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ABSTRACT OF THE DISSERTATION 

 

 

 

GOLPH3’s Role in Golgi Reorientation and Directional Trafficking in Cell 

Migration and GOLPH3-dependent Tumorigenesis 

by 

 

Mengke Xing 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2015 

Professor Seth J. Field, Chair 

 

 Golgi phosphoprotein 3 (GOLPH3) localizes to the trans-Golgi through specific 

binding to phosphotidylinositol-4-phosphate (PtdIns(4)P). GOLPH3 also binds to 

Myosin18A (MYO18A), linking the Golgi to the F-actin cytoskeleton. The GOLPH3 

pathway is essential for normal Golgi morphology and efficient vesicular trafficking from 

the Golgi to the plasma membrane. Perturbation of the pathway results in changes to both 

Golgi morphology and secretory function, with functional consequences for the cell. 

Notably, GOLPH3 has recently been identified as the first example of an oncogene that 



 

xviii 

functions at the Golgi. Overexpression of GOLPH3 has been associated with advanced 

malignancies in patients and implicated to enhance growth signaling and cell motility. 

However, the molecular mechanisms remain unclear. This dissertation presents studies on 

GOLPH3’s function in regulating cell migration as well as its role in different aspects of 

oncogenesis. Chapter 1 provides background information on the GOLPH3 pathway in the 

regulation of Golgi morphology and secretion. A review of GOLPH3-dependent 

pathologies of the Golgi and current understanding of GOLPH3’s involvement in cancer 

is provided. Chapter 2 describes in detail the mechanism by which the GOLPH3 pathway 

establishes directionality and regulates Golgi reorientation in cell migration. Chapter 3 

describes studies of GOLPH3’s roles in protecting cells against DNA damage and 

regulating growth factor signaling, with implications to GOLPH3-dependnet 

tumorigenesis. On-going work on transgenic mouse models of GOLPH3 overexpression 

is also discussed. Finally, Chapter 4 concludes the findings of this dissertation and 

discusses future studies.   



 1 

Chapter 1 

The GOLPH3 Pathway in Golgi Morphology and Secretory Function 

 

1.1 Golgi morphology and secretory function  

The Golgi complex is an essential cellular organelle that regulates the transport of 

proteins and lipids within the cell. Cargos received from the Endoplasmic Reticulum 

(ER) are processed, modified and sorted in the Golgi, before being transported to the 

plasma membrane, secreted outside the cell, or transported to other intracellular 

organelles such as lysosomes.  

In many mammalian cell types, the Golgi complex appears by light microscopy as 

an extended ribbon that wraps partially around the nucleus. The ribbon is composed of 

many subresolution stacks of membrane (as observed by electron microscopy) that are 

linked via Golgi matrix proteins. From first principles we can conclude that the steady 

state appearance of the Golgi reflects the balance of forces applied to it. Changes in the 

shape of the Golgi presumably reflect alterations in the balance of forces. Since at least 

some of the forces that are applied to the Golgi are likely to be important for vesicle 

budding and trafficking from the Golgi to the plasma membrane, changes in trafficking 

components might be expected to lead to changes in Golgi morphology. Conversely, it is 

reasonable to expect that changes in Golgi morphology might affect trafficking too. 

However, it is important to bear in mind that the morphology of the Golgi varies 

significantly across species, suggesting that diverse morphologies can still be fully 

competent for trafficking. 
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1.2 The GOLPH3 pathway at the Golgi 

The GOLPH3 pathway provides a link from the trans-Golgi membrane to the 

actin cytoskeleton that plays a critical role in the regulation of Golgi morphology and 

anterograde trafficking to the plasma membrane. The trans-Golgi is highly enriched in 

PtdIns(4)P (Godi et al. 1999; Godi et al. 2004). In mammalian cells, Golgi PtdIns(4)P is 

produced by the Golgi localized PI-4-kinases, PI-4-kinase-IIIβ (PI4KIIIβ) and PI-4-

kinase-IIα (PI4KIIα) (Wong et al., 1997; Wang et al., 2003). PtdIns(4)P levels are 

reduced by the action of the Golgi/ER localized PtdIns(4)P-4-phosphatase, SAC1 (Foti et 

al., 2001; Schorr et al., 2001). GOLPH3 localizes to the trans-Golgi via its direct 

interaction with PtdIns(4)P (Dippold et al., 2009). This interaction is mediated by a 

binding pocket on the hydrophobic face of GOLPH3. The binding of GOLPH3 to 

PtdIns(4)P and its localization to the trans-Golgi are conserved from yeast to humans 

(Dippold et al. 2009; Schmitz et al. 2008). GOLPH3 also binds tightly and specifically to 

the unconventional myosin, MYO18A, which in turn binds to F-actin (Dippold et al. 

2009; Taft et al. 2013). Thus, the PtdIns(4)P/GOLPH3/MYO18A pathway serves to link 

the trans-Golgi membrane to the actin cytoskeleton (Figure 1-1). 

Furthermore, all of the components of the pathway, PtdIns(4)P, GOLPH3, 

MYO18A, and F-actin, are required for efficient Golgi-to-plasma membrane trafficking. 

PtdIns(4)P has been shown to be required for Golgi secretory function across species 

from yeast to humans (Walch-Solimena and Novick 1999; Hama et al. 1999; Audhya, 

Foti, and Emr 2000; Y. J. Wang et al. 2003). Likewise, GOLPH3 and MYO18A are 

required for Golgi-to-plasma membrane trafficking as measured by VSVG delivery to the 

plasma membrane (Dippold et al. 2009), total secretory flux by pulse-chase analysis (Ng 
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et al. 2013), secretion of hepatitis C viral particles (Bishé et al. 2012), and for exit of 

vesicles from the Golgi (Dippold et al. 2009). Finally, F-actin has also been demonstrated 

to be required for Golgi secretory function (Hirschberg et al. 1998). Therefore, we 

conclude that the majority of trafficking from the Golgi to the plasma membrane depends 

on the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway. 

 

1.3 Perturbations of the GOLPH3 pathway alter Golgi morphology and trafficking 

Depletion of PtdIns(4)P, GOLPH3, MYO18A, or F-actin results in both a defect 

in Golgi-to-plasma membrane trafficking and also a striking change in the morphology of 

the Golgi. The normal Golgi ribbon that extends partially around the nucleus transforms 

into a compact ball at one end of the nucleus upon interference with any component of 

the GOLPH3 pathway. For example, depletion of PtdIns(4)P by overexpression of SAC1, 

siRNA knockdown of GOLPH3 or MYO18A, or depolymerization of F-actin by 

latrunculin B, all cause Golgi compaction (Dippold et al. 2009). From this and other data, 

we conclude that the integrity of the GOLPH3 pathway is required to maintain the tensile 

force upon the Golgi necessary for its flattened ribbon shape around the nucleus. 

