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ABSTRACT OF THE DISSERTATION 

 

DNA Damage Triggers Golgi Dispersal via GOLPH3 and DNA-PK 

 

by 

 

Suzette Elena Farber-Katz 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2012 

 

Professor Seth Field, Chair 

 

 Golgi morphology and function has fascinated scientists for decades; 

however, it was unclear how the two were related. Our research delving into 

the function of GOLPH3 provides evidence for how Golgi morphology relates 

to Golgi trafficking. We identified GOLPH3 as a novel PtdIns(4)P-binding 

protein. We found that GOLPH3 requires PtdIns(4)P for its localization at the 
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Golgi. We also showed that GOLPH3 binds to MYO18A, which results in a 

tensile force that pulls vesicles off the trans-Golgi. We showed that GOLPH3, 

MYO18A, and F-actin are all required for trafficking from the Golgi. The tensile 

force also stretches the Golgi and creates the Golgi ribbon that extends 

around the nucleus. Therefore, we identified a novel mechanism that explains 

how Golgi trafficking results in the extended Golgi ribbon. 

 While we have an understanding of how GOLPH3 functions, it was 

unclear how GOLPH3 is regulated. To better understand its regulation, we 

performed immunoprecipitation-mass spectrometry experiments to identify its 

phosphorylation sites. We found that T143 and T148 were phosphorylated. By 

analyzing the sequences surrounding these sites, we noticed that T143 and 

Q144 comprise a “TQ” motif, which are recognized by kinases in the DNA 

damage pathway. Thus, we examined whether DNA damage has any effect 

on Golgi morphology, and we found that it causes Golgi dispersal. We showed 

that DNA damage-induced Golgi dispersal requires phosphorylation of 

GOLPH3, as well as MYO18A and F-actin. Our extensive data argue that 

DNA-PK is the kinase that phosphorylates GOLPH3 on the TQ motif. We also 

demonstrated that DNA damage increases the interaction between GOLPH3 

and MYO18A, thereby increasing the tensile force pulling on the Golgi 

membranes to elicit a dispersed Golgi. Because GOLPH3 was previously 

identified as an oncogene, we measured survival after DNA damage, and we 

found that GOLPH3, MYO18A, and DNA-PK are required for survival after 
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DNA damage. Furthermore, knockdown of GOLPH3 or MYO18A increases 

apoptosis levels after DNA damage. Our data provide new insight into how the 

DNA-PK/GOLPH3/MYO18A/F-actin pathway causes dramatic Golgi 

reorganization. These results will have implications for cancer therapy, as 

inhibition of this pathway in the presence of DNA damage strikingly increases 

cell death.



 

1 

CHAPTER 1: Introduction  

 

1.1 The Golgi 

 The Golgi apparatus has a unique shape and function compared with 

other organelles in the cell. As the heart of the secretory pathway, nearly all 

secretory traffic and the luminal components of most organelles must pass 

through the Golgi. Trafficking to the plasma membrane is highly efficient and 

rapid, with the entire surface area of the plasma membrane able to be 

replaced every 10-20 min (Kristen and Lockhausen, 1983; Barr and Warren, 

1996). Newly synthesized proteins destined for the secretory pathway are 

synthesized in the endoplasmic reticulum (ER), after which they are packaged 

into vesicles and transported to the cis face of the Golgi. It is clear that 

cargoes in the secretory pathway somehow travel from the cis- to the trans-

Golgi; however, the exact mechanism is currently under debate (Glick and 

Nakano, 2009). According to the cisternal maturation model, the vesicles fuse 

with recycling vesicles containing Golgi enzymes, thus creating new cis-Golgi 

cisternae (Glick and Malhotra, 1998; Pelham, 1998). The cisternae then 

mature into medial- and trans-Golgi cisternae, and resident Golgi proteins are 

recycled to other cisternae. In contrast, the stable compartments model argues 

that secretory cargoes are transported from one cisterna to the next, beginning 

with transport from the ER to the cis-Golgi in COPII-coated vesicles. From the 
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cis-Golgi, the cargoes would move to the medial-Golgi and ultimately the 

trans-Golgi in COPI-coated vesicles (Rothman and Wieland, 1996; Orci et al., 

2000). Other models have been proposed, as well, and it is possible that the 

models are not entirely mutually exclusive (Glick and Luini, 2011). As cargoes 

reach the most distant trans cisternae, they are sorted into vesicles at the 

trans-Golgi network (TGN). The vesicles bud from the TGN and are trafficked 

to their final destination, the most frequent of which is the plasma membrane. 

Figure 1.1 shows a depiction of the Golgi apparatus in which vesicles enter at 

the cis face and exit at the trans face. 

 As mentioned above, the Golgi consists of a series of flattened 

cisternae. Together, the cisternae form the “Golgi ribbon,” as seen by 

fluorescence microscopy. The Golgi is located in close proximity to the 

centrosome, and both microtubules and actin have been shown to be involved 

in maintaining Golgi morphology (Burkhardt, 2000; Egea, 2006). It is unclear 

why the Golgi membranes form these flattened stacks. Previous studies have 

proposed that the physical properties of lipids, the asymmetric distribution of 

lipids across the bilayer, the presence of curvature-inducing lipid-binding 

proteins, and various Golgi matrix proteins contribute to Golgi morphology 

(Peter et al., 2004; Puthenveedu and Linstedt, 2004; Short et al., 2005). While 

these factors contribute to Golgi structure, it was unclear if they were involved 

in the generation and maintenance of Golgi morphology. Our results, 

described in Chapter 2, argue that a tensile force is generated by the 
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interaction between GOLPH3 and MYO18A and that this tensile force serves 

to pull vesicles off the Golgi membranes, thereby creating the flattened stacks.  

 

1.2 Phosphatidylinositol-4-Phosphate 

 Phosphoinositides have been shown to be important molecules in 

numerous signaling pathways through their ability to control membrane-cytosol 

interfaces and also to help define organelle identity (Di Paolo and De Camilli, 

2006). Phosphatidylinositol can be reversibly phosphorylated on the 3, 4, or 5 

position, which results in 7 different phosphoinositides that can be generated. 

A diagram of phosphatidylinositol-4-phosphate [PtdIns(4)P] is shown in Figure 

1.2. Phosphoinositides are located on the cytosolic side of membrane bilayers, 

where they achieve their effects via cytosolic lipid-binding proteins that contain 

domains that recognize the various phosphoinositide head groups (Figure 

1.3). Thus, they are involved in protein recruitment and signaling. Different 

phosphoinositides are enriched at different compartments in the cell (Figure 

1.4). For example, PtdIns(4,5)P2 is enriched at the plasma membrane, while 

PtdIns(4)P is enriched at the Golgi. This creates a phosphoinositide code that 

defines various organelles and membranes. As vesicles and membranes 

move around the cell, the phosphoinositides can be rapidly converted by 

kinases and phosphatases. As an example, vesicles exiting the Golgi are 
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enriched in PtdIns(4)P, and as these vesicles reach the plasma membrane, a 

phosphate is added, resulting in PtdIns(4,5)P2.   

PtdIns(4)P has been shown to be enriched at the Golgi. There are four 

PtdIns-4 kinases that generate PtdIns(4)P in mammalian cells: PI4KIIα, 

PI4KIIβ, PI4KIIIα, and PI4KIIIβ (DʼAngelo et al., 2008). In mammalian cells, 

PI4KIIIβ and PI4KIIα localize to the Golgi (Wong et al., 1997; Nakagawa et al., 

1996), and PI4KIIIβ is activated by PKD (Hausser et al., 2005). There is 

additional evidence that PtdIns(4)P is highly concentrated at the Golgi. 

Besides the localization of PI4Ks to the Golgi, PtdIns(4)P reporters, comprised 

of PtdIns(4)P-binding domains fused to GFP, also localize to the Golgi (Varnai 

and Balla, 2007).  

PtdIns(4)P is converted to PtdIns by Sac1, a PtdIns-4-phosphatase 

(Blagoveshchenskaya and Mayinger, 2009). Interestingly, Sac1 shuttles 

between the ER and Golgi depending on growth conditions (Figure 1.5; 

Blagoveshchenskaya et al., 2008). Upon growth factor stimulation, Sac1 is 

primarily localized to the ER. Under conditions of serum starvation, Sac1 

oligomerizes and shuttles to the Golgi, where it decreases PtdIns(4)P levels.  

PtdIns(4)P has been shown to be required for secretory function from 

yeast to humans. In yeast, the PtdIns-4-kinase Pik1 and PtdIns(4)P have been 

demonstrated to be required for Golgi secretion (Walch-Solimena and Novick, 

1999; Audhya et al., 2000; Hama et al., 1999). In HeLa cells, expression of a 
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dominant-negative PI4KIIIβ interferes with reformation of the Golgi after 

washout with brefeldin A (BFA; Godi et al., 1999). HEK293 cells 

overexpressing PI4KIIIβ are characterized by increased trafficking from the 

Golgi to the plasma membrane (Hausser et al., 2005). Furthermore, 

knockdown of PI4KIIα impedes Golgi trafficking to the plasma membrane 

(Wang et al., 2003).  

Although taken together these data provide strong support for the role 

of PtdIns(4)P in trafficking from the Golgi, it was unclear what target of 

PtdIns(4)P was mediating these effects. A few PtdIns(4)P-binding proteins 

were identified previously, including OSBP (OxySterol-Binding Protein), FAPP 

(phosphatidylinositol-Four-P AdaPtor Protein), CERT (CERamide 

Transporter), and their homologs. All of these proteins contain PH domains 

that specifically bind to PtdIns(4)P, allowing them to localize to the Golgi 

(Dowler et al., 2000; Levine and Munro, 2002). However, there is no evidence 

that these proteins are involved in trafficking from the Golgi to the plasma 

membrane. OSBP has been shown to transport cholesterol (Im et al., 2005; 

Raychaudhuri and Prinz, 2006), while FAPP2 has been shown to transport 

glucosylceramide (Halter et al., 2007; DʼAngelo et al., 2007), and CERT has 

been shown to transport ceramide (Hanada et al., 2003). Thus, these proteins 

appear to be involved in non-vesicular lipid transport rather than Golgi vesicle 

trafficking. We hypothesized that a PtdIns(4)P-binding protein that had not 

been discovered would be responsible for PtdIns(4)P-mediated Golgi 
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trafficking. This led us to the identification of GOLPH3 as a major target of 

PtdIns(4)P.  

 

1.3 GOLPH3 

 GOLPH3 is a 34-kDa protein that is evolutionarily conserved from yeast 

to humans. Originally, it was identified in a screen of proteins found in the rat 

Golgi, and it was characterized as a Golgi-associated cytosolic protein that 

localized to the trans face (Wu et al., 2000). In addition to identifying GOLPH3 

as a Golgi-associated protein, Wu and colleagues demonstrated that it is post-

translationally modified, and in particular, it is phosphorylated on multiple 

residues. GOLPH3 was suggested to be a Golgi matrix protein with possible 

functions in Golgi trafficking (Wu et al., 2000; Bell et al., 2001; Snyder et al., 

2006). Deletion of VPS74, the yeast homolog of the GOLPH3 gene, resulted in 

impaired trafficking of vacuolar proteases (Bonangelino et al., 2002). 

Additionally, the yeast protein VPS74p was demonstrated to be localized to 

the Golgi and required for glycosylation, secretory function, and the 

localization of glycosyltransferases (Schmitz et al., 2008; Tu et al., 2008). The 

function of GOLPH3 in Golgi trafficking in mammalian cells remained to be 

elucidated. 

 Surprisingly, the GOLPH3 gene was identified as an oncogene (Scott et 

al., 2009). GOLPH3 is the first Golgi oncoprotein that has been found. Scott 
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and colleagues found that it is amplified in many types of solid tumors (Table 

1.1). They went on to show that depletion of GOLPH3 reduces proliferation 

and transformation, while GOLPH3 overexpression enhances transformation 

of primary cells and promotes mouse xenograft tumor growth. 

 

1.4 The DNA Damage Response 

 DNA damage is a constant threat to our genomes. Genomic integrity is 

essential for the survival of cells, organisms, and offspring. Thus, several 

overlapping and complex pathways have evolved to repair damaged DNA. An 

intact DNA damage response is clearly important, as many diseases are 

caused by a lack of or a mutation in DNA damage components. For example, 

patients lacking ATM are diagnosed with ataxia telangiectasia (A-T). These 

patients suffer from neurological problems, immunodeficiency, and a 

predisposition to develop cancer, among others. Cancer is fueled by genomic 

instability, and frequently components in the DNA repair pathways are mutated 

in cancerous cells. Therefore, the DNA damage response is critical to prevent 

carcinogenesis. DNA damage can arise from multiple sources. It has been 

estimated that 105 spontaneous DNA lesions occur each day in every cell 

(Lindahl, 1993). These lesions occur during normal processes and include 

errors in dNTP incorporation during DNA replication, loss of DNA bases 

following DNA depurination, deamination-induced interconversion between 
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bases, modification of DNA bases by alkylation, and oxidation of bases by 

reactive oxygen species (ROS). Exogenous sources of DNA damage include 

ionizing radiation (IR) and ultraviolet (UV) radiation, as well as various 

chemicals, many of which are used as chemotherapeutic agents. For example, 

cisplatin and mitomycin C introduce covalent links between bases, methyl 

methanesulfonate attaches alkyl groups to bases, and topoisomerase 

inhibitors, such as camptothecin (CPT), cause DNA double-stranded breaks 

(DSBs) by trapping topoisomerase during DNA replication (Ciccia and Elledge, 

2010). 

 DNA double-stranded breaks (DSBs) are quickly recognized, and 

phosphorylation of H2AX, a generally recognized marker of DSBs, occurs 

within 1 minute of IR (Rogakou et al., 1998). Once identified, the DSBs are 

repaired by four known mechanisms, homologous recombination (HR), non-

homologous end joining (NHEJ), single-strand annealing, and alternative-

NHEJ (alt-NHEJ) (Ciccia and Elledge, 2010). HR utilizes the sister chromatid 

as a template for DNA repair; thus, it only occurs after DNA replication (late S 

to G2 phases). HR is initiated after DSBs are recognized by the MRE11-

RAD50-NBS1 (MRN) complex, which activates ATM. The MRN complex and 

ATM promote DSB repair by HR (Williams et al., 2007). NHEJ involves ligation 

of the two broken ends, and during this process, bases can be lost or 

changed. Therefore, it is more error-prone than HR. A diagram of the NHEJ 

process is shown in Figure 1.6. NHEJ is initiated when the regulatory subunits 
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of the DNA-dependent protein kinase (DNA-PK) Ku70 and Ku80 bind to the 

broken DNA ends (Walker et al., 2001). The Ku heterodimer then recruits the 

DNA-PK catalytic subunit (DNA-PKcs). The complex formed by Ku70/80, 

DNA-PKcs, and DNA ends results in the activation of the holoenzyme 

(DeFazio et al., 2002). Ligation of the ends is achieved through XRCC4/LIG4 

with help from XLF (Modesti et al., 2003; Ahnesorg et al., 2006). Non-ligatable 

ends are processed by ARTEMIS (a DNA-PK substrate) and APLF nucleases 

and PNK kinase/phosphatase prior to ligation (Mahaney et al., 2009). Alt-

NHEJ serves as a backup pathway to classical NHEJ. For this pathway, which 

only occurs in G1, CtIP and MRN perform limited DSB resection. This is 

followed by ligation by a complex consisting of DNA ligase 3 and XRCC1 

(Mladenov and Iliakis, 2009). The alt-NHEJ pathway was discovered more 

recently, and the process is still not fully elucidated. During single-strand 

annealing, following DSB resection, ssDNA can be directly annealed by 

Rad52. Subsequently, the DNA flaps are removed by XPF/ERCC1 (Ciccia and 

Elledge, 2010).  

It is still not entirely clear which pathway is the preferred mode of DSB 

repair. NHEJ is the dominant pathway in mammalian cells, and it is faster and 

more efficient than HR (Mao et al., 2008). The components of NHEJ (DNA-PK, 

Ku70/80) are abundant proteins; thus, it is expected that NHEJ would 

dominate. More studies are required to better understand how and why each 

pathway is utilized on the various types of DSBs. 
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 Single-stranded DNA breaks (SSBs) are repaired by a separate 

pathway. They are recognized by RPA, which binds to the ssDNA. These 

SSBs can be generated by IR, ROS, or stalled replication forks. The RPA-

ssDNA complex recruits ATR through its regulatory subunit ATRIP (Zou and 

Elledge, 2003). In addition, RPA-ssDNA complexes recruit Rad17, which then 

recruits the PCNA-related Rad9-Rad1-Hus1 (9-1-1) complex to the ssDNA 

(Yang and Zou, 2006). Once ATR is activated, it phosphorylates Rad17 and 

the 9-1-1 complex. This initiates the ATR signaling cascade. 

