRN3 interact with GOLPH3? 

Since our data show a direct interaction between GOLPH3 and STRN3, it would 

be interesting to define structurally how STRN3 binds to GOLPH3. To find out binding 

sites on STRN3, in vitro pull-down could be done with purified truncations of STRN3 

mixing with full-length GOLPH3. Truncations of STRN3 could be made by truncating each 

domain of STRN3, the CaV, CaM, C-C, and six WD repeats (STRN3 domains are 

depicted in Figure 1.5). If the binding site to GOLPH3 falls in one of the domains, alanine 

scanning of that domain could reveal the binding sequence. If the binding site to GOLPH3 

does not fall in any domains, alanine scans could be done on linker regions between each 

domain to find binding sequence. To define the binding site on GOLPH3, since GOLPH3 

is a globular protein with relatively short sequence of 298 amino acids, alanine scanning 

can be performed on each segment of GOLPH3 sequence, from N-terminal to C-terminal. 

Once binding sites on GOLPH3 and STRN3 are identified, mutations can be made and 
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expressed in cells with knockdown of GOLPH3 or STRN3 respectively to see if they could 

rescue Golgi phenotypes.  

CONCLUDING REMARKS 

Our study reports a regulatory pathway that transduces cell density signals through 

MST1/2, STRIPAK, to GOLPH3 complex to regulate Golgi trafficking. This result provides 

further evidences that the GOLPH3 pathway is a hub for signals that regulate the Golgi. 

In normal condition, the GOLPH3 complex receives cell density signals to regulate 

forward trafficking. GOLPH3 complex contributes to Golgi reorientation toward the leading 

edge to direct forward trafficking (Xing et al., 2016). In the context of DNA damage, 

GOLPH3 was phosphorylated at T143 and T148. GOLPH3-MYO18A interaction leads to 

Golgi dispersal throughout cytoplasm, which gives the cells a survival advantage after the 

catastrophe event (Farber-Katz et al., 2014). PITPNC1, a member of PI transfer protein 

family, whose gene is amplified in a large fraction of cancer, is capable of binding to PI4P 

and drives vesicular secretion of pro-invasive and pro-angiogenic factors. PITPNC1’s 

effect is dependent on GOLPH3 at the Golgi (Halberg et al., 2016). GOLPH3L, a paralog 

of GOLPH3, only expressed in high secretory cells, could antagonize the action of 

GOLPH3, probably to keep the GOLPH3 complex and Golgi secretion in check (Ng et al., 

2013). In this current report, we show regulation of growth factor secretion at the Golgi 

dependent on GOLPH3 complex as a mechanism for non-cell autonomous effects of 

Hippo. Hence, the GOLPH3 complex is important in regulation of Golgi function in 

response to different cellular signals. 

GOLPH3 and MYO18A have both been identified as oncogenic cancer drivers for 

many types of cancer (Buschman and Field, 2017; Buschman et al., 2015a; Kuna and 
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Field, 2018; Makowski et al., 2017; Scott et al., 2009; Xing et al., 2016). PITPNC1 is an 

oncogenic cancer driver found to act via GOLPH3 (Halberg et al., 2016). Since its 

discovery, the STRIPAK complex has fascinated researchers with its diverse structures 

and functions. STRIPAK in its full form carries both phosphatases and kinases, but could 

also exist in partial STRIPAK complex, without full complement of members, but carries 

specialized functions (Hwang and Pallas, 2014; Shi et al., 2016). STRIPAK function in 

cancer. STRN3 has been implicated in cancer (Kelly et al., 2014). The dysregulation of 

many STRIPAK members, such as CCM3, is linked to cerebral cavernous malformation 

(Cavalcanti et al., 2012); CTTNBP2 is related to autism (Cheung et al., 2001). STRN3 

has been shown to be the regulator subunit of the PP2A holoenzyme. PP2A inactivation 

is observed in many tumors (Seshacharyulu et al., 2013). 

Trafficking from the Golgi is essential to life, and thus its regulation in homeostasis. 

My study will contribute to our understanding of how Golgi trafficking is regulated in 

response to extracellular factors, cell density in particular. Therefore, my study will not 

only contribute to the knowledge of Golgi trafficking regulation, but also insights on 

different pathophysiology. 
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Figure 3.1: The Model of Cell Density Regulation of Golgi Morphology and 
Forward Trafficking. 
In low cell density MST1 and MST2 act non-redundantly and independent of their 
kinase activity to promote STRN3 interaction with GOLPH3 at the Golgi. STRN3 
brings along other STRIPAK components, including STRIP1, CTTNBP2NL, and 
PP2A. The phosphatase activity of PP2A serves to enhance the interaction of 
MYO18A with GOLPH3, increasing the tensile force that promotes vesicle budding 
for forward trafficking and stretching the Golgi into an extended ribbon. At high cell 
density, MST1/2 protein kinases activate the canonical Hippo pathway. MST1/2 no 
longer promote STRN3/STRIPAK interaction with GOLPH3, eliminating PP2A 
phosphatase activity from the complex, and thus impairing the interaction of 
MYO18A with GOLPH3. This results in compaction of the Golgi, and arrest of 
trafficking to the PM 
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