However, the fact that the GOLPH3 pathway is conserved across species, even those with 

dramatically different Golgi morphologies, suggests that imparting this shape is not the 

primary role of the pathway, but rather is a side effect of its role in GOLPH3-dependent 

Golgi-to-plasma membrane trafficking.  

While interfering with the GOLPH3 pathway results in Golgi compaction, 

increasing the activity of the GOLPH3 pathway causes an expansion of the Golgi. For 

example, mild overexpression of GOLPH3 leads to an increasingly extended Golgi 
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ribbon. However, very high levels of overexpression of GOLPH3 result in fragmentation 

of the Golgi with dispersal of the Golgi vesicles throughout the cytoplasm (unpublished 

observation). Likewise, an increase in PtdIns(4)P at the Golgi by knockdown of SAC1 

(Liu et al. 2008) or overexpression of PI4KIIIb (Hausser et al. 2005) also result in 

increasing Golgi extension and even dispersal of the Golgi. Moderate increases in 

GOLPH3 pathway activity lead to Golgi extension and mild increases in anterograde 

trafficking. However, large increases in GOLPH3 pathway activity result in dramatic 

Golgi fragmentation and impaired trafficking (Ng et al. 2013; Farber-Katz et al. 2014).  

 

1.4 Regulation of Golgi structure and function via the GOLPH3 pathway 

A growing body of evidence demonstrates regulation of Golgi structure and 

function via the PtdIns(4)P/GOLPH3 pathway. For example, growth factor signaling 

regulates PtdIns(4)P levels at the Golgi by regulating SAC1 localization. In response to 

growth factor signaling, activated p38/MAPK phosphorylates SAC1, causing it to 

translocate from the Golgi to the ER (Blagoveshchenskaya et al. 2008). The resulting 

reduction of PtdIns(4)P-4-phosphatase activity at the Golgi leads to a rise in Golgi 

PtdIns(4)P levels, with a consequent increase in Golgi-to-plasma membrane trafficking 

and extension and dispersal of the Golgi.  

The Golgi is also regulated by GOLPH3L, a paralog of GOLPH3 that is expressed 

in highly secretory cells in vertebrates (Ng et al. 2013). GOLPH3L binds to PtdIns(4)P 

and localizes to the Golgi similarly to GOLPH3. However, unlike GOLPH3, GOLPH3L 

does not bind to MYO18A, and thus acts as an endogenous dominant-negative inhibitor 

of the GOLPH3 pathway. Our evidence suggests that GOLPH3L acts as a throttle in 
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highly secretory cells to prevent overly aggressive anterograde trafficking. 

Correspondingly, overexpression of GOLPH3L impairs GOLPH3 pathway function, 

resulting in Golgi compaction and impaired Golgi-to-plasma membrane trafficking. 

Knockdown of GOLPH3L results in dramatic Golgi dispersal and impaired Golgi-to-

plasma membrane trafficking, similar to the effect of high overexpression of GOLPH3.  

Lastly, a recent study by our lab identified a novel pathway linking the Golgi to 

the DNA damage response (Farber-Katz et al. 2014). We found that DNA damage 

triggers dramatic fragmentation and dispersal of the Golgi. The mechanism involves 

regulation of the GOLPH3 pathway. In response to DNA damage, the DNA damage 

response kinase, DNA-PK, phosphorylates GOLPH3 on a conserved TQ motif. The 

phosphorylation of GOLPH3, in turn, enhances its physical interaction with MYO18A, 

thereby strengthening the tensile force exerted on the Golgi. As a consequence of this 

increased GOLPH3/MYO18A interaction, the Golgi undergoes dramatic fragmentation 

and dispersal, resulting in impaired Golgi-to-plasma membrane trafficking. DNA damage 

has been posited to contribute to the pathophysiology of many human diseases, including 

cancer (reviewed in Lord and Ashworth 2012) and neurodegenerative diseases (reviewed 

in Madabhushi, Pan, and Tsai 2014). Whether DNA damage-induced regulation of the 

Golgi contributes to the pathophysiology of these diseases remains unknown. 

It is interesting to note that while perturbations of the GOLPH3 pathway result in 

predictable and consistent changes in both Golgi shape and secretory function, it does not 

follow that there is a simple relationship between morphology and function of the Golgi. 

In fact, perturbations of pathways other than the GOLPH3 pathway have been 

demonstrated to alter Golgi morphology without affecting secretory trafficking. For 
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example, depolymerization of microtubules by treatment with nocodazole leads to Golgi 

fragmentation and dispersal (Thyberg and Moskalewski 1999a), but does not alter 

secretory trafficking (Hirschberg et al. 1998). Similarly, depletion of Rab29, or inhibition 

of Rab29 function by overexpression of the inactive mutant Rab29-T21N results in 

fragmentation of the Golgi. However, despite the dramatic change in Golgi morphology, 

no change is observed in trafficking of VSVG to the plasma membrane (S. Wang et al. 

2014). Thus, we conclude that there is not a simple relationship between Golgi 

morphology and secretory function that holds under all circumstances. Instead, the effect 

of a perturbation on the Golgi is dictated by the specific mechanism of the perturbation. 

However, for perturbations of the GOLPH3 pathway the consequences to Golgi 

morphology and secretory function are predictable by our model (see Figures 1-2, 1-3). 

 

1.5 The GOLPH3 pathway in cancer 

Since changes in Golgi morphology do not directly relate to its trafficking 

function, it remains unclear whether changes in Golgi morphology always have cellular 

consequences. However, it seems safe to predict that perturbations of the Golgi that affect 

Golgi-to-plasma membrane trafficking will have consequences to the cell. The 

phenotypes associated with perturbation of the GOLPH3 pathway provide strong 

examples of the importance of Golgi-to-plasma membrane trafficking to overall cell and 

organismal biology. Notably, members of the GOLPH3 pathway have been implicated to 

play important roles in cancer. GOLPH3 is the first example of an oncogene that 

functions at the Golgi (Scott et al. 2009). Increased expressions of PI4KIIα protein and 

PI4KIIIβ mRNA have been detected in cancer cells (J. Li et al. 2010; Curtis et al. 2012). 
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Recently, MYO18A has also been identified as a cancer driver (Sanchez-Garcia et al. 

2014).  

GOLPH3's involvement in cancer was recently reviewed in Buschman, Rahajeng, 

and Field (2015). GOLPH3 was first identified through an unbiased genome-wide 

screening of different human cancers to be a hotspot of frequent amplification (Scott et al. 