 After DNA repair is initiated, cells must halt cell cycle progression until 

the broken ends are repaired. Cells arrest at the S or G2/M checkpoints after 

activation of the DNA repair signaling cascades, which are initiated by 

activation of ATM and ATR (Figure 1.7). These kinases then phosphorylate 

the effector kinases Chk2 and Chk1, respectively. Chk1 and Chk2 both 

inactivate members of the Cdc25 dual-specificity phosphatases, which remove 

inhibitory phosphorylations on Cdk/cyclin complexes. p38MAPK and its 

substrate MK2 are also activated in an ATM-dependent manner in response to 

DNA damage (and other types of stress), and the p38MAPK pathway also 

plays a role in cell cycle arrest. In fact, inhibition of the p38MAPK pathway can 

eliminate cell cycle arrest (Reinhardt and Yaffe, 2009). ATM and ATR also 

control the phosphorylation of p53, Mdm2, BRCA1, and Nbs1 in response to 

DSBs. The tumor suppressor p53 has been studied in great detail due to its 

high mutation rate in human cancers. In the DNA damage response, p53 is 
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regulated by ATM and Chk2 (Zhou and Elledge, 2000). p53 is well 

documented to induce cell cycle arrest, apoptosis, and senescence by 

transcriptionally regulating proteins involved in DNA repair, apoptosis, cell 

cycle, and redox regulation (Riley et al., 2008). While DNA-PK can 

phosphorylate p53 in vitro, its ability to phosphorylate p53 in vivo is debatable. 

Data from DNA-PK knockout mice indicated that ATM and ATR are primarily 

responsible for cell cycle arrest following DNA damage (Jimenez et al., 1999). 

 DNA damage leads to clonogenic survival if repair is successful or to 

cell death if the cell is incapable of sufficiently repairing the damage. The 

ability of a cell to stop proliferating in the presence of DNA damage is critical 

for the prevention of cancer (Bernstein et al., 2004). Apoptosis and 

senescence are induced by the activation of p53 by ATM and Chk2 (Fridman 

and Lowe, 2003; Oren, 2003). In addition to cell death, senescence, and 

clonogenic survival, cells can also undergo adaptation in response to 

persistent DSBs. This has been shown in yeast (Sandall and Zakian, 1993; 

Toczyski et al., 1997) and more recently in mammalian cells (Syljuasen et al., 

2006). The mechanism of adaptation to DNA damage is still under 

investigation, but it is postulated to predispose cells to tumorigenesis 

(Syljuasen, 2007). 

While certain downstream pathways have been studied in great detail 

(e.g., DNA repair, cell cycle arrest, apoptosis), many aspects of the DNA 
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damage response remain to be identified and/or elucidated. For example, the 

effects of the DNA damage response on cellular organelles, and in particular 

the Golgi, have not been studied closely. Most studies on DNA damage 

pathways focus on DNA repair, cell cycle arrest, and cell death (Figure 1.7). A 

few publications that have noted the changes at the Golgi have generally 

considered it to be a consequence of DNA damage-induced apoptosis (Jung 

et al., 2006, Qian and Yang, 2009; Chiu et al., 2002). We found that the Golgi 

disperses in response to DNA damage, and the mechanisms by which the 

Golgi disperses will be discussed in Chapter 3.  

  

1.5 DNA-PK 

 DNA-PK is a member of the phosphoinositide 3-kinase related kinase 

(PIKK) family. The other members of this family include ATM, ATR, mTOR, 

SMG-1, and TRRAP. All are serine/threonine kinases except TRRAP, which 

plays a role in transcriptional coactivator complexes (McMahon et al., 1998). 

mTOR is a well-studied kinase that coordinates cell growth, protein synthesis, 

and proliferation (recently reviewed by Weichhart, 2012), and SMG-1 is 

important for nonsense-mediated RNA decay (Yamashita et al., 2005). ATM, 

ATR, mTOR, and TRRAP are conserved from yeast to humans, while DNA-PK 

and SMG-1 appeared in metazoans. All PIKKs are very large proteins, ranging 

from 300 to nearly 500 kDa. The kinase domain of the PIKKs is located in the 
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C-terminus and comprises only 5-10% of the total protein (Figure 1.8; 

Abraham, 2004). The large N-terminus allows for numerous protein-protein 

interactions.  

 DNA-PK, ATM, ATR, and SMG-1 strongly prefer phosphorylating 

serines or threonines that are immediately followed by glutamine at the +1 

position (OʼNeill et al., 2007; Hornbeck et al., 2004). Typically, proteins 

involved in DNA repair and checkpoint signaling contain Ser/Thr-Gln-rich 

domains. Certain substrates have been described to be phosphorylated by all 

four kinases (e.g., p53), while others are specific for only one kinase. Because 

of the considerable crosstalk and compensatory mechanisms existing among 

the DNA repair pathways, it is difficult to differentiate which kinase 

phosphorylates a particular substrate.  

DNA-PK itself has been shown to be phosphorylated on two regions: 

amino acids 2023-2056 and 2609-2647 (Figure 1.8), which are highly 

conserved through evolution. Autophosphorylation of Thr-2609 has been 

shown to be required for efficient NHEJ (Chan et al., 2002). These authors 

showed that this site is autophosphorylated in response to IR, and DNA-PK 

phosphorylation at this site co-localizes with γ-H2AX and thus, sites of DNA 

damage. The other sites in the 2609 cluster are important for DNA repair, and 

the mutation of five or more sites results in significantly increased 

radiosensitivity than the mutation of single sites. Mutations in these 
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phosphorylation sites do not appear to affect DNA-PK kinase function or 

binding to Ku70/80; rather, they appear to only affect its ability to perform end-

joining. An early study argued that DNA-PK was inactivated in response to 

phosphorylation on the Thr-2609 cluster, but that this inactivation played a 

critical role in repair (Chan and Lees-Miller, 1996). The precise function of the 

phosphorylation of these sites remains to be elucidated. Interestingly, a recent 

study argued that ATM is required for phosphorylation of DNA-PK at the Thr-

2609 cluster in response to IR (Chen et al., 2007), while ATR phosphorylates 

DNA-PK at Thr-2609 and Thr-2647 in response to UV (Yajima et al., 2006). In 

addition, ATM transcription is dramatically reduced in the absence of DNA-PK. 

Thus, ATM and DNA-PK work together to achieve DSB repair. In contrast with 

the Thr-2609 cluster, mutation of the Ser-2023 cluster results in a modest 

reduction in NHEJ (Cui et al., 2005). However, the authors also showed that 

although end-joining occurs when DNA-PK is mutated on these sites, 

significant nucleotide loss occurs. Thus, phosphorylation at this cluster 

appears to be important for preserving the correct DNA sequence through 

DNA-PKʼs interaction with DNA ends. Indeed, the kinase activity of DNA-PK is 

preserved when these sites are mutated. It remains unclear what roles these 

phosphorylation sites have on DNA-PK function outside of NHEJ. 

There are numerous small molecule inhibitors of the PIKKs that have 

been identified or developed and have been used to study the functions of 

these kinases. Caffeine inhibits the PIKKs at high concentrations; however, at 
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these high concentrations, it can also inhibit many other enzymes in the cell, 

including ATPases. Wortmannin is an irreversible specific PI3K inhibitor at low 

(nanomolar) concentrations, but it can inhibit the PIKKs at high (micromolar) 

concentrations (with the exception of ATR). Thus, wortmannin is not a useful 

tool for studying any one particular PIKK. Recently, more specific inhibitors 

have been synthesized. The chemists at Kudos Pharmaceuticals synthesized 

KU55933, which specifically inhibits ATM (Hickson et al., 2004), and NU7441, 

which specifically inhibits DNA-PK (Leahy et al., 2004). Specific ATR inhibitors 

have proven to be more elusive, though a few somewhat selective inhibitors 

have been described in the last year (Peasland et al., 2011; Reaper et al., 

2011). 

Unlike the other PIKKs, DNA-PK is a holoenzyme consisting of the 

Ku70/Ku80 heterodimer and a catalytic subunit, DNA-PKcs. Ku70 is 

comprised of 609 amino acids (approximately 70 kDa), Ku80 is comprised of 

732 amino acids (approximately 80 kDa), and DNA-PKcs is comprised of 4129 

amino acids (approximately 470 kDa). Similar to ATM and ATR, DNA-PKcs 

contains a PI3K domain, a FRAP/ATM/TRRAP (FAT) domain, and a FAT-C-

terminal (FATC) domain (Figure 1.8). These domains are the most highly 

conserved areas among the three proteins. DNA-PKcs also has a leucine-rich 

domain. Unlike DNA-PKcs, Ku70 and Ku80 are present in all eukaryotes. They 

form a very stable heterodimer, and the deficiency of one Ku protein results in 

a dramatic decrease in the levels of the other subunit (Gu et al., 1997; 
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Singleton et al., 1997). They have some sequence similarities, and Ku 

homologs have been found in archaea and bacteria. They contain three 

regions: an N-terminal von Willebrand A domain, a central “core” domain, and 

a divergent C-terminal domain; however, the two proteins have some 

differences. Ku70 contains a SAF-A/B, Acinus, and PIAS (SAP) domain in the 

C-terminal region, while Ku80 contains an extended C-terminal region that is 

responsible for binding to DNA-PKcs (Figure 1.8; Downs and Jackson, 2004). 

Structure-based studies have indicated that Ku70/Ku80 form an asymmetric 

ring, which results in a channel through which DNA is threaded (Walker et al., 

2001). In this manner, Ku70/80 can bind to DNA ends. 

DNA-PKcs and Ku70/80 play critical roles in V(D)J recombination, 

which is a process similar to NHEJ. During the process of V(D)J 

recombination, recombination activating gene-1 and -2 (RAG1 and RAG2) 

introduce DNA breaks at specific locations. Next, Ku70/80 bind to the DNA 

ends, and they recruit DNA-PKcs, along with the other proteins associated 

with NHEJ. Because DNA-PKcs and Ku70/80 play key roles in V(D)J 

recombination, the most obvious phenotype of mice deficient in these genes is 

a lack of an immune system. In fact, the knockout mouse deficient for DNA-PK 

was originally termed “scid” (severe combined immunodeficiency) 

(Kirchgessner et al., 1995; Blunt et al., 1995). These mice were also identified 

as radiosensitive, and various radiosensitive cell lines were additionally 

identified as deficient in DNA-PK and DSB repair (Blunt et al., 1995; Lees-
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Miller et al., 2005). While mice that are deficient in DNA-PK are completely 

unable to perform V(D)J recombination, mice deficient in either Ku gene result 

in a “leaky” immunodeficient phenotype, whereby very few mature B and T 

cells are made (Gu et al., 1997; Singleton et al., 1997). These mice are also 

radiosensitive. Thus, all components of the DNA-PK holoenzyme are required 

for efficient NHEJ. 

Although the role of DNA-PK in NHEJ has been documented in detail, 

an increasing number of studies have argued that DNA-PK has roles in 

signaling outside of DNA repair. Wong and colleagues found that DNA-PK is 

required for the transcriptional response to insulin signaling (Wong et al., 

2009). DNA-PK was also demonstrated to play a role in CD158d signaling in 

natural killer cells (Rajagopalan et al., 2010). Furthermore, DNA-PK has been 

shown to phosphorylate Akt under certain conditions, and in particular after 

DNA damage (Feng et al., 2004; Bozulic et al., 2008; Rajagopalan et al., 

2010). Thus, a picture emerges of a role for DNA-PK in regulating several 

aspects of growth factor signaling, possibly enhancing growth factor/survival 

signaling in response to DNA damage. Our research complements these 

studies, as we found that DNA-PK phosphorylates GOLPH3, which is also 

involved in cell survival signaling. 

 

1.6 Summary  
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The Golgi is a very complex organelle, and it is a key component of the 

secretory pathway. The ribbon morphology of the Golgi is unique compared 

with other organelles in the cell. Although Golgi function and Golgi morphology 

have been studied in great detail, it was unclear how the two were related. Our 

research, described in Chapter 2, will describe a novel mechanism by which a 

tensile force serves to stretch the Golgi around the nucleus, thereby resulting 

in the characteristic flattened cisternae. We demonstrate that this tensile force 

is created by the binding of GOLPH3 to PtdIns(4)P and MYO18A, as these 

interactions link the Golgi membrane to the actin cytoskeleton. We further 

characterized how GOLPH3 functions at the Golgi by providing evidence that 

GOLPH3 is crucial for Golgi trafficking and for maintaining Golgi morphology. 

The DNA damage response has evolved to ensure fidelity of the 

genome. Although many pathways downstream of ATM and ATR have been 

identified, the substrates and downstream effectors of DNA-PK are just 

beginning to be elucidated. This is partly due to the presence of ATM and ATR 

in yeast, whereas DNA-PK is present in mostly vertebrates. While DNA-PK 

was originally identified as a kinase that binds to DNA and participates in 

NHEJ, it is increasingly clear that it functions in pathways unrelated to DNA 

repair. For instance, DNA-PK is clearly involved in growth factor signaling. The 

involvement of DNA damage and DNA-PK in the function of organelles outside 

the nucleus has not been well studied. Although a couple studies have 

suggested that Golgi morphology is altered in response to DNA damage, our 
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results in Chapter 3 clearly demonstrate that the Golgi disperses in a dose-

responsive manner to at least 3 DNA damaging agents. We demonstrate that 

DNA-PK, as well as GOLPH3 and MYO18A, are required for DNA damage-

induced Golgi dispersal. Furthermore, we demonstrate that DNA-PK, 

GOLPH3, and MYO18A are all required for survival following DNA damage. 

Our results argue that targeting the DNA-PK/GOLPH3/MYO18A pathway will 

reduce tumor survival following treatment with DNA damaging agents.  
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1.7 Figures 

 

Figure 1.1: Model of the Golgi apparatus. In the secretory pathway, cargoes from the ER 
travel from the cis- to the trans-Golgi. These cargoes are sorted and modified in the Golgi 
cisternae. At the trans face, vesicles exit the Golgi and are trafficked to their final destination 
(e.g., plasma membrane, lysosomes, endosomes, etc.). This figure is used with permission 
from Dr. Michael Davidson, Florida State University; 
http://micro.magnet.fsu.edu/cells/golgi/images/golgifigure1.jpg. 
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Figure 1.2: Diagram of PtdIns(4)P. Phosphatidylinositol is composed of an inositol ring and a 
diglyceride tail. It can be phosphorylated on the 3, 4, and/or 5 position on the inositol ring. 
PtdIns(4)P is phosphorylated only on the 4 position, as shown above. 
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Figure 1.3: Phosphoinositide-binding domains. Phosphoinositides are differentially recognized 
by effector proteins containing the domains listed in this figure. These effector proteins are 
involved in the recruitment of other proteins to specific compartments in the cell, as well as the 
initiation of signaling pathways at these compartments. This figure is from T.G. Kutateladze, 
Nat. Chem. Biol., 2010. 
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Figure 1.4: Subcellular localization of phosphoinositides. Phosphoinositides are concentrated 
at specific membrane compartments in the cell. This creates a “phosphoinositide code” that 
defines organelles according to which phosphoinositide is enriched in its membranes. Each 
phosphoinositide recruits proteins with the corresponding binding-domains, and these proteins 
initiate signaling cascades specific to the compartment in which the phosphoinositide is found. 
This figure is from T.G. Kutateladze, Nat. Chem. Biol., 2010. 
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Figure 1.5: Regulation of PtdIns(4)P by growth factor stimulation. In mammalian cells, under 
growth factor stimulation, SAC1 is localized to the ER. At the same time, PI4KIIIβ and PI4KIIα 
synthesize PtdIns(4)P, and PI4KIIIβ is activated by PKD. This results in a high level of 
PtdIns(4)P. During serum starvation, SAC1 oligomerizes and is transported to the Golgi, 
where it converts PtdIns(4)P to PtdIns. This figure is adapted from P. Mayinger, Cold Spring 
Harbor Perspect. Biol., 2011. 
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Table 1.1: GOLPH3 is highly amplified in many types of solid tumors. Scott and colleagues 
used genome-wide array-based comparative genome hybridization to quantify the percent of 
tumor samples with amplification of chromosomal region 5p13, where the GOLPH3 gene is 
located. Their data argue that GOLPH3 is the functionally active target of this amplification. 
These data are adapted from K.L. Scott et al., Nature, 2009. 
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Figure 1.6: Repair of DSBs by NHEJ. NHEJ is initiated by the binding of Ku70/80 to the 
broken DNA ends. Then, DNA-PKcs is recruited to Ku70/80. Along with other proteins that 
facilitate repair, the DNA ends are re-ligated. This figure is from S. Burma and D.J. Chen, DNA 
Repair, 2004. 
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Figure 1.7: Overview of the DNA damage response. The presence of DSBs results in the 
activation of the DNA damage response. Cells must halt their progression through the cell 
cycle in the presence of DSBs to ensure that all proteins are transcribed appropriately. Thus, 
organisms have evolved multiple overlapping, interconnected pathways to ensure proper 
repair before cell cycle progression. 
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Figure 1.8: Domain organization of DNA-PKcs, Ku70, and Ku80. DNA-PKcs is a very large 
protein, with over 4000 amino acids. It contains a leucine-rich region in the N-terminal region. 
It has two well-studied phosphorylation clusters at 2023-2056 and 2609-2647. The C-terminal 
region contains a FAT domain, a PI3K domain, and a C-terminal FAT domain (FATC domain). 
Ku80 and Ku70 both contain von Willebrand A (vWa) domains in their N-terminal regions. 
They also contain central core domains, while their C-terminal (CT) regions are divergent. 
Ku80 contains a DNA-PK-interaction motif (D-PK) in the CT region, while Ku70 contains a 
SAF-A/B, Acinus, and PIAS (SAP) domain in the CT region. 
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CHAPTER 2: GOLPH3 Binds Phosphatidylinositol-4-Phosphate and 

MYO18A, Thus Linking the Golgi Membrane to the Actin Cytoskeleton  

 

2.1 Results 

2.1.1 GOLPH3 is a Novel PtdIns(4)P-Binding Protein 

 We first identified that GOLPH3 binds to PtdIns(4)P using a lipid-

binding assay. To perform this assay, phosphoinositides are spotted on a 

membrane, and then proteins are used to probe the membrane. This assay 

was optimized for proteins expressed by in vitro transcription and translation 

using 35S-methionine for detection. We optimized the assay and used it to 

screen proteins from the Drosophila proteome. One of the top hits from this 

screen was GOLPH3. The ability to bind PtdIns(4)P is conserved from the 

yeast to the human protein (Figure 2.1). In addition, we showed that GOLPH3 

only binds to small unilamellar vesicles when they contain PtdIns(4)P (Dippold 

et al., 2009). 