2009). The amplification of the GOLPH3 gene is found in significant percent of a panel 

of solid tumors, including lung cancer (56%), ovarian cancer (38%), prostate cancer 

(37%), pancreatic cancer (33%), breast cancer (32%), melanoma (32%), and colon cancer 

(24%). Subsequently, GOLPH3 was verified as an oncogene in both cell culture and 

xenograft mouse models. In particular, overexpression of GOLPH3 in cooperation of B-

RAF (V600E) is able to drive anchorage-independent growth in soft agar in TERT-

immortalized human melanocytes. Moreover, the cooperative effect of GOLPH3 and 

HRAS (G12V) results in focus formation in Ink4a/Arf-deficient primary mouse 

embryonic fibroblasts. In vivo, GOLPH3 overexpression significantly increased mouse 

xenograft tumor growth for WM293A melanoma, A549 lung adenocarcinoma, and 

1205LU melanoma cell lines (Scott et al. 2009; Buschman, Rahajeng, and Field 2015). 

Since the initial discovery, accumulating clinical studies have validated GOLPH3 

as an oncogene, and linked GOLPH3 overexpression to high grade malignancies and 

adverse prognostic outcomes in several types of cancer (Buschman, Rahajeng, and Field 

2015), including glioblastomas (X.-Y. Li et al. 2011; J. Zhou et al. 2012; X. Zhang et al. 

2014), breast cancers (Zeng et al. 2012), prostate cancers (Hua et al. 2012; L. Zhang et al. 

2015; W. Li et al. 2015), ovarian cancers (Ma, Ren, et al. 2014; Ma, Wang, et al. 2014), 

colon cancers (Z. Wang et al. 2014), non-small cell lung cancers (NSCLC) (Y. Zhang, 
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Ma, and Han 2014; Lu et al. 2014; R. Wang et al. 2015), gastric cancers (B.-S. Hu et al. 

2012; Peng et al. 2014), pancreatic ductal adenocarcinomas (L.-J. Zhang et al. 2014), 

hepatocellular carcinomas (G.-S. Hu et al. 2014; JianXin et al. 2014; Q. Li, Ma, and Xu 

2015), renal cell carcinomas (Xue et al. 2014), rhabdomyosarcoma (Setoguchi 2011), and 

esophageal squamous carcinomas (J.-H. Wang et al. 2012). Taken together, these 

published data argue for a common feature of GOLPH3 overexpression in many solid 

tumors, which raises the hope of using GOLPH3 as a clinical indicator for advanced 

malignancies and poor prognosis in patients. 

Despite the abundant evidence pointing to GOLPH3’s positive involvement in 

cancer, the molecular mechanism is not completely understood. Study from our lab on 

the GOLPH3-mediated Golgi dispersal/fragmentation upon DNA damage has shed light 

on an interesting role of the pathway in promoting cell survival (more detail in Chapter 3). 

We have demonstrated that GOLPH3-dependant Golgi response to DNA damage is 

functionally important for cell survival after DNA damage (Farber-Katz et al., 2014). 

Depletion of GOLPH3, MYO18A, or DNA-PKcs not only prevents dispersal of the Golgi, 

but also significantly increases apoptosis and reduces cell survival after treatment with 

DNA-damaging agents. Altered Golgi trafficking as a consequence of Golgi 

fragmentation is believed to be important for the survival benefit provided by this 

pathway, although the exact mechanism is currently unknown. Although our finding on 

the resilience against DNA damage conferred by GOLPH3 pathway has particular 

relevance to cancer, as most standard chemotherapeutics are DNA-damaging agents, it 

does not provide an explanation as to why GOLPH3 is able to drive oncogenesis in the 

first place. 
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So far, a number of studies by other groups have sought to reveal the mechanisms 

of GOLPH3-driven tumorigenesis. It has been suggested that GOLPH3 drives 

transformation through the mammalian target of rapamycin (mTOR) pathway. The study 

that first discovered GOLPH3 as an oncogene showed that overexpression of GOLPH3 in 

1205LU and A549 tumor cell lines leads to increased phosphorylation of S6K and AKT, 

substrates of the mTOR pathway. Moreover, GOLPH3 overexpressing mouse xenograft 

tumors are more sensitive to rapamycin treatment (Scott et al. 2009). In another study, 

elevation of GOLPH3 level is correlated with increased mTOR activity in glioma tumor 

samples. GOLPH3 overexpression promotes migration and invasion in U251 and U87 

glioblastoma cell lines, which is blocked by inhibition of the mTOR pathway (X. Zhang 

et al. 2014).  

On the other hand, GOLPH3 has been shown to regulate glioma cell migration 

and invasion through the small GTPase RhoA (Xiuping Zhou et al. 2013). There is also 

evidence showing a correlation between GOLPH3 and protein kinase D2 (PKD2) levels, 

and that GOLPH3 is required for PKD2 overexpression-induced proliferation in glioma 

cells (Xiuping Zhou et al. 2014). In addition, GOLPH3 has been suggested to activate the 

NF-κB signaling pathway to promote proliferation and angiogenesis in hepatocellular 

carcinoma cell lines (Dai et al. 2015), and to increase proliferation and transformation 

through suppression of the transcription factor FOXO1 in breast cancer cell lines (Zeng et 

al. 2012). Abnormal expression of miR-126 has been reversely associated with GOLPH3 

level in esophageal squamous cell carcinoma that results in increased proliferation, 

migration, and invasion (H. Li et al. 2014). Finally, in cell lines of NSCLC, it has been 
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reported that GOLPH3 mediates metastasis by regulating the protein levels of matrix 

metalloproteinase-2 and -9 (R. Wang et al. 2015).  

Furthermore, recent in vitro studies have demonstrated that PtdIns(4)P and 

GOLPH3 play a role in regulating motility of cancer cells, with important implications to 

cancer metastasis. Knockdown of SAC1, resulting in elevated Golgi PtdIns(4)P levels, 

leads to decreased cell-cell adhesion and increased cell migration (Tokuda et al. 2014). 

Conversely, knockdown of PI4KIIIb, resulting in a reduction of Golgi PtdIns(4)P levels, 

increases cell-cell adhesion and impairs cell migration. These consequences of 

modulation of PtdIns(4)P levels are mediated by its downstream effector GOLPH3. 

Likewise, perturbation of GOLPH3 itself results in similar effects on cell migration. 

Increased GOLPH3 promotes cell migration and invasion, while depletion of GOLPH3 

impairs cell migration (Tokuda et al. 2014; Isaji et al. 2014), although the exact 

mechanism remains to be investigated (Chapter 2). 

 

1.6 Concluding remarks 

Taken together, the GOLPH3 pathway serves as an important link between Golgi 

structure and secretory function. It combines inputs from a variety of upstream signaling 

pathways into the fine-tuned regulation of Golgi morphology, which is ultimately 

reflected on modulations of protein trafficking from the Golgi. The integrity of the 

GOLPH3 pathway is an essential component for normal cellular functions, and when 

disturbed often has important pathophysiological implications to the cell including cancer. 