 Because the Golgi membrane is highly enriched in PtdIns(4)P, we 

would expect GOLPH3 to localize to the Golgi if its binding to PtdIns(4)P is 

functionally important in vivo. In fact, other groups have reported that GOLPH3 

localizes to the Golgi (Wu et al., 2000; Bell et al., 2001; Snyder et al., 2006; 

Schmitz et al., 2008). Similar to these published results, we found that 
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GOLPH3 completely co-localizes with trans-Golgi markers, such as p230 

(Figure 2.2). 

 If GOLPH3 requires PtdIns(4)P for its localization in vivo, depletion of 

PtdIns(4)P should result in its dissociation from the Golgi. We transfected cells 

with a mutant form of the Sac1 phosphatase, Sac1-K2A. This mutant stabilizes 

the localization of Sac1 at the Golgi instead of shuttling back to the ER (Rohde 

et al., 2003). Transfection of Sac1-K2A depletes PtdIns(4)P, as shown by 

reduced localization of the PtdIns(4)P reporter, EYFP-FAPP1-PH, at the Golgi 

(Figure 2.3). However, the Golgi remained intact, as shown by the perinuclear 

localization of p230 (Figure 2.3B). In addition to impaired localization of 

FAPP1-PH, expression of Sac1-K2A caused GOLPH3 to no longer localize to 

the Golgi (Figure 2.3). Therefore, GOLPH3 requires PtdIns(4)P to be present 

for it to localize to the Golgi. Expression of Sac1-K2A did not affect other 

phosphoinositide pools. The localization of the PH domain of PLCδ, which 

binds specifically to PtdIns(4,5)P2, was unchanged by Sac1-K2A expression 

(Figure 2.4A-B). In addition, localization of p40PX, which binds to PtdIns(3)P, 

was unchanged by Sac1-K2A expression (Figure 2.5). 

 

2.1.2 GOLPH3 and its Binding Partner MYO18A are Required for Normal 

Extended Golgi Morphology 
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 To examine the role of GOLPH3, we used siRNA to specific deplete 

GOLPH3 from cells. Three separate specific oligos were able to knock down 

approximate 90% of GOLPH3 (Figure 2.6). In cells with GOLPH3 depleted, the 

Golgi ribbon was more compact and condensed at one end of the nucleus 

(Figure 2.6). We examined various transmembrane and peripheral membrane 

Golgi proteins, and all demonstrated a condensed Golgi phenotype. This 

condensation of the Golgi occurs in all cell types that we tested, including 

HeLa, HEK293, and NIH-3T3 cells (Dippold et al., 2009). 

 Previous studies in yeast have shown that Vps74p is responsible for the 

localization and function of glycosyltransferases involved in yeast cell wall 

biogenesis (Schmitz et al., 2008; Tu et al., 2008). We analyzed the localization 

of β-1,4-galactosyltransferase, α-2,6-sialyltransferase, and α-mannosidase II 

in cells with GOLPH3 knocked down. Although the Golgi was condensed, each 

glycosyltransferase remained localized to the Golgi and co-localized with other 

Golgi markers after GOLPH3 knockdown (Figures 2.7-2.10). Thus, our results 

argue that mammalian glycosyltransferases do not require GOLPH3 for their 

localization. 

 The compact Golgi seen in the GOLPH3 knockdown cells was similar to 

the morphology of the Golgi following depletion of PtdIns(4)P. In the cells 

transfected with Sac1-K2A, the Golgi ribbon was very compact, while in the 
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untransfected cells, the Golgi ribbon extended around the nucleus (Figure 

2.3B). Thus, the effects of GOLPH3 on Golgi morphology require PtdIns(4)P. 

 We created an siRNA-resistant GOLPH3 construct to verify that the 

extended Golgi phenotype could be rescued and that the Golgi condensation 

was due to GOLPH3 and not due to non-specific effects of the siRNA oligos. 

Expression of siRNA-resistant GOLPH3 after knockdown of the endogenous 

protein completely rescued the normal Golgi ribbon morphology (Figure 2.11). 

In addition, when we expressed a siRNA-resistant GOLPH3 mutant that 

cannot bind to PtdIns(4)P, the Golgi remained condensed. 

 These effects on Golgi morphology suggest that GOLPH3 is involved in 

mediating a tensile force that pulls the Golgi around the nucleus. We 

postulated that a cytoskeletal motor binds to GOLPH3 to apply such a force. 

We ruled out dyneins and kinesins because the effect of microtubule 

depolymerization is quite different from GOLPH3 knockdown. Instead of 

condensation of the Golgi, microtubule depolymerization by nocodazole results 

in dispersal of the Golgi (Rogalski and Singer, 1984). Conversely, 

depolymerization of F-actin using latrunculin B results in Golgi condensation, 

similar to GOLPH3 knockdown (Figure 2.12). Furthermore, simultaneous 

knockdown of GOLPH3 and treatment with latrunculin B resulted in 

compaction of the Golgi but without an additive effect (Dippold et al., 2009). 



 

 

33 

These results led us to hypothesize that a myosin was responsible for exerting 

a tensile force to induce the extended Golgi ribbon. 

 We performed a large-scale immunoprecipitation (IP) of GOLPH3 and 

used mass spectrometry to identify interacting proteins. We identified 

MYO18A as one of the major proteins that interacts with GOLPH3. MYO18A is 

an unconventional myosin that contains a PDZ domain. It has been shown to 

localize to the Golgi (Furusawa et al., 2000; Mori et al., 2003, 2005) and to 

bind to actin filaments (Isogawa et al., 2005). To confirm the interaction with 

MYO18A, we immunoprecipitated GOLPH3 from whole cell lysates and blotted 

with an antibody specific for MYO18A. We found that MYO18A specifically co-

IPs with GOLPH3, and this interaction remains intact after actin is 

depolymerized using latrunculin B (Figure 2.13). Other Golgi-localized 

myosins, MYO2B and MYO6, did not co-IP with GOLPH3 (Dippold et al., 

2009). 

 We determined whether MYO18A plays a role in maintaining Golgi 

morphology by knocking down the protein using three specific siRNA oligos. 

Each oligo knocked down MYO18A by approximately 90%. Knockdown with 

each of the three siRNAs produced a similar condensed Golgi as the GOLPH3 

knockdown (Figure 2.14). 

 In addition to observing the changes in Golgi morphology after 

knockdown of GOLPH3 or MYO18A by fluorescent confocal microscopy, we 
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examined the Golgi ultrastructure when these proteins were knocked down. 

Our images obtained by electron microscopy demonstrate that the Golgi 

cisternae are dilated when GOLPH3 or MYO18A are knocked down (Dippold 

et al., 2009). Thus, GOLPH3 and MYO18A are required to flatten the Golgi 

cisternae. 

 

2.1.3 The GOLPH3 Pathway is Required for Golgi Trafficking 

 Our results argue that the GOLPH3 pathway serves to create a tensile 

force that stretches the Golgi around the nucleus. We hypothesized that this 

tensile force contributes to Golgi trafficking by pulling tubules or vesicles off 

the trans-Golgi network. To measure the vesicles and tubules exiting the 

Golgi, we transfected cells with EYFP-FAPP1-PH. This PtdIns(4)P marker 

labels both the Golgi and vesicles immediately exiting the Golgi. We used live 

time-lapse imaging to visualize vesicles and tubules leaving the Golgi. We 

quantified these vesicles and tubules under normal conditions, in cells with 

GOLPH3 and MYO18A knocked down, and in cells treated with latrunculin B. 

The removal of any component of the GOLPH3 pathway resulted in a dramatic 

decrease in Golgi trafficking (Figure 2.15). We also measured trafficking of 

VSVG-GFP to the plasma membrane, and all components of the GOLPH3 

pathway were required for trafficking of VSVG-GFP (Dippold et al., 2009). 
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 Taken together, our results argue that the GOLPH3 pathway, 

composed of PtdIns(4)P, GOLPH3, MYO18A, and F-actin, is required for Golgi 

trafficking and for the maintenance of the Golgi ribbon. We hypothesize that 

the interaction between these components serves to create a tensile force that 

stretches the Golgi and pulls vesicles off the Golgi membrane (Figure 2.16). 

 

2.2 Summary and Discussion 

 Using our proteomic screening approach, we identified GOLPH3 as a 

PtdIns(4)P-binding protein. Its ability to bind to PtdIns(4)P is conserved 

through yeast; yet, its PtdIns(4)P-binding domain does not resemble any other 

lipid-binding domains. Thus, the GOLPH3 family of proteins represents a novel 

family of PtdIns(4)P-binding proteins. Our discovery of GOLPH3 as a novel 

PtdIns(4)P-binding protein validates the usefulness of our screen. 

Furthermore, our results suggest that many novel phosphoinositide-binding 

proteins exist. The identity of these proteins and the elucidation of their 

functions will allow for a better understanding of cell biology. 

 Our results indicate that PtdIns(4)P, GOLPH3, MYO18A, and F-actin 

are all necessary to extend the Golgi ribbon around the nucleus. The compact 

Golgi after knockdown of GOLPH3 or MYO18A is not typically seen when 

Golgi-associated proteins are depleted. Knockdown of Golgi matrix proteins, 

such as GM130 or p230, results in a more dispersed Golgi phenotype 
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(Puthenveedu et al., 2006; Yoshino et al., 2005). The compact Golgi is also 

not seen after knockdown of the Golgi proteins Arl1 (Lu et al., 2004), GCC185 

(Derby et al., 2007), GRASP65 (Puthenveedu et al., 2006), COG1, COG2, or 

COG5 (Oka et al., 2005), or after knockdown of other PtdIns(4)P binding 

proteins, such as FAPP1, FAPP2 (Godi et al., 2004), or CERT (Giussani et al., 

2008). Golgi compaction is a distinct result of depletion of PtdIns(4)P, 

knockdown of GOLPH3, knockdown of MYO18A, or depolymerization of F-

actin, consistent with the interactions depicted in the model (Figure 2.16). 

 The role of PtdIns(4)P at the Golgi has been studied in detail, and its 

role in Golgi trafficking has been documented. Other proteins that bind to 

PtdIns(4)P (i.e., OSBP, FAPP, and CERT) appear to function exclusively in 

nonvesicular transport of lipids (cholesterol, glucosylceramide, and ceramide, 

respectively). Thus, these proteins regulate Golgi membrane composition and 

mechanical properties of the membrane. Through its interactions with these 

proteins and GOLPH3, PtdIns(4)P can both regulate the tensile force exerted 

by the GOLPH3 pathway and the mechanical properties of the membrane, 

such as its elasticity and elastic limit. Undoubtedly, these abilities of 

PtdIns(4)P provide the ideal arrangement to control vesicles exiting the Golgi 

and consequently, to generate the unique Golgi ribbon morphology. 

 While others have demonstrated that F-actin is present at the Golgi, its 

role at the Golgi was unclear. In S. cerevisiae, secretory vesicles travel from 
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the Golgi along actin cables using a process that is dependent on the PI-4-

kinase Pik1p (Finger and Novick, 1998; Walch-Solimena and Novick, 1999; 

Hsu et al., 2004; Pruyne et al., 2004). In mammalian cells, actin and certain 

actin-associated proteins localize to the Golgi (reviewed in Egea et al., 2006; 

De Matteis and Luini, 2008). Although it has been demonstrated that 

depolymerization of actin alters Golgi trafficking (Lazaro-Dieguez et al., 2007), 

our data provide a detailed mechanism of precisely how actin is involved in 

Golgi trafficking. 

 In addition to MYO18A, other myosins have been shown to be localized 

to the Golgi. In fact, MYO1, MYO2, and MYO6 have been implicated in Golgi 

secretory function in mammalian cells (Allan et al., 2002). Our data indicate 

that GOLPH3 does not bind to other myosins. While various studies have 

argued that microtubules are the preferred mechanism of transportation of 

cargoes in mammalian cells, our results argue that both actin and 

microtubules play key roles in Golgi trafficking. A growing number of proteins 

act as bridges between actin and microtubules (Rodriguez et al., 2003), 

lending credence to the hypothesis that both actin and microtubules are 

integral components of the secretory pathway. 

 We provided a significant amount of data regarding the function of 

GOLPH3. Together with the data from Scott et al. (2009), a clearer picture of 

GOLPH3 is emerging. The interplay between the role of GOLPH3 as an 
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integral part of Golgi trafficking versus its role as an oncogene must be 

investigated further. In addition, the regulation of GOLPH3 is completely 

unknown. This topic will be examined in the following chapter. 

 

2.3 Experimental Procedures 

Lipid Blots 

Lipids (Cell Signals, Columbus, OH, and Echelon Biosciences, Salt 

Lake City, UT) were dissolved in DMSO/20% CHCl3/50 mM HCl and validated 

by TLC, and 100 nl was spotted on PVDF. Blots were blocked overnight in 3% 

fatty acid-free BSA in TBST (150 mM NaCl, 50 mM Tris [pH 7.5], and 0.03% 

Tween-20) and were probed in refreshed block with 35S-labeled protein from a 

20 μl IVT mix (Promega TNT Gold) with 33 μCi translabel, using 1 μl for SDS-

PAGE. After 2 hours, blots were washed five times and were exposed to 

phosphorimager (Molecular Dynamics), including 4–6 positive controls in 

every experiment. 

 

Immunoprecipitation 

HeLa cells were lysed on ice in 150 mM NaCl, 10 mM NaHPO4, 2 mM 

EDTA, 10 mM CHAPS, and 5 mM DTT plus protease inhibitors. Lysates were 

cleared and incubated with anti-GOLPH3 or pre-immune serum, were 
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precipitated with Protein A Sepharose (GE Healthcare), were washed 

extensively, and were boiled in SDS sample buffer. 

 

Mass Spectrometry 

Bands were excised from polyacrylamide gel stained with SafeStain 

SimplyBlue (Invitrogen), were subjected to in-gel digestion, and were analyzed 

as described in Zhou et al., 2004. 

 

Fluorescence Microscopy 

Fluorescence microscopy was performed on an Olympus IX81-ZDC 

spinning disk confocal microscope, and images were analyzed with Slidebook 

and ImageJ software. 

 

Cell Culture 

Mammalian cell lines including HeLa S3, HEK293 (AD-293 variant 

(Stratagene)), NIH-3T3 fibroblasts, and CHO cells were grown according to 

ATCC guidelines. Transfection into mammalian cells used linear 

polyethyleneimine MW25K (Boussif et al., 1995). 
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Antibodies 

GOLPH3 was expressed from pGEX-4T3-GOLPH3 in E. coli BL21 as a 

fusion to GST and purified on GSH-agarose. GST was cleaved by immobilized 

thrombin (Sigma), and GOLPH3 purified by preparative SDS-PAGE and used 

to raise antisera in rabbits (Harlan). The MYO18A antibody used for IF was 

from Santa Cruz Biotechnology, and the antibody used for Western blotting 

was a generous gift from Dr. Zissis Chroneos (University of Texas, Tyler, TX). 

The p230 and GM130 antibodies were from BD Biosciences. The TGN46 

antibody was from Serotec. The β-actin and myc (9B11) antibodies were from 

Cell Signaling Technology. The GAPDH antibody was from Santa Cruz 

Biotechnology. The antibody to α-mannosidase II was a generous gift from Dr. 

Marilyn Farquhar. The FLAG (M2) antibody was from Sigma. The horseradish 

peroxidase-conjugated goat anti-rabbit secondary antibody for Western blot 

was from Rockland. The AlexaFluor (488, 594, and 647)-conjugated 

secondary antibodies for IF were from Invitrogen. 

 

Cloning/Vectors 

Sequences of primers used to clone GOLPH3 into pEGFP-C1 (BD 

Biosciences) and pcDNA3.1(-) (Invitrogen) were as follows: forward (adding 

EcoRI site): 5ʼ-GGTCAGGAATTCTGCCATGACCTCGCTGACCCA-3ʼ and 

reverse (adding SalI and BamHI sites): 5ʼ-
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CGTCTCCATCCTACGTCGACTTGGTGAACGCCGCCAC-3ʼ. To make 

mCherry-C1-GOLPH3, mCherry (Shaner et al., 2005) was PCR amplified from 

pcDNK mCherry (a gift from Dr. Roger Tsien) with the following primers: 

forward (adding NheI site):  

5ʼ-GTCCGCTAGCGCCACCATGGTGAGCAAGGGCGAG-3ʼ  

and reverse (adding BspEI site):  

5ʼ-GTGTTCCGGACTTGTACAGCTGGTCCATGCC-3ʼ.  

EGFP was cut from pEGFP-C1-GOLPH3 with NheI and BspEI, and the 

digested mCherry PCR product was inserted. Sequences of primers to clone 

Drosophila GOLPH3 into pGEX 4T3 (GE Healthcare) were as follows: forward 

(adding EcoRI site): 5ʼ-

GTCCAGAATTCTGCCATGGACGACAACCAGGATGCACTG-3ʼ and reverse 

(adding SalI and BamHI sites): 5ʼ-

CGTGTGGATCCTACGTCGACGTGAACGCCATGAACACCG-3ʼ. Sequences 

of primers used to clone human GOLPH3 into pGEX 4T3 were as follows: 

forward (adding EcoRI site): 5ʼ-

GGTCAGGAATTCCATGGAGGACGACGCGCAGAGC-3ʼ and reverse (adding 

XhoI site): 5ʼ-CGTGCTCGAGTTACTTGGTGAACGCCGCCAC-3ʼ. Sequences 

of primers used to clone VPS74 into pRS415 with N-terminal GFP under 

control of PRC1 promoter (a gift from Dr. Scott Emr) and into pcDNA3.1(+) 

(Invitrogen) were as follows: forward (adding BamHI site): 5ʼ-



 

 

42 

GCGGGATCCATGTCTACTTTACAACGTCG-3ʼ and reverse (adding XhoI 

site): 5ʼ-GCGCTCGAGAAGGCTTGCACTTTAATGTG-3ʼ. 

pEYFP-FAPP1-PH, pPLCδ-PH-TDRFP, and p40-PX-EGFP were previously 

described (Kanai et al., 2001; Field et al., 2005). pEGFP-Sac1-K2A and 

pFLAG-Sac1-K2A were gifts from Dr. Peter Mayinger (Rohde et al., 2003). 

ts045-VSVG-GFP was a gift from Dr. Jennifer Lippincott-Schwartz (Hirshberg 

et al., 2000). α-mannosidase II-EGFP and α-2,6-sialyltransferase-EGFP were 

gifts from Dr. Vivek Malhotra.  

 

Oligos for Site-Directed Mutagenesis 

Sequences of primers for mutating GOLPH3 PtdIns(4)P binding pocket 

were as follows: R90L forward: 5ʼ-

ATATCATCTGGATTACTTGGCTGTATGTTAATTG-3ʼ and reverse: 5ʼ-

CAATTAACATACAGCCAAGTAATCCAGATGATATACA-3ʼ, R171A/R174L 

forward: 5ʼ-CATTATCAGTTAGCAAATGTACTGGAACGATTAGCTAAAAACC-

3ʼ and reverse: 5ʼ-

TTTAGCTAATCGTTCCAGTACATTTGCTAACTGATAATGC-3ʼ. 

Sequences of primers for mutating mouse MYO18A ATP binding site in 

pcDNA-DEST47-mMYO18A were as follows:  

forward: 5ʼ-GGTAGTAGTGGCAGTAGCGCTACTACCAGCTTTCAGC-3ʼ  
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and reverse: 5ʼ-GCTGAAAGCTGGTAGTAGCGCTACTGCCACTACTACCC-

3ʼ.  

Sequences of oligos for making siRNA resistant GOLPH3 were as follows:  

WT forward: 5ʼ-

TGGAATGACTGTATATCATCCGGGCTGAGAGGATGCATGCTGATTGAATT

AGCATTGAGA-3ʼ  

and reverse: 5ʼ-

TCTCAATGCTAATTCAATCAGCATGCATCCTCTCAGCCCGGATGATATACA

GTCATTCCA-3ʼ.  

R90L forward: 5ʼ-

TGGAATGACTGTATATCATCCGGGCTGCTAGGATGCATGCTGATTGAATT

AGCATTGAGA-3ʼ  

and reverse: 5ʼ-

TCTCAATGCTAATTCAATCAGCATGCATCCTAGCAGCCCGGATGATATACA

GTCATTCCA-3ʼ. 

 

siRNA Knockdown 

siRNA oligos were synthesized by Invitrogen and transfected with 

RNAiMax according to manufacturerʼs instructions. 

 

siRNA Oligonucleotide Sequences 
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siRNA oligonucleotides containing Stealth modifications were 

purchased from Invitrogen. Negative control oligonucleotides 1 and 2 are 

scrambled sequences of 36% GC and 48% GC, respectively (Invitrogen 

Catalog #ʼs 12935200 and 12935300). The sequences of specific 

oligonucleotides were as follows: 

Name Sequence 

GOLPH3-1 AAAUGAUGUGUAACCCUCGCGGUCC 

 GGACCGCGAGGGUUACACAUCAUUU 

GOLPH3-2 AAUCCAGAUGAUAUACAGUCAUUCC 

 GGAAUGACUGUAUAUCAUCUGGAUU 

GOLPH3-3 UCUGGAUUACGUGGCUGUAUGUUAA 

 UUAACAUACAGCCACGUAAUCCAGA 

MYO18A-1 UGGAGGUUAUGGAAAUGGAGGUGAU 

 AUCACCUCCAUUUCCAUAACCUCCA 

MYO18A-2 GCGGAUGAGACAGACCCAUUCUAAG 

 CUUAGAAUGGGUCUGUCUCAUCCGC 

MYO18A-3 GGAUGAGAUGGAGAGUGAUGAGAAU 

  AUUCUCAUCACUCUCCAUCUCAUCC 
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2.5 Figures 

 
Figure 2.1: Purified fly, yeast, and human GOLPH3 bind specifically to PtdIns(4)P in vitro. 
Screening of the Drosophila Gene Collection resulted in the identification of GOLPH3 as a 
PtdIns(4)P-binding protein. Bacterially expressed and purified D. melanogaster, S. cerevisiae, 
and human GOLPH3 homologs all bind to PtdIns(4)P in an in vitro lipid-binding assay. 
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Figure 2.2: GOLPH3 localizes to the trans-Golgi. HeLa cells were stained with an antibody to 
endogenous GOLPH3 (red), an antibody to endogenous p230 (green, trans-Golgi), and DAPI 
(blue, DNA). The yellow in the merged image shows tight co-localization of GOLPH3 and 
p230. 
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Figure 2.3: Specific depletion of PtdIns(4)P by Sac1-K2A. (A) HeLa cells were transiently 
transfected with EYFP-FAPP1-PH (green, PtdIns(4)P reporter) alone or with FLAG-Sac1-K2A 
(magenta). The cells were stained with an antibody to GOLPH3 (red). Expression of Sac1-K2A 
causes FAPP1-PH and GOLPH3 to dissociate from the Golgi. (B) HeLa cells were transiently 
transfected with EGFP-Sac1-K2A or EGFP (control). The cells were stained with an antibody 
to GOLPH3 (red), an antibody to p230 (yellow, trans-Golgi), and DAPI (blue, DNA). In control 
and untransfected cells, GOLPH3 and p230 co-localize at the Golgi. In cells transfected with 
GFP Sac1-K2A, p230 remains present at the Golgi, whereas GOLPH3 is diffuse in the 
cytoplasm. Note that the Golgi morphology in transfected cells is more compact than in 
untransfected and GFP-transfected cells. 
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Figure 2.4: Expression of Sac1-K2A does not affect PtdIns(4,5)P2 levels. HeLa cells were 
transfected with PLCδ-PH-EGFP (green PtdIns(4,5)P2 reporter) and FLAG-Sac1-K2A (A) or 
PLCδ-PH-TDRFP (red PtdIns(4,5)P2 reporter) and EGFP-Sac1-K2A (B). The cells were 
stained for GOLPH3 and DAPI. No changes in the localization or levels of PtdIns(4,5)P2 were 
observed. 
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Figure 2.5: Expression of Sac1-K2A does not affect PtdIns(3)P levels. HeLa cells were 
transfected with p40PX-EGFP (PtdIns(3)P reporter, green) and FLAG-Sac1-K2A (yellow) or 
Ago2-FLAG (control, yellow). The cells were stained for GOLPH3 (red) and DAPI (blue). No 
changes in the localization or levels of PtdIns(3)P were observed. 
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Figure 2.6: Knockdown of GOLPH3 results in a compact Golgi. (A) Western blots of HeLa 
lysates show that GOLPH3 is knocked down approximately 90% using three different siRNA 
oligos. (B) HeLa cells were transfected with one of two control siRNA oligos or one of three 
GOLPH3 siRNA oligos. The cells were stained for GOLPH3 (green), p230 (red, trans-Golgi), 
and DAPI (blue, DNA). The Golgi is dramatically compact in the knockdown cells compared 
with control cells. 
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Figure 2.7: Golgi glycosyltransferase β-1,4-galactosyltransferase remains Golgi-localized 
after knockdown of GOLPH3. HeLa cells were transfected with control or GOLPH3 siRNA. 
Then, the cells were transiently transfected with EYFP-tagged β-1,4-galactosyltransferase 
(GalT-EYFP, green). The cells were stained for endogenous p230 (red, trans-Golgi), 
endogenous GOLPH3 (cy5), and DAPI (blue, DNA). The Golgi is condensed in GOLPH3 
knockdown cells, as indicated by both β-1,4-galactosyltransferase-EYFP and p230, but the 
two remain co-localized. White dashed boxes indicate insets. 



 

 

53 

 

 
Figure 2.8: Golgi glycosyltransferase α-2,6-sialyltransferase remains Golgi-localized after 
knockdown of GOLPH3. HeLa cells were transfected with control or GOLPH3 siRNA. Then, 
the cells were transiently transfected with EGFP-tagged α-2,6-sialyltransferase (SialylT-EGFP, 
green). The cells were fixed, then stained for endogenous p230 (red, trans-Golgi), 
endogenous GOLPH3 (magenta), and DAPI (blue, DNA). The Golgi is condensed in GOLPH3 
knockdown cells, as indicated by both α-2,6-sialyltransferase-EGFP and p230, but the two 
remain co-localized. White dashed boxes indicate insets. 
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Figure 2.9: Golgi glycosyltransferase α-mannosidase II remains Golgi-localized after 
knockdown of GOLPH3. HeLa cells were transfected with control or GOLPH3 siRNA. Then, 
the cells were transiently transfected with EGFP-tagged α-mannosidase II (green). The cells 
were fixed, then stained for endogenous p230 (red, trans-Golgi), endogenous GOLPH3 
(magenta), and DAPI (blue, DNA). The Golgi is condensed in GOLPH3 knockdown cells, as 
indicated by both α-mannosidase II-EGFP and p230, but the two remain co-localized. White 
dashed boxes indicate insets. 
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Figure 2.10: Endogenous α-mannosidase II remains Golgi-localized after knockdown of 
GOLPH3. HeLa cells were transfected with control or GOLPH3 siRNA. The cells were fixed, 
then stained for endogenous p230 (red, trans-Golgi) and DAPI (blue, DNA). The Golgi is 
condensed in GOLPH3 knockdown cells, as indicated by both α-mannosidase II and p230, but 
the two remain co-localized. White dashed boxes indicate portions magnified for inset. 
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Figure 2.11: Expression of siRNA-resistant GOLPH3 after knockdown of the endogenous 
protein results in rescue of the extended Golgi ribbon. HeLa cells were transfected with control 
or GOLPH3 siRNA, followed by transient transfection of empty vector, wild-type siRNA-
resistant GOLPH3 (WT), or the R90L mutant (does not bind PtdIns(4)P). WT GOLPH3 
rescues the normal extended Golgi ribbon. Conversely, in cells expressing the R90L mutant, 
the Golgi remains compact. Asterisks indicate transfected cells. 
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Figure 2.12: Depolymerization of F-actin results in compact Golgi morphology. HeLa cells 
were treated with latrunculin B for 10 minutes to depolymerize actin and then stained for 
endogenous GOLPH3 (red), endogenous p230 (green, trans-Golgi), phalloidin (magenta, F-
actin), and DAPI (blue, DNA). Actin depolymerization causes a rapid condensation of the Golgi 
compared with control (DMSO-treated) cells, as the Golgi appears compact by GOLPH3 and 
p230 staining. Phalloidin staining indicates that latrunculin B treatment resulted in the 
depolymerization of F-actin, as there is a lack of stress fibers and peripheral actin in treated 
cells. 
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Figure 2.13: MYO18A interacts with GOLPH3. GOLPH3 was immunoprecipitated from HeLa 
cells using specific antiserum. Western blots show that MYO18A co-IPs with GOLPH3 and not 
with pre-immune serum. This interaction does not require actin, as treatment with latrunculin B 
does not affect the ability of MYO18A to bind to GOLPH3. 
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Figure 2.14: Depletion of MYO18A phenocopies GOLPH3 knockdown and depolymerization 
of F-actin. (A) MYO18A is knocked down approximately 90% after transfection of one of three 
different siRNA oligos. (B) HeLa cells were transfected with control siRNA or one of three 
MYO18A siRNA oligos. The cells were stained for GOLPH3 (green), p230 (red, trans-Golgi), 
and DAPI (blue, DNA). The Golgi is very condensed in knockdown cells compared with control 
cells. 
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Figure 2.15: Knockdown of GOLPH3 or MYO18A or depolymerization of F-actin results in a 
dramatic decrease in Golgi trafficking. HeLa cells expressing low levels of EYFP-FAPP1-PH to 
mark PtdIns(4)P-rich membranes were imaged live before and after Latrunculin B treatment. 
Vesicles or tubules exiting the Golgi were counted (10-15 cells per siRNA, counting 100-1500 
exit events per siRNA, pooling two experiments). Differences from control are highly significant 
(p < 10-9, t-test). 
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Figure 2.16: Proposed model. GOLPH3 binds to PtdIns(4)P and links the Golgi membrane to 
MYO18A and F-actin. This interaction creates a tensile force that serves to pull vesicles off the 
Golgi membrane. 
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Chapter 3: DNA Damage Causes Golgi Dispersal and is Mediated by 

Phosphorylation of GOLPH3 by DNA-PK 

 

3.1 Results 

3.1.1 DNA Damage Causes Dispersal of the Golgi 

GOLPH3 has been shown to be a phosphoprotein (Wu et al., 2000), 

although the specific sites of phosphorylation were previously unidentified. 

Using large-scale immunoprecipitation of GOLPH3 followed by mass 

spectrometry analysis, we observed that T143 and T148 are found 

phosphorylated together on GOLPH3 (Figure 3.1). We noted that the threonine 

at the 143 position is followed by a glutamine at the 144 position, thereby 

comprising a “TQ” motif that is highly conserved among vertebrate GOLPH3 

orthologs (Figure 3.1). The TQ/SQ motif conforms to the preferred sequence 

motif for phosphorylation by the DNA damage activated protein kinases ATM, 

ATR, and DNA-PK (OʼNeill et al., 2000; Kim et al., 1999). Interestingly, the 

TVQ motif at T148 also conforms to an alternate preferred substrate sequence 

motif for ATM and DNA-PK (OʼNeill et al., 2000; Obenauer et al., 2003; 

Anderson, 1993). Because little was known about the effect of DNA damage 

on the Golgi, and because of GOLPH3ʼs key role in maintaining the shape of 

the Golgi, we examined whether DNA damage affects Golgi morphology. We 

treated HEK293 cells with the DNA damaging agents camptothecin (CPT), 
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doxorubicin (DOXO), or ionizing irradiation (IR). After treatment with each of 

these DNA damaging agents, the morphology of the Golgi changed from the 

usual perinuclear ribbon to small vesicles dispersed throughout the cytoplasm 

(Figure 3.2; Movie 3.1). The dispersal of the Golgi is dose-responsive, 

increasing with the dose of the DNA damaging agent. We quantified the 

dispersal of the Golgi by measuring the area of the Golgi per cell. 

Quantification of Golgi area clearly shows that the area occupied by the Golgi 

significantly increases as the doses of CPT, DOXO, and IR increase (Figure 

3.3). These experiments demonstrate significant dispersal of the Golgi even at 

doses of DNA damaging agents that cause little or no apparent cytotoxicity. 