Therefore, elucidation of the mechanisms and effects associated with this pathway has 

http://en.wikipedia.org/wiki/Matrix_metalloproteinase
http://en.wikipedia.org/wiki/Matrix_metalloproteinase
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not only significance to basic biology, it also provides insights into understanding of 

oncogenesis and other pathological processes. 

It is the goal of this thesis to unveil the pleiotropic effects of the GOLPH3 

pathway in cancer formation and progression. The central hypothesis of this thesis is that 

GOLPH3 drives oncogenesis through the PtdIns(4)P/GOLPH3/MYO18A pathway at the 

Golgi, which requires its function in Golgi-to-plasma membrane trafficking of cargo 

proteins. This is different from the existing models of GOLPH3-dependent tumorigenesis 

as described previously, which suggest that GOLPH3’s ability to drive cancer involves 

novel pathways deviating from its function at the Golgi. The following chapters of this 

dissertation strive to present in detail different aspects of GOLPH3’s roles in cancer that 

originate from its functions in the secretory pathway at the Golgi. Specifically, Chapter 2 

will focus on how the GOLPH3 pathway mediates cell migration; Chapter 3 will discuss 

GOLPH3’s effect in conferring resistance against DNA damage, regulation of growth 

factor signaling, and in transgenic mouse models. Finally, Chapter 4 concludes the 

dissertation and provides discussion on subsequent studies in this field. 
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1.7 Figures 

 

Figure 1-1. The PtdIns(4)P/GOLPH3/MYO18A pathway at the trans-Golgi (adapted 

from (Dippold et al. 2009). GOLPH3 binds to PtdIns(4)P enriched at the trans-Golgi 

membrane. GOLPH3 also binds to MYO18A, which links to F-actin. The 

PtdIns(4)P/GOLPH3/MYO18A complex transduces a tensile force necessary for the 

flattened shape of the Golgi and vesicle trafficking to the plasma membrane. 
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Figure 1-2. Perturbations of the GOLPH3 pathway alter Golgi morphology. Examples of 

the Golgi (in red, co-stained with the nucleus in blue) under normal condition and with 

perturbations of the GOLPH3 pathway are shown, in order of increased GOLPH3 

pathway activity. Normally the Golgi appears as an extended ribbon partially wrapped 

around the nucleus (middle). Inhibition of the GOLPH3 pathway, from overexpression of 

SAC1, siRNA knockdown of GOLPH3 or MYO18A, overexpression of GOLPH3L, or 

depolymerization of actin, results in compact Golgi (left). Activation of the GOLPH3 

pathway, from overexpression of PI4KIIIβ or GOLPH3, siRNA knockdown of SAC1 or 

GOLPH3L, or in response to DNA damage, results in dispersed Golgi (right).  
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Figure 1-3. Regulation of the Golgi via the GOLPH3 pathway. The GOLPH3 pathway 

links the Golgi to the actin cytoskeleton, which generates a tensile force upon the Golgi 

essential for anterograde trafficking. The GOLPH3 pathway is subject to regulation by 

different mechanisms. Growth factor signaling increases Golgi PtdIns(4)P levels through 

translocation of SAC1 away from the Golgi to the ER. GOLPH3L is a dominant negative 

inhibitor of GOLPH3 and acts as a throttle in highly secretory cells. Upon DNA damage, 

DNA-PK activates the pathway by phosphorylation of GOLPH3. Pertinent references are 

cited next to the mechanism.  
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Chapter 2 

GOLPH3 Promotes Golgi Reorientation and  

Directional Trafficking in Cell Migration 

 

2.1 Summary 

 Directional cell migration involves polarized actin network at the front and Golgi 

reorientation toward the leading edge, although the relationship between the two remain 

to be discovered. The PtdIns(4)P/GOLPH3/MYO18A pathway serves to link the Golgi to 

the actin cytoskeleton, and is essential for Golgi-to-plasma membrane trafficking. 

GOLPH3 is the first example of an oncogene at the Golgi, and has been reported to 

enhance cancer cell motility. Here, we investigate the possible mechanisms for enhanced 

cell migration driven by GOLPH3 overexpression, and find that the linkage between the 

Golgi and actin cytoskeleton provided by the GOLPH3 pathway is required, and also 

rate-limiting, for Golgi reorientation toward the leading edge upon monolayer wounding, 

which precedes directional cell migration. Surprisingly, we find that the GOLPH3 

pathway also regulates lysosome reorientation, which is indirectly through a tethering of 

lysosomes to the Golgi by microtubules. Finally, we demonstrate that overexpression of 

GOLPH3 is able to enhance directional trafficking toward the leading edge, which is 

functionally important for cell migration. Our identification of a novel pathway for Golgi 

reorientation through GOLPH3 provides new insight into the mechanisms of cell 

migration with important implications to understanding GOLPH3’s role in cancer 

motility. 
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2.2 Introduction 

Cell migration is critical to a range of normal biological processes during 

development and for adaptive and regenerative events in adult organisms. Importantly, 

cell migration is also at the heart of the pathophysiology of cell invasion and metastasis 

that render cancers lethal. Understanding the cellular mechanism of cell migration, and 

the components that are rate-limiting and thus susceptible to pathophysiologic 

enhancement and therapeutic intervention, is an important issue. Cell migration involves 

the actin cytoskeleton, i.e. the lamellipodium at the front (Insall and Machesky 2009; 

Ridley 2011; Krause and Gautreau 2014), and interestingly also involves reorientation of 

the Golgi toward the leading edge (Kupfer, Louvard, and Singer 1982).  However, the 

link between actin-mediated migration and Golgi reorientation remains poorly 

understood. 

We previously identified GOLPH3 as an effector of PtdIns(4)P that bridges the 

Golgi to the actin cytoskeleton and functions in Golgi-to-plasma membrane trafficking. 

We showed that GOLPH3 binds to PtdIns(4)P and thus localizes to the PtdIns(4)P-rich 

trans-Golgi. GOLPH3 also binds to the unconventional myosin, MYO18A, thus linking 

the Golgi to F-actin. Previously published data indicate that the GOLPH3/MYO18A/F-

actin complex applies a tensile force to Golgi membranes that is essential for vesicle exit 

for transport to the plasma membrane, but also stretches the Golgi ribbon partially around 

the nucleus (Dippold et al. 2009; Bishé et al. 2012; Ng et al. 2013; Farber-Katz et al. 

2014). Surprisingly, GOLPH3 has been discovered as an oncogene commonly 

overexpressed in human cancers (Scott et al. 2009; and reviewed in Buschman, Rahajeng, 

and Field 2015). Thus, GOLPH3 is the first example of an oncogene that functions in the 
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secretory pathway at the Golgi, raising hope that it will provide fresh insights into 

mechanisms of oncogenesis. 