We further analyzed the kinetics of Golgi dispersal in response to DNA 

damage. As shown in Figure 3.4 and Movie 3.1, in HeLa cells, dispersal of the 

Golgi is detectable as quickly as 4 hours after treatment with DNA damaging 

agents and becomes progressively more pronounced over 24 hours. 

Furthermore, long time course experiments in which HeLa cells were treated 

with CPT for 24 hours, and then the drug was washed out, reveal that the 

most dramatic dispersal of the Golgi persists for at least 5 days (Figure 3.5). 

However, the Golgi remains detectably dispersed at least 30 days after the 

initial DNA damage, at a time when cell proliferation has completely recovered 

(Figure 3.5) (Van Vugt and Yaffe, 2010).  

Although the Golgi disperses into small vesicles in response to DNA 

damage, it remains intact, as markers for the cis-Golgi (GM130), medial-Golgi 
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(α-mannosidase II), and trans-Golgi (p230, GOLPH3, and TGN46) all remain 

co-localized (Figures 3.9, 3.13, 3.15). We examined the Golgi localization of 

EYFP-FAPP1-PH, a reporter for PtdIns(4)P, in cells before versus after 

treatment with DNA damaging agents (Figure 3.6). We observed no qualitative 

nor quantitative change in the Golgi localization of this reporter, arguing that 

PtdIns(4)P levels at the Golgi are unchanged by DNA damage. The dispersed 

Golgi remains distinct from other punctate organelles, as shown by lack of co-

localization with markers for early endosomes or lysosomes (Figures 3.7-3.8). 

Notably, these organelles appear unchanged by DNA damage. 

We found that Golgi dispersal in response to DNA damage occurs in 

many cell lines (HeLa, HEK293, NRK, and MCF-7), as well as in primary 

mouse embryonic fibroblasts and primary mouse hepatocytes (Figures 3.2, 

3.9, 3.10, 3.11, 3.12). We conclude that Golgi dispersal is a common feature 

of the DNA damage response in mammalian cells. 

 

3.1.2 GOLPH3, MYO18A, and F-actin are All Required for DNA Damage-

induced Golgi Dispersal 

Nocodazole treatment to depolymerize microtubules also can cause 

Golgi dispersal, resulting in co-localization of the Golgi with the transitional ER 

(tER; Hammond and Glick, 2000). Therefore, we examined whether Golgi 

dispersal in response to DNA damage appears similar to the effect of 

nocodazole treatment and therefore might be mechanistically related. When 
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we treated HeLa cells with nocodazole for 1 hour, we observed Golgi dispersal 

and co-localization with Sec31A, a marker of the tER (Figure 3.13). By 

contrast, in response to DNA damage, the dispersed Golgi generally did not 

co-localize with the tER. Treatment first with CPT for 18 hours followed by 

nocodazole for 1 hour did result in Golgi co-localization with the tER. 

Quantification of the Golgi dispersal induced by nocodazole, DNA damage, or 

the combination of the two demonstrates an additive effect of combining the 

two treatments (Figure 3.14). Thus, DNA damage-induced Golgi dispersal is 

mechanistically distinct from the dispersal induced by nocodazole. In addition, 

we treated cells with brefeldin A, which inhibits activation of ARF proteins 

(Donaldson et al., 1990; Helms and Rothman, 1990), thereby causing the 

Golgi to redistribute to the ER. Again, the two appear dissimilar, and pre-

treatment with CPT did not alter the redistribution of the Golgi to the ER upon 

brefeldin A treatment (Figures 3.15-3.16) arguing that the two are also 

mechanistically distinct. 

Because of the important role of GOLPH3/MYO18A/F-actin in the 

maintenance of Golgi morphology and the presence of a phospho-TQ site in 

GOLPH3, we tested whether GOLPH3 and MYO18A are required for DNA 

damage-induced dispersal of the Golgi. We used siRNA to specifically deplete 

GOLPH3 or MYO18A. Depletion of GOLPH3 or MYO18A in HeLa cells 

prevented Golgi dispersal after DNA damage, as is apparent from both the 

immunofluorescence images (Figure 3.17) and quantification of Golgi area 
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(Figure 3.18). Similar results were observed in HEK293 cells (data not shown). 

Depletion of GOLPH3 or MYO18A did not inhibit the overall DNA damage 

response, as DNA damage foci (visualized by an antibody specific for 

phospho-SQ or phospho-TQ sites) are still induced by DNA damaging agents 

in the knockdown cells (Figure 3.19). Thus, both GOLPH3 and MYO18A are 

required for DNA damage-induced dispersal of the Golgi. 

Next, we determined whether polymerized actin is required for Golgi 

dispersal because it links to MYO18A and is also required for the maintenance 

of normal Golgi morphology (Lazaro-Dieguez et al., 2006; Dippold et al., 

2009). HEK293 cells were treated with CPT for 18 hours, causing dispersal of 

the Golgi. The cells were subsequently treated with latrunculin B for ten 

minutes. As shown in Figures 3.20 and 3.21 and Movie 3.2, depolymerization 

of F-actin led to rapid reversal of DNA damage-induced Golgi dispersal. 

Therefore, the GOLPH3/MYO18A/F-actin pathway is required for DNA 

damage-induced dispersal of the Golgi.   

 

3.1.3 Phosphorylation of the TQ Motif on GOLPH3 is Required for DNA 

Damage-Induced Golgi Dispersal 

We next asked whether the phosphorylation on the TQ site at T143 and 

the adjacent T148 on GOLPH3 is required for DNA damage-induced dispersal 

of the Golgi. We created phosphorylation mutants to study the function of 

these sites. We mutated an siRNA-resistant GOLPH3 mammalian expression 
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construct (WT sequence: TQ-TVQ) to create an unphosphorylateable mutant 

(AQ-AVQ) and two phosphomimetic mutants (EQ-EVQ and DQ-DVQ). Then, 

we performed experiments in which we depleted the endogenous GOLPH3 

protein by siRNA and expressed siRNA-resistant WT GOLPH3 or one of the 

mutants. As described previously, knockdown of GOLPH3 results in a 

compact Golgi morphology (Dippold et al., 2009). In the absence of DNA 

damage, expression of each of the WT or mutant proteins was able to rescue 

the normal extended ribbon morphology of the Golgi (Figure 3.22-2.23). All 

mutants localized to the Golgi, and all bound strongly to PtdIns(4)P (Figure 

3.22 and 2.24). While siRNA knockdown of GOLPH3 prevented DNA damage-

induced dispersal of the Golgi, restoration of GOLPH3 protein levels with the 

WT or either of the phosphomimetic mutant proteins rescued the dispersal 

(Figure 2.25-2.26). By contrast, although the unphosphorylatable mutant 

rescued Golgi morphology in the absence of DNA damage, it failed to rescue 

DNA damage-induced dispersal of the Golgi. We conclude that 

phosphorylation of T143/T148 on GOLPH3 is necessary (but not sufficient) for 

DNA damage-induced dispersal of the Golgi.  

 

3.1.4 DNA-PK is Required for Golgi Dispersal After DNA Damage 

Because phosphorylation of GOLPH3 on T143/T148 is required for 

DNA-damage induced Golgi dispersal, we sought to identify the responsible 

kinase. The two main kinases that phosphorylate TQ or SQ motifs and are 



 

 

68 

activated in response to double-stranded breaks are ATM and DNA-PK 

(OʼNeill et al., 2000; Ciccia and Elledge, 2010; Harper and Elledge, 2007; 

Zhou and Elledge, 2000). We treated cells with inhibitors specific for ATM 

(KU55933) or DNA-PK (NU7441) and analyzed Golgi morphology after they 

were co-administered with DNA damaging agents. Treatment with the ATM 

inhibitor mildly inhibited Golgi dispersal in response to DNA damage by CPT 

or IR (Figures 3.27-3.28). By contrast, treatment with the DNA-PK inhibitor 

completely prevented DNA damage-induced dispersal of the Golgi. We further 

tested a requirement for ATM using ATM-deficient A-T fibroblasts derived from 

a patient with ataxia telangiectasia. In parallel, we examined A-T fibroblasts 

that had been reconstituted with ATM (Stuart and Wang, 2009). In A-T cells 

with or without reconstitution of ATM, we observed similar dispersal of the 

Golgi after DNA damage. In these cells, treatment with the ATM kinase 

inhibitor had little effect, while the DNA-PK inhibitor again completely 

prevented DNA damage-induced dispersal of the Golgi (Figures 3.29-3.30).  

To test more specifically for the requirement for DNA-PK for DNA 

damage-induced dispersal of the Golgi, we utilized siRNA knockdown of DNA-

PK. The depletion of DNA-PK by either of two specific siRNAs prevented Golgi 

dispersal in response to DNA damage (Figures 3.31-3.32). Therefore, DNA-

PK, but not ATM, is required for DNA damage-induced Golgi dispersal. 

 The DNA-PK kinase inhibitor also allowed us to test whether DNA-PK 

kinase activity is required to maintain Golgi dispersal after DNA damage. We 
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treated cells with DOXO for 18 hours, resulting in dispersal of the Golgi, and 

then added the DNA-PK inhibitor NU7441. Golgi dispersal was completely 

reversed after the addition of NU7441 (Movie 3.3), indicating that continuous 

DNA-PK kinase activity is necessary to maintain Golgi dispersal in response to 

DNA damage. 

 

3.1.5 GOLPH3 Phosphorylation by DNA-PK is Required for DNA Damage-

induced Golgi Dispersal 

Because the T143 and T148 phosphorylation sites conform to the 

preferred and alternative substrate motifs for DNA-PK, we asked whether 

DNA-PK directly phosphorylates GOLPH3. First, we determined whether DNA-

PK is capable of directly phosphorylating GOLPH3. Using an in vitro kinase 

assay, we observed that purified DNA-PK can directly phosphorylate GST-

GOLPH3 expressed and purified from E. coli (Figure 3.33). This 

phosphorylation occurs on T143 and/or T148, since the AQ-AVQ mutation 

largely abolishes the phosphorylation observed in vitro. Furthermore, we 

verified that the responsible kinase in the commercially obtained DNA-PK 

preparation is actually DNA-PK because the phosphorylation is completely 

abolished by NU7441, the specific DNA-PK inhibitor. 

We next examined whether DNA-PK is directly responsible for GOLPH3 

phosphorylation in vivo. The DNA-PK preferred phosphorylation motif requires 

the Q at the +1 position (OʼNeill et al., 2000), while most other kinases have 
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different sequence requirements. Therefore, we tested whether the Q at the +1 

position (Q144) is required for the Golgi to respond to DNA damage. First, we 

created a GOLPH3 mutant, TQ-AVQ, to test whether phosphorylation on T143 

(but not T148) is sufficient for DNA damage-induced dispersal of the Golgi. 

Indeed, in knockdown/rescue experiments, expression of the siRNA-resistant 

TQ-AVQ mutant of GOLPH3 rescued Golgi dispersal after DNA damage 

(Figures 3.34-3.35). We also created a mutant in which Q144 was mutated 

(TA-AVQ). This abolishment of the TQ motif tests whether direct 

phosphorylation by a DNA damage kinase is required for Golgi dispersal. In 

cells expressing the TA-AVQ mutant, the Golgi did not disperse after DNA 

damage (Figures 3.34-3.35). Finally, we created a phosphomimetic mutant 

(EA-AVQ) to serve as a control to test whether the Q to A mutation non-

specifically kills the protein, or instead whether it only impairs phosphorylation 

of GOLPH3 and therefore can be rescued by a phosphomimetic mutation that 

restores the electrostatic features of phosphorylation. In fact, we found that the 

Golgi dispersed normally after DNA damage in cells expressing the EA-AVQ 

mutant (Figures 3.34-3.35). We conclude that both T143 and Q144, which 

together comprise the TQ motif, are both required for Golgi dispersal in 

response to DNA damage. These data, together with the requirement for DNA-

PK but not ATM, strongly argue that DNA-PK directly phosphorylates 

GOLPH3. 
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Occasionally the interaction between a kinase and its substrate is 

sufficiently tight to allow direct observation by co-immunoprecipitation of a 

complex between them (Johnson and Hunter, 2005). To test whether GOLPH3 

and DNA-PK form a stable complex we immunoprecipitated endogenous 

GOLPH3 from detergent lysates of HeLa cells. We used Western blotting with 

an antibody specific to Ku80, a regulatory subunit of DNA-PK, to determine if 

the endogenous DNA-PK complex was co-immunoprecipitated. As shown in 

Figure 3.36, in control immunoprecipitations using pre-immune serum we see 

minimal background precipitation of Ku80. However, specific 

immunoprecipitation of GOLPH3 was accompanied by significant co-

immunoprecipitation of Ku80, arguing for a direct interaction between GOLPH3 

and the DNA-PK complex. 

Because GOLPH3 resides at the Golgi and DNA-PK is predominantly 

located in the nucleus, we wondered how the two proteins interact. Either 

GOLPH3 is entering the nucleus to be phosphorylated by DNA-PK, or DNA-PK 

is exiting the nucleus after it is activated by DSBs. We hypothesized that 

inhibition of nuclear export would inhibit DNA damage-induced Golgi dispersal. 

To inhibit nuclear export, we utilized leptomycin B (LMB). To determine 

whether the LMB was truly inhibiting nuclear transport, we transiently 

transfected HeLa cells with HA-FOXO3a. After LMB treatment, HA-FOXO3a 

was retained in the nucleus, whereas it was more evenly distributed 

throughout the entire cell in control cells (data not shown). We then examined 
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Golgi morphology in cells treated with LMB. Treatment with 16 hours LMB did 

not affect Golgi morphology in control (DMSO-treated) cells, while it largely 

prevented Golgi dispersal in cells also treated with CPT (Figure 3.37). 

GOLPH3 remained localized to the Golgi after LMB treatment. These results 

argue that DNA-PK is leaving the nucleus after it is activated by DSBs and that 

it phosphorylates GOLPH3 in the cytoplasm. 

We have several lines of evidence that GOLPH3 is a true target of 

DNA-PK. We observe that Golgi dispersal after DNA damage requires the 

T143 TQ motif in GOLPH3, as well as DNA-PK. Our data also demonstrate 

that DNA-PK can directly phosphorylate GOLPH3 on T143 in vitro, and we can 

detect evidence of an interaction between GOLPH3 and DNA-PK in vivo. 

Taken together, we conclude that DNA-PK directly phosphorylates GOLPH3 

on T143 and that this is required for Golgi dispersal in response to DNA 

damage.  

 

3.1.6 DNA Damage Enhances the Interaction Between GOLPH3 and 

MYO18A  

Because phosphorylation of GOLPH3 is required for DNA damage-

induced Golgi dispersal, we asked whether this response to DNA damage 

alters GOLPH3ʼs known interactions with PtdIns(4)P or MYO18A. The 

interaction between GOLPH3 and PtdIns(4)P is responsible for the localization 

of the protein at the trans-Golgi (Dippold). We noted that GOLPH3 localization 
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at the Golgi is unchanged in response to DNA damage (Figures 3.9, 3.17, 

3.25, 3.27, 3.29, 3.31). Likewise, phosphorylation mutants of GOLPH3 are 

equally capable of binding to PtdIns(4)P in vitro (Figure 3.24), and they 

localize to the Golgi in cells before and after DNA damage (Figures 3.22, 

3.25). Thus, phosphorylation of GOLPH3 on T143/T148 in response to DNA 

damage does not affect its binding to PtdIns(4)P. 

The interaction between GOLPH3 and MYO18A can be detected by 

their co-immunoprecipitation from cell lysates. To determine whether DNA 

damage alters the strength of the interaction between GOLPH3 and MYO18A, 

we immunoprecipitated endogenous GOLPH3 from detergent lysates from 

control cells or cells treated with CPT or DOXO. We then assayed co-

immunoprecipitation of endogenous MYO18A by Western blot. As shown in 

Figure 3.37, DNA damage induced by CPT or DOXO each led to enhanced 

interaction of GOLPH3 with MYO18A. Because we have shown previously that 

GOLPH3/MYO18A applies a tensile force to the Golgi that assists in 

vesiculation (Dippold et al., 2009), this enhanced interaction between GOLPH3 

and MYO18A provides an explanation for the dispersal of the Golgi that occurs 

in response to DNA damage.  

 

3.1.7 GOLPH3 and MYO18A are Required for Normal Survival After DNA 

Damage 
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To examine the significance of Golgi dispersal to the DNA damage 

response, we examined the effect of knockdown of GOLPH3 or MYO18A on 

cell survival after DNA damage. We used siRNA to transiently knock down 

GOLPH3, MYO18A, or DNA-PK and the measured clonogenic survival (i.e., 

the fraction of cells that survive to grow out colonies) after increasing doses of 

DOXO. We compared the number of colonies grown from knockdown cells to 

the number of colonies derived from cells transfected with control siRNA. 

Similar to previous studies (Blunt et al., 1995; Peng et al., 2002; Collis et al., 

2003), depletion of DNA-PK resulted in decreased survival after DNA damage 

(Figure 3.38). Furthermore, we also found that transient knockdown of 

GOLPH3 or MYO18A at the time of DNA damage reduced survival by at least 

an order of magnitude. Therefore, the GOLPH3/MYO18A pathway is required 

for normal survival after DNA damage.  