Specifically, overexpression of GOLPH3 has been reported to enhance cell 

migration, with obvious implications for understanding GOLPH3’s role in driving cancer 

mortality that results from cancer invasion and metastasis (Xiuping Zhou et al. 2013; X. 

Zhang et al. 2014; Isaji et al. 2014; Tokuda et al. 2014). Here we examine the 

consequence of overexpression of GOLPH3, and investigate the mechanism of enhanced 

cell migration. We discover that the linkage provided by GOLPH3/MYO18A from the 

Golgi to the actin cytoskeleton is required for reorientation of the Golgi toward the 

leading edge that precedes cell migration. Overexpression of GOLPH3 is sufficient to 

drive enhanced Golgi reorientation in a manner dependent on binding to PtdIns(4)P and 

MYO18A. Unexpectedly, we find that lysosomes, but not mitochondria or the nucleus, 

reorient in concert with the Golgi, in a manner also dependent upon, and driven by, 

GOLPH3. We show that lysosome reorientation is indirect, via microtubule linkage to the 

Golgi. Although both Golgi and lysosomes move to point toward the leading edge, 

lysosome function is not required for cell migration, while Golgi function is 

indispensable. Finally, we demonstrate that overexpression of GOLPH3 drives enhanced 

trafficking to the plasma membrane, and in particular directional trafficking to the 

leading edge. Taken together, we demonstrate that the PtdIns(4)P/GOLPH3/MYO18A/F-

actin pathway is required for cell migration by enabling reorientation of the Golgi toward 

the leading edge for directional secretion, and that overexpression of GOLPH3, as 

observed in many human cancers, is sufficient to drive this pathway to produce increased 

cell migration. Our study of the GOLPH3 pathway sheds light on the cellular basis of cell 
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migration, and provides new insight into the mechanisms and potential sites of 

therapeutic intervention for cancer biology. 

 

2.3 Results 

2.3.1 GOLPH3 overexpression promotes scratch wound healing 

To test the consequences of overexpression of GOLPH3, we generated a 

bicistronic retroviral expression vector to overexpress untagged GOLPH3 together with 

GFP, or a control vector to express GFP alone. We used these vectors to produce pools of 

MDA-MB-231 cells that stably overexpress GOLPH3 plus GFP or GFP alone. 

Overexpression of GOLPH3 was validated by Western blot and immunofluorescence 

(Figure S2-1).  

GOLPH3 overexpression has been reported to drive increased wound healing as 

observed in cell culture scratch assays (Isaji et al. 2014; Tokuda et al. 2014). We first 

sought to recapitulate the published result. We examined wound healing by creating a 

scratch in a confluent monolayer of MDA-MB-231 cells, and measured cell density 

within the scratch after 15 hours. As shown in Figure 2-1 and Movie S1, control MDA-

MB-231 cells were observed to migrate into the scratch within 15 hours. As reported 

previously, we observed that cells overexpressing GOLPH3 demonstrate enhanced 

wound healing, with a significant increase in cells entering the scratch. 

To determine whether the ability of GOLPH3 to drive increased wound healing 

depends on its function at the Golgi, we made use of a previously described mutant. The 

R90L mutation in the PtdIns(4)P binding pocket largely abolishes the ability of GOLPH3 

to bind to PtdIns(4)P, and thus GOLPH3-R90L is unable to localize to the Golgi 
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(Dippold et al. 2009). We generated a bicistronic retroviral expression vector for 

GOLPH3-R90L with GFP and produced pools of MDA-MB-231 cells that stably 

overexpress GOLPH3-R90L (Figure S2-1). When compared in cell culture scratch assays, 

these cells behave similarly to GFP-expressing control cells, unlike GOLPH3-

overexpressing cells (Figure 2-1). Therefore, we conclude that the ability of GOLPH3 to 

drive cell culture wound healing is dependent on its ability to localize to the Golgi. 

 

2.3.2 GOLPH3/MYO18A is required for wound healing 

Since GOLPH3 is capable of driving enhanced wound healing in scratch assays, 

we wondered whether it is generally required for scratch wound healing. Specific siRNAs 

to knock-down GOLPH3 were compared to a control siRNA. As shown in Figure 2-2A, 

knockdown of GOLPH3 significantly impaired wound healing by MDA-MB-231 cells. 

To test whether the requirement for GOLPH3 is due to its function in the 

GOLPH3/MYO18A pathway, we examined the effect of siRNA knockdown of 

MYO18A. We observed that MYO18A knockdown also significantly impaired wound 

healing by MDA-MB-231 cells. To determine whether the requirement for GOLPH3 and 

MYO18A is unique to MDA-MB-231 cells or is more generally true, we examined 

wound healing in NRK cells. Again, GOLPH3 and MYO18A were each required for 

scratch assay wound healing (Figure 2-2B). Thus, we conclude that the 

GOLPH3/MYO18A pathway is generally required for scratch assay wound healing. 

 

2.3.3 GOLPH3 does not affect cell proliferation 
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To determine the mechanism by which the GOLPH3 pathway contributes to 

enhanced cell migration, we considered a range of possibilities. We first examined 

whether overexpression of GOLPH3 led to increased cell proliferation. We compared the 

rate of proliferation of GOLPH3 overexpressing MDA-MB-231 cells to the GFP only and 

GOLPH3-R90L controls. We found that all three proliferated at essentially identical rates 

(Figure 2-3A).   

 

2.3.4 GOLPH3 does not affect cell sensing of loss-of-contact 

Next, we investigated whether GOLPH3 affects cell migration by modulating 

cells’ sensing of loss-of-contact upon artificial wounding. Cell confluence is known to 

regulate the subcellular localization of YAP between the nucleus and cytosol via the 

Hippo pathway (Zhao et al. 2007). We measured the relative levels of YAP in the cytosol 

versus nucleus using immunofluorescence in confluent cells and in cells at wound edge, 

comparing control cells to cells overexpressing GOLPH3, or to cells following siRNA 

knockdown of MYO18A. As expected, we observed translocation of YAP from the 

nucleus to the cytosol at wound edge. However, overexpression of GOLPH3 or 

knockdown of MYO18A do not significantly alter the subcellular localization of YAP 

(Figure 2-3B). Taken together, we conclude that perturbation of the GOLPH3 pathway 

does not significantly affect the ability of MDA-MB-231 cells to sense a change in cell-

cell contact upon wounding. 

 

2.3.5 GOLPH3 does not affect cell migration speed  
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Next, we considered the possibility of higher migration speed due to GOLPH3 

overexpression, which if true would explain the phenotype of increased wound healing. 

We measured traveling speed of actively migrating cells following wounding through 

time-lapse imaging. We observed no significant difference between GOLPH3 

overexpressing cells and control cells (Figure 2-3C). Thus, we conclude that GOLPH3 

does not promote cell migration by increasing migration speed. 