Because DNA damage is known to impair clonogenic survival through 

its activation of apoptotic cell death (Ciccia and Elledge, 2010), we also 

examined apoptosis. HeLa cells transfected with control siRNAs or with 

specific siRNAs to knock down GOLPH3 or MYO18A were treated with CPT. 

After 24 hours, whole cell lysates were made and analyzed by Western blot to 

detect cleaved caspase 3, a marker of apoptosis (Fernandes-Alnemri et al., 

1994; Nicholson et al., 1995). As expected, treatment with CPT caused 

significant generation of cleaved caspase 3 (Figure 3.39). Depletion of 

GOLPH3 or MYO18A each led to dramatic enhancement of cleaved caspase 
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3 production after DNA damage, indicating a significant increase in DNA 

damage-induced apoptosis in cells with reduced levels of GOLPH3 or 

MYO18A. 

From these data, we propose the model depicted in Figure 3.40. DNA 

damage activates DNA-PK, which phosphorylates GOLPH3 on the TQ motif. 

This increases the interaction between GOLPH3 and MYO18A, which leads to 

an increased tensile force and dispersal of the Golgi. All of these components 

are required for DNA damage-induced Golgi dispersal, and all are required for 

survival following DNA damage. 

 

3.2 Summary and Discussion 

Understanding the cellular response to DNA damage is crucial to 

understanding the mechanism by which many chemotherapeutics agents kill 

cancer cells and the mechanism of escape from killing. Here we show a 

previously poorly appreciated feature of the DNA damage response is a 

dramatic reorganization of the Golgi. A few publications have noted changes in 

Golgi morphology in response to DNA damaging agents, although there has 

been no rigorous examination of the phenomenon, and generally the changes 

at the Golgi have been considered to be a consequence of DNA damage-

induced apoptosis (Jung et al., 2006, Qian and Yang, 2009; Chiu et al., 2002). 

In fact, we show here that dispersal of the Golgi is a common feature of the 

DNA damage response in mammalian cells, and rather than a by-product of 
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cytotoxicity, it instead involves signaling directly from a DNA damage-induced 

kinase to the Golgi. We observe that even minimally toxic doses of DNA 

damaging agents still cause dispersal of the Golgi. Long time-course 

timelapse imaging reveals that the Golgi dispersal occurs in cells that appear 

otherwise healthy and remain alive on prolonged follow-up without displaying 

any of the hallmarks of apoptosis. Furthermore, dispersal of the Golgi persists 

for weeks, even after the cells have otherwise apparently completely 

recovered. In fact, we find that Golgi dispersal after DNA damage is an active 

process mediated by the direct phosphorylation of GOLPH3, a Golgi protein, 

on T143 and T148 by the DNA damage-activated kinase DNA-PK. Golgi 

dispersal further requires downstream targets of GOLPH3, namely MYO18A 

and F-actin. After the Golgi has dispersed in response to DNA damage, 

maintenance of the Golgi dispersal requires continued signaling through the 

DNA-PK/GOLPH3/MYO18A/F-actin pathway. The maintenance of Golgi 

dispersal can be reversed by the inhibition of DNA-PK kinase activity or by the 

depolymerization of F-actin and therefore is an active process. Finally, rather 

than being a by-product of cell death, we find that the pathway that triggers 

Golgi dispersal after DNA damage functions to enable cell survival after DNA 

damage. 

A high proportion of human cancers, including >50% of lung cancers 

and >30% of breast, prostate, and colon cancers, harbor amplification and 

overexpression of GOLPH3 (Table 1.1; Scott et al., 2009). We found in 
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multiple cell types that overexpression of GOLPH3 enhances cell survival after 

treatment with DNA damaging agents. Chemotherapeutic agents that cause 

DNA damage remain the mainstay of many cancer treatment regimens, often 

resulting in dramatic cures, and generally causing clinically important 

improvements in outcome. Nevertheless, in many patients these therapies are 

ineffective or only transiently effective at causing disease remission. The 

identification of markers that predict the likelihood of a treatment response is 

an important goal, and the data presented here suggest GOLPH3 to be a good 

candidate for future studies in this regard. 

We also find that interference with the GOLPH3/MYO18A pathway 

significantly impairs cell survival after DNA damage. Thus, small molecule 

inhibitors of the pathway may function synergistically with DNA damaging 

agents. Indeed, there are currently several DNA-PK inhibitors in early clinical 

and pre-clinical testing for cancer (Zhao et al., 2006; Shinohara et al., 2005; 

Lord and Ashworth, 2012). At least part of the mechanism of action of these 

drugs may depend on their ability to interfere with DNA-PK activation of the 

GOLPH3/MYO18A pathway. The extent to which this is true, and whether 

specific inhibition of the GOLPH3/MYO18A pathway provides any therapeutic 

advantage, remains to be seen. Nevertheless, the discovery of a DNA-

PK/GOLPH3/MYO18A/F-actin pathway responsible for a dramatic 

reorganization of the Golgi and enhanced cell survival after DNA damage 
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provides new insight into fundamental cell biology that is likely to inform our 

ability to treat cancer.    

 

3.3 Experimental Procedures 

Antibodies  

The rabbit polyclonal GOLPH3 antibody was made by Harlan, as 

previously described (Dippold et al., 2009). The MYO18A antibody used for 

Western blotting was a generous gift from Dr. Zissis Chroneos (University of 

Texas, Tyler, TX). The p230 and GM130 antibodies were from BD 

Biosciences. The TGN46 antibody was from Serotec. The β-actin, Sec31A, 

cleaved caspase 3, and ATM/ATR substrate motif antibodies were from Cell 

Signaling Technology. The GAPDH antibody was from Santa Cruz 

Biotechnology. The DNA-PK antibody was from Thermo Scientific. The 5C2 

ATM antibody was a kind gift from Dr. Eva Lee (University of California, Irvine) 

The horseradish peroxidase-conjugated goat anti-rabbit secondary antibody 

for western blot was from Rockland, and the horseradish peroxidase-coupled 

horse anti-mouse antibody was from Cell Signaling Technology. The 

AlexaFluor (488, 594, and 647) conjugated secondary antibodies for IF were 

from Invitrogen. 

 

Reagents 

(S)-(+)-Camptothecin, doxorubicin, brefeldin A, and leptomycin B were 
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from Sigma-Aldrich. NU7441 was from AstraZeneca and KU55933 was from 

Kudos Pharmaceuticals. Latrunculin B was from Enzo Life Sciences. 

Nocodazole was from EMD Chemicals. Lysotracker Red was from Invitrogen. 

 

Cell Culture 

HeLa S3, HEK293 (AD293 variant (Stratagene)), and NRK cells were 

grown according to ATCC guidelines. A-T cells were a kind gift from Dr. Jean 

Wang (University of California, San Diego; ref Stuart and Wang). Primary 

mouse embryonic fibroblasts and primary mouse hepatocytes were a kind gift 

from Dr. Jeffrey Esko (University of California, San Diego). Primary mouse 

embryonic fibroblasts and A-T cells were grown in DMEM supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. A-T cells 

reconstituted in ATM were grown in media supplemented with 100 mg/mL 

hygromycin. Hepatocytes were isolated as described previously (Sanford et 

al., 2009). Briefly, mice were anesthetized with isoflurane and perfused via 

cardiac puncture with 30 ml Krebs-Ringer solution containing 1 mM EDTA 

(37°C, 7.5 ml/min), followed by perfusion of 30 ml Krebs-Ringer containing 

0.15 mM CaCl2 and 0.5 mg/ml type I collagenase (Sigma-Aldrich). The liver 

was removed, cut into pieces, and chilled to 4°C in 40 ml of Krebs-Ringer 

solution. The tissue was dispersed by pipetting and filtered through a 70-μm 

nylon cell strainer (BD Falcon). The filtrate was centrifuged for 3 minutes at 

50 g at 4°C, and the cell pellet was gently resuspended in a Percoll 
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solution. Samples were centrifuged for 6 minutes at 850 g at 4°C to separate 

live from dead cells. After washing with Krebs-Ringer to remove the remaining 

Percoll, cells were resuspended in Williams media supplemented with 10% 

FBS and divided equally across the wells of a 6-well plate precoated with rat 

tail type I collagen (Sigma-Aldrich). After 30 minutes, the medium was 

replaced with Williams medium supplemented with 10% FBS, 1% Insulin-

Transferrin-Selenium (Gibco, Invitrogen), 10 μg/ml epidermal growth factor 

(Invitrogen), 0.1 μM dexamethazone, 4.4 μM nicotinamide, and 100 U/ml 

penicillin, and 100 μg/ml streptomycin. All experiments with primary 

hepatocytes were completed within 48 hours of isolation. 

Transfection of DNA into cells utilized polyethyleneimine MW25K (Boussif et 

al., 1995). 

 

siRNA Knockdowns 

siRNA oligonucleotides containing Stealth modifications were 

synthesized from Invitrogen and transfected with RNAiMax according to the 

manufacturerʼs instructions. Negative control sequences and GOLPH3 and 

MYO18A sequences were the same as those published previously (Dippold et 

al., 2009). DNA-PK-specific oligonucleotide sequences are as follows: #1 

forward: 5' – AAAUGAUUCAGACUUUCACUGGAGG – 3', #1 reverse: 5' – 

CCUCCAGUGAAAGUCUGAAUCAUUU – 3'; #2 forward: 5ʼ – 

AAUAGUGGCCACUAUCUCAACCACC – 3', #2 reverse: 5' – 
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GGUGGUUGAGAUAGUGGCACUAUU – 3'. Knockdowns were verified by 

western blot. 

 

Cloning/vectors 

Cloning and site-directed mutagenesis to create siRNA-resistant 

GOLPH3 into pcDNA3.1 was described previously (Dippold et al., 2009). 

Primers for site-directed mutagenesis to create phosphorylation mutants are 

as follows: AQ-AVQ forward: 5ʼ – 

CATGTTAAGGAAGCTCAGCCTCCAGAAGCGGTCCAGAACTGGAT – 3ʼ; 

AQ-AVQ reverse: 5ʼ – 

CCAGTTCTGGACCGCTTCTGGAGGCTGAGCTTCCTTAACATGCT – 3ʼ; DQ-

DVQ forward: 5ʼ – 

CATGTTAAGGAAGATCAGCCTCCAGAAGATGTCCAGAACTGGAT – 3ʼ; DQ-

DVQ reverse: 5ʼ – 

CCAGTTCTGGACATCTTCTGGAGGCTGATCTTCCTTAACATGCT– 3ʼ; EQ-

EVQ forward: 5ʼ – 

CATGTTAAGGAAGAGCAGCCTCCAGAAGAGGTCCAGAACTGGAT – 3ʼ; 

EQ-EVQ reverse: 5ʼ – 

CCAGTTCTGGACCTCTTCTGGAGGCTGCTCTTCCTTAACATGCT – 3ʼ 

TQ-AVQ forward: 5ʼ – 

GATGAAGCTCTGAAGCACGTGAAGGAAACTCAGCCTCCAGAA – 3ʼ; TQ-

AVQ reverse: 5ʼ – 
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TTCTGGAGGCTGAGTTTCCTTCACGTGCTTCAGAGCTTCATCAAG – 3ʼ 

TA-AVQ forward: 5ʼ –

GATGAAGCTCTGAAGCACGTGAAGGAAACTGCGCCTCCAGAA – 3ʼ; TA-

AVQ reverse: 5ʼ –

TTCTGGAGGCGCAGTTTCCTTCACGTGCTTCAGAGCTTCATCAAG – 3ʼ; 

EA-AVQ forward: 5ʼ –

GATGAAGCTCTGAAGCACGTGAAGGAAGAGGCGCCTCCAGAA – 3ʼ; EA-

AVQ reverse: 5ʼ – 

TTCTGGAGGCGCCTCTTCCTTCACGTGCTTCAGAGCTTCATCAAG – 3ʼ. 

 pEYFP-FAPP1-PH and p40-PX-EGFP were described previously 

(Kanai et al., 2001; Field et al., 2005). α-mannosidase II-EGFP was a gift from 

Vivek Malhotra. 

 

Kinase Assay 

Reactions were performed according to the protocol recommended by 

Promega. Reactions contained 50 mM HEPES (pH 7.5), 1 mM DTT, 0.1 mM 

EDTA, 0.2 mM EGTA, 10 mM MgCl2, 0.1 M KCl, 80 mg/ml BSA, 10 mg/ml calf 

thymus DNA (Trevigen), 10 mM ATP (Sigma-Aldrich), 1 mCi [γ-32P]-ATP 

(Perkin Elmer), and 50 units DNA-PK (Promega). Reactions were incubated at 

30°C for 30 minutes and were stopped by the addition of boiling SDS sample 

buffer. Reactions were run on SDS-PAGE and visualized using a 

phosphorimager (Molecular Dynamics). 
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Clonogenic Survival 

HeLa cells were transfected with the indicated siRNA oligos and then 

incubated for 48 hours. The cells were plated at the appropriate concentration 

on 6-well dishes and were treated with the indicated concentrations of 

doxorubicin. Media were changed 24 hours later, and colonies of cells were 

counted 10-14 days later.   

 

Fluorescence Microscopy  

Fluorescence microscopy was performed with an Olympus IX81-ZDC 

spinning disk confocal microscope and analyzed using Slidebook and ImageJ 

software.  

 

Measurement of Golgi Area.  

Immunofluorescence images of cells stained with a Golgi marker were 

measured either by manually encircling the Golgi with a limiting polygon and 

calculating area using ImageJ, or by automated identification of the Golgi, and 

calculation of the area of the smallest encircling ellipse as performed by Cell 

Profiler (Carpenter et al., 2006). Both methods produced similar results. 

 

Immunoprecipitations  
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IPs were performed as described previously (Dippold et al., 2009). 

Briefly, HeLa cells were lysed on ice in 150 mM NaCl, 10 mM NaHPO4, 2 mM 

EDTA, 10 mM CHAPS, 5 mM DTT, protease inhibitors, and phosphatase 

inhibitors. Lysates were cleared and incubated with anti-GOLPH3 or pre-

immune serum. Antibodies were precipitated with Protein A Sepharose (GE 

Healthcare), washed extensively, and eluted by boiling in SDS sample buffer. 

 

Mass Spectrometry 

Bands excised from polyacrylamide stained with SafeStain SimplyBlue 

(Invitrogen), subjected to in-gel digestion, and analyzed as in Zhou et al., 

2004. 