 

2.3.6 GOLPH3 overexpression promotes Golgi reorientation upon monolayer 

wounding 

Reorientation of the Golgi toward the leading edge is known to be an early, 

limiting step prior to the initiation of cell migration. (Kupfer, Louvard, and Singer 1982; 

Bergmann, Kupfer, and Singer 1983; Yadav, Puri, and Linstedt 2009). Since GOLPH3 

serves to bridge the Golgi and the actin cytoskeleton, we wondered whether GOLPH3 

plays a role in cell migration by facilitating Golgi reorientation in wound healing. Thus, 

we examined Golgi repositioning in MDA-MB-231 cells that overexpress GOLPH3 or 

control after monolayer wounding. In control cells, we observed that the Golgi had a 

random orientation prior to wounding. Following wounding, the Golgi began to polarize 

toward the leading edge, and by 5 hours had mostly reoriented (Figures 2-4A). By 

comparison, at each time point after wounding, the Golgi in GOLPH3 overexpressing 

cells was more directed toward the leading edge. To quantify Golgi reorientation, we 

measured the angle between a line from the nucleus to the leading edge and from the 

nucleus to the center of the Golgi for each cell (Figure 2-4B). Quantification showed 



 

 

29 

Golgi reorientation toward the leading edge upon wounding is significantly enhanced by 

overexpression of GOLPH3 (Figure 2-4C).  

In order to determine whether the observed effect of GOLPH3 overexpression on 

Golgi reorientation involves a novel signaling pathway or is through the 

PtdIns(4)P/GOLPH3/MYO18A pathway, we examined Golgi reorientation in cells 

overexpressing GOLPH3-R90L. We noted that they behaved similarly as the control cells 

(Figures 2-4A, 2-4C), arguing that the GOLPH3-driven enhancement in Golgi 

repositioning depends on its binding to PtdIns(4)P. We also examined the requirement for 

MYO18A in Golgi reorientation by knocking-down MYO18A in the MDA-MB-231 cell 

lines prior to wounding. As shown in Figures 2-4D, 2-4E, we recapitulated the 

enhancement on Golgi reorientation by GOLPH3 overexpression in control siRNA 

treated cells. However, depletion of MYO18A significantly impaired Golgi polarization, 

and eliminated any effect due to overexpression of GOLPH3. Since the ability of 

overexpressed GOLPH3 to promote Golgi reorientation in wounding healing depends on 

its ability to bind to PtdIns(4)P and on MYO18A, we conclude that it acts through the 

PtdIns(4)P/GOLPH3/MYO18A pathway. 

 

2.3.7 GOLPH3/MYO18A is required for Golgi reorientation upon monolayer 

wounding 

Having established that overexpression of GOLPH3 is able to drive Golgi 

reorientation upon wounding, we wondered whether the GOLPH3/MYO18A pathway is 

generally required for Golgi reorientation. We depleted GOLPH3 and MYO18A in 

MDA-MB-231 cells using three different siRNA oligos for each (Figure S2-2A). In 
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control siRNA treated cells, the Golgi was oriented randomly prior to wounding, and 

polarized toward the leading edge within 5 hours after wounding, as observed previously. 

However, Golgi reorientation was significantly impaired upon knockdown of either 

GOLPH3 or MYO18A (Figures 2-5A, 2-5B). To determine if this is true in other cell 

types, we performed a similar experiment in NRK cells. Here, again, we observed 

impaired Golgi reorientation after knockdown of either GOLPH3 or MYO18A (Figures 

S2-2B, 2-5C, and 2-5D). Thus, we conclude that the GOLPH3/MYO18A pathway is 

generally required for efficient Golgi polarization toward the leading edge in response to 

wounding. 

 

2.3.8 Lysosomes follow the Golgi in reorientation toward the leading edge upon 

wounding 

In order to know whether GOLPH3’s effect is restricted to the Golgi or applies 

more globally, we examined the movement of the Golgi and other cellular organelles 

upon wounding in live cells by time-lapse imaging. We first compared movement of 

mitochondria (labeled by MitoTracker) to movement of the Golgi (labeled by expression 

of the Golgi marker, mannosidase II-GFP (ManII-GFP), (Movie S2). Upon wounding, we 

observed a base level of whole cell rotation, and the movement of mitochondria reflected 

that rotation. In comparison, the Golgi actively moved around the nucleus toward the 

leading edge at a faster speed, resulting in movement relative to mitochondria and the rest 

of the cell. To assess the effect of overexpression of GOLPH3 on mitochondrial (versus 

Golgi) reorientation, we measured mitochondria and Golgi wound angles (Figure 2-6A). 

We found that reorientation of mitochondria was insensitive to overexpression of 
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GOLPH3, while Golgi reorientation was significantly enhanced by overexpression of 

GOLPH3 (Figure 2-6B). Thus, the movement of mitochondria and the Golgi do not share 

the same mechanism. 

Next we compared movement of the nucleus to movement of the Golgi after cell 

monolayer wounding using time-lapse imaging. As shown in Movie S3, structural 

features of the nucleus visible by differential interference contrast (DIC) imaging allowed 

us to detect rotation of the nucleus. We again observed a base level of nuclear rotation 

after wounding, synchronized with rotation of the whole cell as noted previously. The 

Golgi, on the other hand, moved at a faster speed around the nucleus toward the leading 

edge. By measuring the rotation speed of the Golgi and the nucleus, we noted that the 

Golgi exhibited a significantly higher rotation speed compared to the nucleus (Figure 2-

6C). Thus, we demonstrate that the nucleus, too, moves differently from the Golgi in 

response to wounding. 

Finally, we examined how lysosomes move in response to wounding. 

Unexpectedly, as shown in Movie S4, the Golgi labeled in green and lysosomes labeled 

in red localized in close proximity with each other, and reoriented in a concerted fashion 

upon wounding. By 5 hours, both the Golgi and lysosomes were pointed toward the 

leading edge and remained co-localized (Figures 2-6D). Quantification showed that 

lysosome reorientation was significantly enhanced by overexpression of WT GOLPH3, 

but not GOLPH3-R90L, similar to the effect on reorientation of the Golgi (Figure 2-6E). 

Moreover, GOLPH3’s ability to enhance both Golgi and lysosome reorientation is 

through the GOLPH3/MYO18A/F-actin pathway, as either siRNA depletion of MYO18A 

or depolymerization of F-actin by Latrunculin B significantly impaired reorientation and 
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abolished the ability of GOLPH3 to promote reorientation of  both lysosomes and the 

Golgi (Figures S2-3).  

We also tested whether GOLPH3/MYO18A is generally required for lysosome 

reorientation in response to a monolayer scratch. In NRK cells, knock-down of either 

GOLPH3 or MYO18A not only impaired Golgi reorientation as observed previously, but 

lysosome reorientation was also significantly impaired (Figures 2-6F, 2-6G). In HeLa 

cells we observed a similar requirement for GOLPH3 and MYO18A for reorientation of 

both the Golgi and lysosomes following monolayer wounding (Figures S2-4). Taken 

together, we reached a surprising finding that lysosomes follow the Golgi to polarize 

toward the leading edge in response to wounding, which is dependent on, and also driven 

by, the PtdIns(4)P/GOLPH3/MYO18A/F-actin pathway. 

 

2.3.9 Lysosome reorientation is indirect through microtubule tethering to the Golgi 

The question follows how GOLPH3, a Golgi protein, regulates lysosome 

reorientation in response to wounding. As published previously (Dippold et al. 2009; Ng 

et al. 2013; Farber-Katz et al. 2014), we confirmed that GOLPH3 localizes to the Golgi, 

not lysosomes (Figure 2-7A). Thus, we hypothesized that GOLPH3’s effect on lysosomes 

may be indirect, via the Golgi. To test this possibility, we first determined whether 

lysosome reorientation depends on the Golgi. We treated MDA-MB-231 cells with 

Brefeldin A (BFA) to disrupt the Golgi or methanol (vehicle control) at the time of 

monolayer wounding, and measured lysosome reorientation after 5 hours (Figures 2-7B, 

2-7C). In control treated cells, we recapitulated the reorientation of both the Golgi and 

lysosomes, enhanced by GOLPH3 overexpression. In BFA treated cells, the Golgi was 
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effectively disrupted within 15 minutes of drug treatment (data not shown). Consequently, 

lysosome reorientation was significantly impaired. Moreover, GOLPH3’s ability to 

promote lysosome reorientation was abolished by BFA disruption of the Golgi. Taken 

together, we conclude that GOLPH3 acts on lysosomes indirectly through the Golgi. 

Given the close association between the Golgi and lysosomes (Movie S4), we 

reasoned a possible explanation for the GOLPH3-driven reorientation of the Golgi and 

lysosomes would be structural tethering of lysosomes to the Golgi. Top candidates that 

could mediate this tethering would be actin or microtubule cytoskeletal elements. Thus, 

we first investigated whether F-actin is responsible for the link between the Golgi and 

lysosomes by depolymerizing actin with Latrunculin B, and examined the changes to 

Golgi and lysosome morphologies by time-lapse imaging (Movie S5). Treatment with 

Latrunculin B led to the condensation of the Golgi, consistent with previous observations 

(Dippold et al. 2009). Lysosomes condensed simultaneously with the Golgi, and the two 

organelles remained co-localized after drug treatment (Figure 2-7D), suggesting that actin 

is not required to link lysosomes to the Golgi. 

Next we investigated the role of microtubules in the tethering of lysosomes to the 

Golgi. There has been evidence suggesting that lysosomes are associated with and 

depend on microtubules to maintain normal morphology (Collot, Louvard, and Singer 

1984; Matteoni and Kreis 1987; Scheel et al. 1990; Harada et al. 1998). On the other 

hand, it’s well established that the Golgi requires microtubules for its morphological 

integrity (Rogalski and Singer 1984; Sandoval et al. 1984; Thyberg and Moskalewski 

1999b). However, little is known on the structural relationship between the two 

organelles. Here we sought to elucidate a possible physical association between the Golgi 
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and lysosomes mediated by microtubules. We depolymerized microtubules with 

nocodazole and observed fragmentation of both the Golgi and lysosomes, as expected 

(Movie S6). More importantly, we noted that the Golgi and lysosome puncta appeared 

distinct from each other. Measurement of the overlap between the Golgi and lysosome 

compartments showed significant dissociation (Figure 2-7D), in contrast to Latrunculin B 

treatment. Taken together, our data suggest that microtubules serve as the linkage 

between the Golgi and lysosomes. Overall, we conclude that GOLPH3’s effect on 

lysosome reorientation is secondary to its effect on the Golgi, mediated by tethering of 

lysosomes to the Golgi via microtubules. 

 

2.3.10 GOLPH3 overexpression promotes directional trafficking toward the leading 

edge 

Having discovered that GOLPH3 drives both the Golgi and lysosomes to reorient 

toward the leading edge upon wounding, we examined the functional requirement for 

each organelle for cell migration. We used inhibitor of Golgi or lysosome function to ask 

whether they interfere with monolayer scratch healing by NRK and MDA-MB-231 cells. 

Consistent with previous findings (Tseng et al. 2014), inhibition of Golgi function with 

BFA significantly reduced monolayer wound healing in both NRK and MDA-MB-231 

cells (Figures 2-8A, 2-8B). We noted the reduction in wound healing by treatment with 

BFA was comparable to that due to siRNA depletion of either GOLPH3 or MYO18A 

(Figures 2-2). By contract, inhibition of lysosomal function with NH4Cl or Bafilomycin 

A1 had a minimal, non-significant effect (Figures 2-8A, 2-8B). Effectiveness of lysosome 

inhibition was verified by loss of LysoTracker staining (see Movie S7). Therefore, we 
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conclude that the Golgi plays an important role in cell migration, while the lysosome is 

dispensable and likely to be unrelated to GOLPH3-driven enhancement in wound healing. 

Finally, we sought to elucidate the functional significance of GOLPH3-driven 

Golgi polarization in directional cell migration. Given that directed trafficking toward the 

leading edge occurs in migrating cells (Bergmann, Kupfer, and Singer 1983; Yadav, Puri, 

and Linstedt 2009), and that the GOLPH3 pathway is critical for Golgi-to-plasma 

membrane trafficking, we examined the effect of overexpression of GOLPH3 on 

trafficking from the Golgi to the leading edge in wound healing. We transfected MDA-

MB-231 cells overexpressing GOLPH3 or control with the trafficking reporter ts045-

VSVG-GFP, which is released from the ER and traffics through the Golgi to the plasma 

membrane upon shift from the restrictive temperature (40
o
C) to the permissive 

temperature (32
o
C) (Presley et al. 1997). We created a monolayer scratch while cells 

were at the restrictive temperature and then allowed the Golgi to reorient for 4 hours. We 

shifted to the permissive temperature for 1 hour to allow trafficking of VSVG. By using 

an exofacial VSVG antibody on unpermeablized cells, we measured surface VSVG at the 

leading edge and trailing edge of cells at the edge of the monolayer wound (Figure 2-8C). 

In GOLPH3 overexpressing cells, we observed significantly higher surface VSVG 

compared to control cells (Figure 2-8C, 2-8D). Furthermore, we calculated the ratio of 

surface VSVG at the leading edge versus at the trailing edge as a measure of directional 

trafficking, and found a significant increase in response to overexpression of GOLPH3 

(Figure 2-8E). The ability of GOLPH3 to drive increased trafficking of VSVG to the 

plasma membrane, and increased directional trafficking to the leading edge is dependent 

on GOLPH3’s function at the Golgi, since the R90L mutant in inactive. Taken together, 
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we conclude that overexpression of GOLPH3 promotes directional trafficking from the 

Golgi to the leading edge in wound healing. 