 

Lipid Blots  

Lipid blots were performed as described previously (Dippold et al., 

2009). Briefly, lipids from Cell Signals and Echelon Biosciences were 

dissolved in DMSO/20% CHCl3/50 mM HCl, validated by thin layer 

chromatography, and 100 nl spotted on PVDF. Blots were blocked overnight in 

3% fatty acid-free BSA in TBST (150 mM NaCl, 50 mM tris pH 7.5, 0.03% 

Tween-20), and probed in refreshed block with 35S-labeled protein from a 20 

ml IVT mix (Promega TNT Gold) with 33 mCi translabel. For each, 1 ml was 

used for SDS-PAGE. After 2 hours, blots were washed five times and exposed 
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to phosphorimager to detect binding. Positive controls were tested side-by-

side in every experiment. 
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3.5 Figures 

 
Figure 3.1: Amino acid conservation of T143, T148, and TQ motif. T143 and T148 are highly 
conserved in vertebrates and invertebrates, while the TQ motif is conserved in vertebrates. 
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Figure 3.2: DNA damage triggers Golgi dispersal. DNA damage-induced Golgi dispersal is 
dose-responsive. HEK293 cells were treated with the indicated doses of CPT, DOXO, or IR for 
24 hours, then fixed and stained for GM130 (green, cis-Golgi) and DAPI (blue, DNA). Golgi 
dispersal increases as the dose of each DNA damaging agent increases. 
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Figure 3.3: DNA damage triggers a dramatic increase in Golgi area. Dispersal of the Golgi 
was determined by measuring the Golgi area per cell. Shown are the mean and SEM. The 
area occupied by the Golgi increases as the doses of the DNA damaging agents increase. For 
CPT and DOXO, p < 0.04 (t-test) for doses above 3.125 nM compared with the DMSO control; 
n ≥ 22. For IR, p < 0.02 (t-test) for all doses of IR compared with the IR control; n ≥ 21. These 
results are representative of at least 2 independent experiments in HEK293 cells. 
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Figure 3.4: Golgi dispersal induced by DNA damage increases progressively over 24 hours. 
HEK293 cells were treated with 50 nM CPT, 125 nM DOXO, or 5 Gy IR for the indicated times. 
Dispersal is detectable as early as 4 hours after DNA damage, and progressively increases 
over 24 hours. For each type of DNA damage examined, p < 0.03 (t-test) compared to the 
control at time = 0 for all timepoints after 4 hours; n ≥ 18. The data are representative of three 
experiments. 
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Figure 3.5: The Golgi remains dispersed up to 30 days after initial DNA damage. (A) The 
Golgi is dramatically dispersed up to 5 days after addition of DOXO. HeLa cells were treated 
with 125, 250, or 500 nM DOXO or the DMSO control for 24 hours. Golgi area was quantified 
on days 1, 3, and 5. The mean and SEM of Golgi area are shown. Results are pooled from 
two independent experiments (n ≥ 18). Each concentration of DOXO resulted in significant 
Golgi dispersal compared with the corresponding DMSO-treated cells on each day examined 
(p < 10-6, t-test). (B) DNA damage-induced Golgi dispersal is detectable up to one month after 
treatment with 16-62.5 nM DOXO for 24 hours. Each concentration of DOXO resulted in 
significant Golgi dispersal compared with the corresponding DMSO-treated cells on each day 
examined (p < 0.01, t-test). The mean and SEM of Golgi area are shown. Results are pooled 
from two independent experiments (n ≥ 29). 
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Figure 3.6: PtdIns(4)P levels are unchanged at the Golgi following DNA damage. (A) HeLa 
cells were transiently transfected with YFP-FAPP1-PH, a PtdIns(4)P reporter. After treatment 
with 1 µM CPT, 1.7 µM DOXO, or the DMSO control for 17 hours, the cells were fixed and 
stained for GM130 (magenta, cis-Golgi) and DAPI (blue, DNA). The Golgis in the cells with 
DNA damage dispersed into small vesicles that contained PtdIns(4)P. (B) The levels of 
PtdIns(4)P at the Golgi were quantified by measuring the levels of YFP-FAPP1-PH at the 
Golgi compared with the levels in the cytoplasm. The levels of PtdIns(4)P at the Golgi in the 
absence and presence of DNA damage were not different. 
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Figure 3.7: The Golgi does not co-localize with early endosomes after DNA damage. HeLa 
cells were transiently transfected with GFP-p40PX, a reporter for early endosomes. The cells 
were treated with 1 µM CPT or the DMSO control for 24 hours. The cells were then fixed and 
stained for GM130 (red, cis-Golgi) and DAPI (blue, DNA). The Golgi did not co-localize with 
the early endosomes after DNA damage, and the morphology of the early endosomes was 
largely unchanged after DNA damage.  
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Figure 3.8: The Golgi does not co-localize with lysosomes after DNA damage. HeLa cells 
were treated with 1 µM CPT or the DMSO control for 24 hours. Lysotracker Red was added at 
a concentration of 50 nM for the last 90 minutes. The cells were stained for GM130 (green) 
and DAPI (blue). The Golgi did not co-localize with the lysosomes after DNA damage, and the 
lysosomes appeared largely unchanged after DNA damage. 
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Figure 3.9: DNA damage induces Golgi dispersal in HeLa cells. (A) HeLa cells were treated 
with 1 µM CPT, 2 µM DOXO, or the DMSO control for 17 hours. The cells were then fixed and 
stained for GOLPH3 (green, cis-Golgi), p230 (red, trans-Golgi), and DAPI (blue, DNA). The 
Golgi dispersed in response to CPT or DOXO but not the DMSO control. (B) The quantification 
of Golgi area revealed a dramatic increase in Golgi area in response to CPT or DOXO 
treatment compared with the DMSO control. The mean Golgi area and SEM are shown, with 
the number of measurements (n) indicated. Asterisks indicate statistical significance, as 
shown, with p < 10-4 vs. the DMSO control (t-test). 
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Figure 3.10: DNA damage induces Golgi dispersal in NRK cells. (A) NRK cells were treated 
with 2 µM DOXO or 10 Gy IR for 24 hours or 2 µM CPT or the DMSO control for 48 hours. The 
cells were then fixed and stained for GM130 (green) and DAPI (blue). The Golgi dispersed in 
response to CPT, DOXO, or IR. (B) The quantification of Golgi area revealed a significant 
increase in Golgi area in response to all three types of DNA damage compared with the 
DMSO control. The mean Golgi area and SEM are shown, with the number of measurements 
(n) indicated. Asterisks indicate statistical significance, as shown, with p < 10-4 vs. the DMSO 
control (t-test). The data are representative of at least 3 independent experiments. 
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Figure 3.11: DNA damage causes Golgi dispersal in primary hepatocytes. (A) Primary 
hepatocytes were isolated from mice and treated with 2 µM CPT, 500 nM DOXO, or the 
DMSO control for 24 hours. The cells were then fixed and stained with GM130 (green, cis-
Golgi) and DAPI (blue, DNA). The Golgis in the hepatocytes dispersed in response to CPT or 
DOXO but not the DMSO control. (B) The quantification of Golgi area revealed a significant 
increase in Golgi area in response to CPT or DOXO treatment compared with the DMSO 
control. The mean Golgi area and SEM are shown, with the number of measurements (n) 
indicated. Asterisks indicate statistical significance, as shown, with p < 0.02 vs. the DMSO 
control (t-test). 
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Figure 3.12: DNA damage causes Golgi dispersal in primary mouse embryonic fibroblasts. 
(A) Primary mouse embryonic fibroblasts were treated with 2 Gy IR, 1 µM CPT, 250 nM 
DOXO, or the DMSO control for 24 hours. The cells were then fixed and stained with GM130 
(green) and DAPI (blue). (B) The quantification of Golgi area revealed a significant increase in 
Golgi area in response to DNA damage compared with the DMSO control. The mean Golgi 
area and SEM are shown, with the number of measurements (n) indicated. Asterisks indicate 
statistical significance, as shown, with p < 10-4 vs. the DMSO control (t-test). The results are 
representative of 2 independent experiments. 
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Figure 3.13: Golgi dispersal after DNA damage is mechanistically distinct from nocodazole-
induced Golgi dispersal. HeLa cells were transiently transfected with α-mannosidase II-GFP 
(“ManII-GFP”) to visualize the Golgi. Twenty-four hours after transfection, the cells were 
treated with 1 µM CPT or the DMSO control for an additional 22 hours, followed by 375 ng/ml 
nocodazole for another 2 hours. The cells were then fixed and stained with an antibody to 
Sec31A (red, tER) and DAPI (blue, DNA). Nocodazole treatment caused dispersal of the 
Golgi, which then associates more strongly with the tER. In contrast, the Golgi dispersal 
induced by CPT does not strongly associate with the tER. Treatment with CPT followed by 
nocodazole results in a phenotype more similar to treatment with nocodazole alone, whereby 
the Golgi strongly associates with the tER. By contrast, DNA damage tends to produce smaller 
vesicles than nocodazole. Thus, the two types of dispersal are distinct. These images are 
representative of 3 independent experiments.   
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Figure 3.14: Quantitation of Golgi area shows an additive effect when CPT treatment is 
followed by nocodazole treatment. Quantitation of Golgi area shows that treatment with 
nocodazole alone induces an increase in Golgi area, while treatment with CPT followed by 
nocodazole results in an additive effect of the two treatments. The mean Golgi area and SEM 
are shown, with the number of measurements (n) indicated. Asterisks indicate statistical 
significance, with p < 0.001 vs. CPT alone (t-test). 
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Figure 3.15: Comparison of Golgi dispersal induced by DNA damage versus brefeldin A. (A) 
HeLa cells were treated with 1 µM CPT or the DMSO control for 24 hours followed by 5 mg/ml 
brefeldin A for 15 minutes. The cells were then fixed and stained for GM130 (green, cis-Golgi), 
GOLPH3 (red), and DAPI (blue, DNA). Brefeldin A treatment causes redistribution of the Golgi 
into the ER, and CPT treatment does not prevent this redistribution.  
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Figure 3.16: Quantitation of Golgi area after BFA treatment in the absence and presence of 
DNA damage. Quantitation of Golgi area shows that BFA treatment increases the area of the 
Golgi, as it was absorbed into the ER. Treatment with CPT followed by BFA results in a small 
but significant additive effect. The mean and SEM are shown, with the number of 
measurements (n) indicated. 
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Figure 3.17: DNA damage-induced Golgi dispersal requires GOLPH3 and MYO18A. siRNA-
mediated knockdown of GOLPH3 or MYO18A in HeLa cells by each of three oligos prevents 
Golgi dispersal in response to treatment with 1 µM CPT. Shown are immunofluorescence for 
GM130 (green, cis-Golgi), GOLPH3 (red, trans-Golgi), and DAPI (blue, DNA). The Golgi does 
not disperse in knockdown cells. The images are representative of at least 4 independent 
experiments. 
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Figure 3.18: Knockdown of GOLPH3 (A) or MYO18A (B) completely prevents Golgi dispersal 
after DNA damage. Graphed are the mean Golgi area and SEM, with the number of 
measurements (n) shown. Asterisks indicate statistical significance, as shown, with p < 10-5 
(B) or p < 0.001 (C) vs. control siRNA + CPT (t-test). The data are representative of 4 
independent experiments. 
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Figure 3.19: The DNA damage response is not inhibited by GOLPH3 or MYO18A knockdown. 
HeLa cells were transfected with GOLPH3 or control siRNA and incubated for 52 hours. Then, 
the cells were treated for 20 hours with 1 µM CPT or the DMSO control. Shown are 
immunofluorescence using the ATM/ATR substrate antibody (green), which recognizes 
phospho-SQ or phospho-TQ motifs, and the GM130 antibody (red, cis-Golgi), as well as DAPI 
(blue, DNA). DNA damage foci were formed after CPT treatment, and these foci were also 
present in the GOLPH3 or MYO18A knockdown cells. 
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Figure 3.20: DNA damage-induced Golgi dispersal requires F-actin. HeLa cells were 
transiently transfected with α-mannosidase II-EGFP (Golgi marker) and then treated with 1 µM 
CPT, 1.7 µM DOXO, or the DMSO control for 17 h. Duplicate dishes were treated with or 
without 10 µM latrunculin B for 10 minutes, and the cells were fixed and stained for cy5-
phalloidin (magenta, F-actin) and DAPI (blue, DNA). Latrunculin B dramatically reversed the 
Golgi dispersal induced by treatment with CPT or DOXO. The images are representative of 3 
experiments. 
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Figure 3.21: Depolymerization of F-actin completely reverses Golgi dispersal induced by DNA 
damage. Quantification of Golgi area shows that DNA damage-induced Golgi dispersal was 
reversed by treatment with latrunculin B for 10 minutes. Shown are the mean and SEM, with 
the number of measurements (n) indicated. The data are pooled from 3 independent 
experiments. 
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Figure 3.22: GOLPH3 phosphorylation mutants localize to the Golgi and rescue extended 
Golgi morphology. (A) HeLa cells were transfected with GOLPH3 siRNA, and 24 hours later, 
the cells were transiently transfected with expression constructs for siRNA-resistant wild-type 
(TQ-TVQ) or mutant GOLPH3. The cells were fixed and stained for GOLPH3 (red), GM130 
(green), and DAPI (blue). All mutants strongly localized to the Golgi, and all mutants rescued 
the normal extended Golgi ribbon, similar to the WT.  
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Figure 3.23: Expression of GOLPH3 phosphorylation mutants does not result in an increase 
in Golgi area. (A) Quantification of Golgi area after expression of siRNA-resistant GOLPH3 
WT or mutants. None of the mutants increased Golgi area under normal conditions. Shown 
are the mean Golgi area and SEM, with the number of measurements (n) indicated. The 
results are pooled from 3 independent experiments. (B) Western blot demonstrating the 
expression of siRNA-resistant GOLPH3 WT and mutants after knockdown of the endogenous 
protein.  
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Figure 3.24: Unphosphorylateable and phosphomimetic GOLPH3 phosphorylation mutants 
bind to PtdIns(4)P as strongly as WT GOLPH3. (A) Expression levels of 35S-labeled GOLPH3 
WT and mutants. (B) In vitro lipid binding assay. GOLPH3 WT and mutants all bind specifically 
to PtdIns(4)P. CG5439 is a Drosophila protein with a PtdIns(3)P-binding PX domain. 
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Figure 3.25: DNA damage-induced dispersal of the Golgi requires the GOLPH3 
phosphorylation of T143/T148. (A) HeLa cells were transfected with GOLPH3 siRNA, and 24 
hours later, the cells were transiently transfected with expression constructs for siRNA-
resistant wild-type (TQ-TVQ) or mutant GOLPH3. For the final 24 hours, the cells were treated 
with 0.01% DMSO (control) or 1 µM CPT. The cells were then fixed and stained for GM130 
(green, cis-Golgi), GOLPH3 (red, trans-Golgi), and DAPI (blue, DNA). The Golgi disperses in 
response to DNA damage when the siRNA-resistant WT GOLPH3 (TQ-TVQ), EQ-EVQ, and 
DQ-DVQ mutants are expressed. When the AQ-AVQ mutants is expressed, the extended 
Golgi ribbon is rescued, but the Golgi does not disperse in response to DNA damage. Images 
are representative of at least 3 independent experiments. 
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Figure 3.26: Effects of expression of phosphorylation mutants on Golgi area in the presence 
of DNA damage. Graphed are the mean and SEM of Golgi area, with the number of 
measurements (n) shown. Data are pooled from 3-6 independent experiments. Asterisks 
indicate statistical significance, as shown, with p < 10-6 by t-test. Under conditions of DNA 
damage, abolishing phosphorylation on the TQ motif prevents the Golgi from dispersing (when 
the AQ-AVQ mutant is expressed).  



 

 

113 

 

 
Figure 3.27: Inhibition of DNA-PK prevents DNA damage-induced Golgi dispersal. HEK293 
cells were treated with 500 nM CPT alone or CPT plus 10 µM ATM inhibitor (KU55933) or 10 
µM DNA-PK inhibitor (NU7441) for 24 h. The cells were then fixed and stained for GM130 
(green, cis-Golgi), GOLPH3 (red, trans-Golgi), and DAPI (blue, DNA). 



 

 

114 

 

 
Figure 3.28: Quantitation of Golgi area demonstrates that inhibition of DNA-PK prevents DNA 
damage-induced Golgi dispersal. Shown are the mean and SEM, with the number of 
measurements (n) indicated. Asterisks indicate statistical significance, as shown, with p < 10-5 
vs. CPT alone (t-test). Co-administration of the ATM inhibitor has a small effect on Golgi 
dispersal induced by CPT (A) or IR (B), while co-administration of the DNA-PK inhibitor 
completely prevented Golgi dispersal. 
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Figure 3.29: DNA damage-induced Golgi dispersal does not require ATM. A-T cells were 
treated with 3.4 µM DOXO or the DMSO control alone or with 10 µM ATM inhibitor or 10 µM 
DNA-PK for 22.5 hours. The cells were fixed and stained for GOLPH3 (green, cis-Golgi), 
TGN46 (red, trans-Golgi), and DAPI (blue, DNA). The cells reconstituted with ATM are marked 
“ATM.” 
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Figure 3.30: The Golgi disperses in cells lacking ATM. (A) Western blot for ATM showing that 
A-T cells lack ATM, while the cells reconstituted with ATM express the protein. The blots are 
representative of 3 independent experiments. (B) Quantification of Golgi area of A-T treated 
with 3.4 µM DOXO plus kinase inhibitors. The Golgi disperses in the presence and absence of 
ATM, while the DNA-PK inhibitor completely prevents dispersal, and the ATM inhibitor has no 
effect on Golgi morphology. Shown are the mean and SEM, with the number of measurements 
(n) indicated. 
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Figure 3.6: Knockdown of DNA-PK prevents Golgi dispersal. HeLa cells were transfected with 
control or DNA-PK siRNA, and after 63 hours were treated with either 0.1% DMSO (control) or 
1 µM CPT for the final 19 hours. The cells were fixed and stained for DNA-PK (magenta), 
TGN46 (red, trans-Golgi), GOLPH3 (green), and DAPI (blue, DNA).  
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Figure 3.32: Quantitation of Golgi area indicates that DNA-PK is required for Golgi dispersal. 
(A) HeLa cells were transfected with a control siRNA or one of two different DNA-PK siRNAs. 
Western blots show that DNA-PK is dramatically knocked down by either DNA-PK siRNA. (B) 
Quantification of Golgi area in cells with DNA-PK knockdown. Knockdown of DNA-PK 
prevents CPT-induced Golgi dispersal. Shown are the mean and SEM, with the number of 
measurements (n) indicated. Asterisks indicate statistical significance, as shown, with p < 10-4 
vs. control siRNA + CPT (t-test). 



 

 

119 

 

 
Figure 3.33: DNA-PK phosphorylates GOLPH3 in vitro. DNA-PK kinase assay with purified 
DNA-PK and GOLPH3 TQ-TVQ (WT) or AQ-AVQ mutant. Phosphorylation on the AQ-AVQ 
mutant is dramatically reduced compared with the WT, and the addition of 10 µM DNA-PK 
inhibitor NU7441 completely abolishes phosphorylation of GOLPH3 WT. 
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Figure 3.34: GOLPH3 is a direct target of DNA-PK, as the entire TQ motif is required for the 
Golgi to disperse. HeLa cells were transfected with GOLPH3 siRNA, and 24 hours later, the 
cells were transiently transfected with expression constructs for siRNA-resistant WT (TQ-TVQ) 
or mutant GOLPH3. For the final 24 hours, the cells were treated with 1 µM CPT or the DMSO 
control. The cells were then fixed and stained for GM130 (green, cis-Golgi), GOLPH3 (red), 
and DAPI (blue, DNA). The Golgi disperses in response to DNA damage when the siRNA-
resistant WT GOLPH3 (TQ-TVQ), TQ-AVQ, and EA-AVQ mutants are expressed. When the 
AQ-AVQ or TA-AVQ mutants are expressed, the extended Golgi ribbon is rescued, but the 
Golgi does not disperse in response to DNA damage. Images are representative of at least 3 
independent experiments. 
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Figure 3.35: Quantification of Golgi area shows that both T143 and Q144 (TQ motif) are 
required for Golgi dispersal after DNA damage. Graphed are the mean and SEM of Golgi area, 
with number of measurements (n) shown. Data are pooled from 3-6 independent experiments. 
Asterisks indicate statistical significance, as shown, with p < 10-6 by t-test. Under conditions of 
DNA damage, abolishing phosphorylation on the TQ motif prevents the Golgi from dispersing 
(when AQ-AVQ or TA-AVQ mutants are expressed). 
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Figure 3.36: DNA-PK regulatory subunit Ku80 interacts with GOLPH3. Western blots show 
that the endogenous DNA-PK regulatory subunit Ku80 specifically co-IPs with endogenous 
GOLPH3. These blots are representative of at least three independent experiments. 
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Figure 3.37: Inhibition of nuclear export prevents DNA damage-induced Golgi dispersal. HeLa 
cells were treated with 1 µM CPT or the DMSO control alone or with leptomycin B, a nuclear 
export inhibitor, for 16 hours. Leptomycin B does not affect Golgi morphology under normal 
conditions; however, leptomycin B prevents the Golgi from dispersing when co-administered 
with CPT. 
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Figure 3.38: DNA damage increases the interaction between GOLPH3 and MYO18A. 
Western blots show that the interaction between MYO18A and GOLPH3 is enhanced after 
treatment with 1 µM CPT (A) or 1.7 µM DOXO (B) for 18 hours compared with the DMSO 
control. These Western blots are representative of at least 2 independent experiments each. 



 

 

125 

 

 
Figure 3.39: GOLPH3, MYO18A, and DNA-PK are required for survival after DNA damage. 
Clonogenic survival assay of HeLa cells transfected with control, GOLPH3, MYO18A, or DNA-
PK siRNA. Forty-eight hours after siRNA transfection, the cells were treated with the indicated 
concentration of DOXO for 24 hours. The cells were replated at the appropriate dilutions to 
produce countable number of colonies 10-14 days later. Graphed are the fraction of cells 
plated that ultimately grew to produce colonies (n ≥ 3). 
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Figure 3.40: Knockdown of GOLPH3 or MYO18A increases apoptosis levels after DNA 
damage. HeLa cells were transfected with control, GOLPH3, or MYO18A siRNA. Forty-eight 
hours after siRNA transfection, the cells were treated with 2 µM DOXO for an additional 24 
hours. Cell lysates were obtained, and Western blots for cleaved caspase 3 were performed to 
measure apoptosis levels. These results are representative of 4 independent experiments. 
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Figure 3.41: Proposed Model. DNA damage activates DNA-PK, which phosphorylates 
GOLPH3 on TQ motif. GOLPH3 subsequently interacts more strongly with MYO18A, 
increasing the tensile force on the Golgi membranes. This results in Golgi dispersal and 
ultimately cell survival. 
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2.6: Appendix 

Movie 3.1: Timing of DNA-damaged induced Golgi dispersal. This movie 

shows two live HeLa cells transfected with EGFP-GOLPH3. CPT at a final 

concentration of 1 µM is added to the media at the 45-minute mark. Over 

several hours, the Golgis (shown in green) begin to disperse. The dispersal 

increases over the length of the movie. 

Movie 3.2: Depolymerization of F-actin rapidly reverses DNA damage-induced 

Golgi dispersal. This movie shows three live HeLa cells transfected with α-

mannosidase II-EGFP (green, Golgi marker). The cells were treated with 1 µM 

CPT for 22 hours before the start of the movie. Therefore, their Golgis are 

dispersed. At the 5-minute mark, 10 µM latrunculin B was added to the media. 

The Golgis begin to shrink within 5 minutes of the addition of latrunculin B. By 

the end of the movie (11 minutes after latrunculin B addition), the Golgis are 

completely compact. Thus, the dispersal is completely reversed. 

Movie 3.3: DNA-PK activity is required to maintain DNA damage-induced 

Golgi dispersal. This movie shows one live HeLa cell transfected with α-

mannosidase II-EGFP that had been treated with 1.7 µM doxorubicin for 18 

hours before the start of the movie. Thus, the Golgi in this cell is dispersed at 

the start of the movie. The DNA-PK inhibitor NU7441 was added at the 30-

minute mark. As the movie progresses, the Golgi progressively shrinks and 

becomes more compact. After several hours, the Golgi is completely compact, 
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and dispersal was reversed. Without DNA-PK activity, the cell cannot maintain 

Golgi dispersal in the presence of DNA damage.
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CHAPTER 4: Conclusions and Future Directions 

 

4.1 Further Elucidating the Role of GOLPH3 

 In recent years, research focusing on the function and regulation of 

GOLPH3 has dramatically advanced. Our lab has greatly contributed to the 

research on GOLPH3. We showed that it is a major PtdIns(4)P-binding protein 

and that it binds to MYO18A, thereby linking the Golgi membrane to the actin 

cytoskeleton (Figure 4.1). We also demonstrated that the 

GOLPH3/MYO18A/F-actin pathway is required for efficient Golgi trafficking.  

Our results, especially in light of the data from Scott and colleagues, 

raise interesting questions regarding GOLPH3 and how it is involved in 

disease. There are many unanswered questions surrounding GOLPH3ʼs role 

as an oncogene. For example, how does overexpression of GOLPH3 increase 

survival? How is the Golgi involved in cell survival, given that its main 

functions are protein trafficking and modification? We hypothesize that 

GOLPH3ʼs role in controlling Golgi trafficking is critical for its role as an 

oncogene, and other graduate students in the Field lab are pursuing how 

GOLPH3 overexpression contributes to oncogenesis.  

As an oncogene, GOLPH3 is clearly involved in growth factor signaling. 

In addition, as discussed in the Introduction, there is clear evidence that 

PtdIns(4)P is involved in growth factor signaling. However, we surmise that 

PtdIns(4)P and GOLPH3 are affected by or involved in other pathways in the 



 

 

131 

cell. Stimuli other than growth factors affect Golgi trafficking. To identify other 

pathways and proteins that interact with or affect the function of GOLPH3, we 

selected other interesting hits from our IP-mass spec experiments to study in 

further detail. Other members of the Field lab are studying these proteins and 

the pathways in which they are involved. 

 

4.2 Golgi Dispersal 

 In addition to identifying how GOLPH3 functions at the Golgi, we have 

uncovered that the Golgi responds uniquely to DNA damage by dispersing into 

small vesicles throughout the cytoplasm. DNA damage-induced Golgi 

dispersal requires GOLPH3, MYO18A, and DNA-PK. A model summarizing 

our results is depicted in Figure 4.2. After DNA-PK is activated by DNA 

damage, it phosphorylates GOLPH3 in the cytoplasm. Then, GOLPH3 

interacts more strongly with MYO18A, leading to an enhanced tensile force 

that pulls Golgi vesicles off the Golgi membrane, and this results in dispersal.  

Golgi dispersal is intriguing from a cell biology standpoint. Our results 

indicate that the cis, medial, and trans components of the Golgi all disperse. It 

would be interesting to examine Golgi morphology after DNA damage by 

electron microscopy. We speculate that we would see many mini-cisternae 

dispersed throughout the cytoplasm, rather than the typical flattened cisternae 

localized close to the nucleus. It is possible that the cisternae might appear 
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dilated, which was demonstrated in irradiated rat hepatocytes (Rene and 

Evans, 1970). 

In the future, we would also like to identify the other proteins that are 

involved in mediating Golgi dispersal. We have shown that DNA damage-

induced Golgi dispersal is mechanistically distinct from nocodazole- and 

brefeldin A-induced Golgi dispersal. Therefore, the proteins that mediate those 

forms of Golgi dispersal are not likely to be involved in DNA damage-induced 

Golgi dispersal. The Golgi is known to fragment and disperse before mitosis, 

and the components of mitotic Golgi fragmentation are well known (Wei and 

Seemann, 2009). Although mitotic Golgi dispersal is more diffuse than DNA 

damage-induced Golgi dispersal, it is possible that some of the components 

are common to both types of dispersal. We would like to verify whether the 

GRASP proteins or the kinases involved in mitotic Golgi fragmentation (MEK1, 

ERK2/1c, and Plk3) are also involved in DNA damage-induced Golgi dispersal.  

In addition to studying the mechanism of how the Golgi physically 

disperses, we would like to study how the Golgi remains dispersed for long 

periods of time after DNA damage. As discussed in Chapter 3, the Golgi 

remains dispersed up to one month after the initial DNA damage; however, we 

have not yet studied this phenomenon in detail. It is possible that a positive-

feedback loop is activated in response to DSBs, and this feedback loop 

continuously maintains Golgi dispersal. Alternatively, the cells might have 
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undergone an adaptive response by re-entering the cell cycle in the presence 

of unrepaired DSBs. Perhaps the continued presence of DSBs results in 

persistent signaling from DNA-PK to GOLPH3. It would be interesting to 

measure the approximate number of DSBs using γ-H2AX staining in cells with 

dispersed Golgis over long periods of time. This would allow us to determine 

whether the presence of unrepaired DSBs correlates with Golgi dispersal. 

 

4.3 GOLPH3 Phosphorylation  

We have demonstrated that Golgi dispersal requires phosphorylation on 

GOLPH3 on its TQ motif. This is the first time that this motif has been 

identified as phosphorylated on GOLPH3. We intend to study GOLPH3 

phosphorylation in more detail in the future. We are in the process of obtaining 

phospho-specific antibodies that recognize the TQ motif on GOLPH3. These 

will allow us to do numerous experiments. We would like to determine how and 

when GOLPH3 is phosphorylated. For example, is it phosphorylated 

immediately after DNA damage and subsequently de-phosphorylated? Or 

does the phosphorylation persist as long as DSBs are present? Also, we 

would like to determine the amount of phospho-GOLPH3 present under 

various conditions. We originally identified the site by IP of GOLPH3 from 

HeLa cells under normal growth conditions followed by mass spectrometry. 

Therefore, at least some phospho-GOLPH3 is present in the absence of DNA 



 

 

134 

damage. In addition, there are many experiments that can be performed 

without phospho-specific antibodies. We would like to examine GOLPH3 on a 

2-D gel, as many GOLPH3 phosphorylation sites can be visualized using 2-D 

gels (Wu et al., 2000). We have not yet determined if any of those sites 

correspond to T143/T148. Although the phosphomimetic mutants are slightly 

shifted upward on SDS-PAGE blots, we have not seen a shift in WT GOLPH3 

under any condition that we have tested, including various types of DNA 

damage. The 2-D gels would potentially allow us to visualize phosphorylation 

on the TQ motif. 

In addition to identifying phosphorylation on T143/T148, we found that 

S35/S36 were phosphorylated. Other large-scale mass spectrometry studies 

have found these sites to be phosphorylated, as listed on PhosphoSite 

(Rigbolt et al., 2011; Hornbeck et al., 2004). Currently, the functions of these 

sites are unknown. Our preliminary experiments studying these sites have not 

yielded any results. We created S35/S36 phosphorylation mutants, and we 

found that the unphosphorylateable and phosphomimetic S35/S36 mutants 

bind strongly to PtdIns(4)P and behave in a similar manner as the WT protein 

when expressed in mammalian cells. However, it is possible that these sites 

are important for GOLPH3 function under conditions that have yet to be 

determined. In addition to S35/S36, the study by Wu and colleagues (2000) 

suggests that there are other phosphorylation sites on GOLPH3. PhosphoSite 

also lists phosphorylation of Y168, which has not been validated. Considering 



 

 

135 

the amount of data we obtained from studying the phosphorylation of 

T143/T148, we speculate that studies on the other phosphorylation sites on 

GOLPH3 will yield exciting results. 

 

4.4 GOLPH3, Golgi Dispersal, and Cancer 

While we showed that Golgi dispersal induced by DNA damage is 

required for cell survival, more experiments are necessary to determine how 

this dispersal contributes to survival. There are many possible explanations. 

For example, Golgi trafficking might be increased in response to DNA damage 

when the Golgi is dispersed. We have tested this hypothesis using two 

assays, and thus far, our results are not definitive. We surmise that increased 

trafficking could enhance cell survival if more survival factors are secreted. 

Another possibility is that trafficking of particular cargoes, rather than overall 

Golgi trafficking, is increased by Golgi dispersal. One of more survival factors 

might be secreted at a quicker rate when the Golgi is dispersed in response to 

DNA damage. Alternatively, it is possible that after DNA damage, the Golgi 

must relocate to a different location in the cytoplasm away from the nucleus. 

Perhaps the Golgi must be in close proximity to another compartment in the 

cell, rather than its usual perinuclear localization, and this is somehow relevant 

for cell survival.  
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In addition to studying the mechanism of Golgi dispersal that leads to 

survival, we are interested in studying whether GOLPH3 overexpression 

increases survival following DNA damage. Clearly, GOLPH3 overexpression is 

important for tumor survival, as many tumor types overexpress GOLPH3 

(Scott et al., 2009). Hence, it is possible that overexpression of GOLPH3 

confers resistance to DNA damaging agents. Therefore, we are designing 

experiments to measure survival following DNA damage in stable cell lines 

with doxycycline-inducible GOLPH3 overexpression. These results would have 

dramatic implications for patients receiving chemotherapeutic agents that 

utilize DNA damage as their mechanism of action (e.g., doxorubicin). If 

GOLPH3 overexpression confers resistance to DNA damaging agents, 

patients with tumors that overexpress GOLPH3 would benefit from a 

combinatorial treatment that also includes a DNA-PK inhibitor or a novel 

inhibitor of the GOLPH3/MYO18A/F-actin pathway.  

 Because Golgi dispersal contributes to cell survival, the DNA-

PK/GOLPH3/MYO18A/F-actin pathway is an attractive target for cancer 

therapy. We would like to examine both Golgi morphology and GOLPH3 

phosphorylation status in tissues. We have observed DNA damage-induced 

Golgi dispersal in cell lines and primary cells. It is possible that cells in patients 

treated with DNA damaging chemotherapeutic agents have dispersed Golgis. 

It would be interesting to verify whether Golgi dispersal occurs in the tissues of 

mice or human patients that have received DNA damaging drugs, such as 



 

 

137 

doxorubicin. Perhaps the presence of dispersed Golgis could be used as a 

diagnostic tool. GOLPH3 phosphorylation status in cancerous tissues and 

cells would also be interesting to examine. Using a validated phospho-specific 

antibody, we could determine whether tumors that overexpress GOLPH3 

predominantly express the phosphorylated form. In addition, we would like to 

determine whether phospho-GOLPH3 levels correlate with tumor progression 

and survival and whether the phosphorylated form is more oncogenic than the 

unphosphorylated form. 

 In conclusion, we have characterized GOLPH3 as a PtdIns(4)P-binding 

protein that links the Golgi membrane to the actin cytoskeleton via its 

interaction with MYO18A. The GOLPH3/MYO18A/F-actin is required for Golgi 

trafficking and as a consequence, Golgi morphology. We also showed that 

DNA damage induces Golgi dispersal and that this requires the DNA-

PK/GOLPH3/MYO18A/F-actin pathway. Furthermore, we demonstrated that 

DNA-PK, GOLPH3, and MYO18A are all required for survival after DNA 

damage. 
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4.5 Figures 

 

Figure 4.1: GOLPH3, PtdIns(4)P, MYO18A, and F-actin stretch and shape the Golgi. 
GOLPH3 binds to PtdIns(4)P, which is highly enriched at the Golgi membrane. GOLPH3 also 
binds to MYO18A, which links the Golgi membrane to F-actin. This generates a tensile force 
that pulls and flattens the Golgi membrane. The Golgi image is used with permission from Dr. 
Michael Davidson, Florida State University; 
http://micro.magnet.fsu.edu/cells/golgi/images/golgifigure1.jpg. 
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Figure 4.2: DNA damage causes Golgi dispersal via phosphorylation of GOLPH3 by DNA-PK. 
DNA damage activates DNA-PK, which phosphorylates GOLPH3. GOLPH3 then interacts 
more strongly with MYO18A, as pictured by the black “chain” linking the two proteins. The 
stronger interaction between GOLPH3 and MYO18A increases the tensile force pulling on the 
Golgi membranes, resulting in Golgi dispersal. The Golgi image is used with permission from 
Dr. Michael Davidson, Florida State University; 
http://micro.magnet.fsu.edu/cells/golgi/images/golgifigure1.jpg. 
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