 

2.4 Discussion 

2.4.1 Novel pathway for Golgi reorientation through GOLPH3 and the actin 

cytoskeleton 

Collectively, our finding provides a novel pathway that links Golgi reorientation 

and directional trafficking to polarized actin cytoskeleton at the leading edge during cell 

migration, though PtdIns(4)P/GOLPH3/MYO18A (Figure 2-9). This mechanism plays 

dual role in providing both a physical force to reorient the Golgi and a means of effective 

Golgi-to-plasma membrane trafficking, which ultimately promotes cell migration.  

Notably, it is traditionally known that microtubules mediate Golgi polarization 

and directional trafficking, since it has been reported that depolymerization of 

microtubules blocks Golgi reorientation, directional trafficking, and cell migration 

(Rodionov et al. 1993; Schmoranzer, Kreitzer, and Simon 2003; Yadav, Puri, and 

Linstedt 2009; and own unpublished observation). In our experiments when the GOLPH3 

pathway was inhibited, we still observed some residual level of Golgi reorientation. It is 

reasonable to suspect that the residual portion is through microtubules. What we 

identified in this study is possibly a machinery mediated by the actin cytoskeleton that 

functions in parallel to microtubules to better enable Golgi reorientation for directional 

trafficking to the front to meet the needs of active expansion. 

 

2.4.2 The GOLPH3 pathway fine tunes cell migration 
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 Our finding that the GOLPH3 pathway is required for, and rate-limiting to, Golgi 

reorientation and polarized trafficking predicts a mechanism of fine tuning the rate at 

which directional cell migration occurs through regulating the strength of the GOLPH3 

pathway. It has been documented that PtdIns(4)P levels at the Golgi, endogenous 

dominant-negative regulation of GOLPH3 by its paralog GOLPH3L, and the binding 

affinity of GOLPH3 to MYO18A are subject to modulations based on specific conditions 

of the cell, including growth factor signaling, genomic stability, and cell type. 

(Blagoveshchenskaya et al. 2008; Ng et al. 2013; Farber-Katz et al. 2014). Therefore, it is 

likely that the GOLPH3 pathway serves as a key point of regulation in cell migration that 

combines various inputs from the cell. 

 

2.4.3 Increased directional trafficking to the leading edge 

We demonstrate that the functional consequence of GOLPH3-driven enhancement 

on Golgi reorientation is increased directional trafficking toward the leading edge. It 

would be interesting to investigate what cargos are actively transported to the leading 

edge during cell migration. Top candidates include proteins and lipids required to build 

membrane protrusions, proteases to be secreted to break down extracellular matrix, and 

adhesion proteins for anchorage during cell migration. Considering that the GOLPH3 

pathway is a non-discriminating pathway for protein trafficking and secretion, it is 

unlikely that the cell would only utilize this pathway for a specific genre of cargos. 

 

2.4.4 Tethering of lysosomes to the Golgi 



 

 

38 

An unexpected yet interesting side discovery of our study is the tethering of 

lysosomes to the Golgi by microtubules, and their concerted reorientation in response to 

wounding. The co-localization is observed in multiple cell lines both at wound edge and 

away, suggesting it is not unique to wound response but rather a phenomenon generally 

true in cells. It is known that both the Golgi and lysosomes depend on microtubules for 

structural integrity and dynamic reorganization (Rogalski and Singer 1984; Thyberg and 

Moskalewski 1999a; Collot, Louvard, and Singer 1984; Matteoni and Kreis 1987). It has 

also be shown that microtubules are required for lysosomal protein delivery from the 

Golgi (Scheel et al. 1990). Thus, the tethering between the Golgi and lysosomes might be 

a spatial configuration dictated by and optimal for their functional relationship, and that 

the concerted movement of both organelles we observed in response to wounding is a 

side effect of such tethering. 

 

2.4.5 Implication to cancer motility 

Finally, our finding that GOLPH3 is able to drive increased cell migration 

provides a plausible explanation for the overexpression of GOLPH3 frequently detected 

in advanced metastatic tumors in patients, since cell migration is a key step for cancer 

progression. By unveiling the mechanism of GOLPH3-driven increased cell migration, 

our study raises the hope of attenuating the GOLPH3 pathway to reduce cancer mortality 

as novel anti-tumor therapeutic strategy. 

 

2.5 Experimental procedures 

2.5.1 Cell culture and construction 
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MDA-MB-231, NRK, and HeLa S3 cell lines were grown according to ATCC 

guidelines. The stable MDA-MB-231 cell lines that overexpress GOLPH3-IRES-GFP, 

GOLPH3-R90L-IRES-GFP, or IRES-GFP were constructed with the pBABE-Puro 

retroviral system (Morgenstern and Land 1990). Empty retroviral expression vector 

pBABE-Puro and packaging vectors pUMVC and pVSV-G were a kind gift from Dr. 

Jing Yang (University of California, San Diego). The expression vector of wild-type 

GOLPH3 was generated by serial cloning to combine GOLPH3 (Dippold et al. 2009) and 

IRES-hrGFP (Stratagene) into the BanHI and EcoRI sites of pBABE-Puro vector. 

Expression and packaging vectors were transfected into HEK293T packaging cells using 

TransIT-LT1 (Mirus). Viral supernatants harvested at 48 and 72 hrs post transfection 

were filtered through a 0.45 µm filter (Thermo Fishier Scientific) and incubated with 

target MDA-MB-231 cells in the presence of 6 µg/ml protamine (Sigma). 24 hrs after the 

second viral infection, 0.5 µg/ml puromycin (InvivoGen) was used to select and maintain 

stable cells. The cell lines overexpressing IRES-GFP and R90L-IRES-GFP were 

generated in similar fashion. 

 

2.5.2 Cell proliferation assay 

On day 0, cells were seeded in triplicate wells at 20,000/well in triplicate 6-well 

plates, and grown in normal medium. On day 1, 3, and 5 each, one plate was trypsinized 

and counted using a hemocytometer and a cell counter. Growth rate was measured by 

taking the binary logarithm of normalized cell counts to day 1. 

 

2.5.3 Scratch wound healing assay 



 

 

40 

Cells were seeded in 35 mm glass-bottom culture dishes (MatTek), and 

maintained in normal growth medium until reaching a monolayer of confluence. A 200 μl 

pipette tip was used to scratch the cell monolayer, followed by 2x rinse with PBS. For 

end-point analysis, random fields at the scratch were selected and captured by 10x phase 

contrast imaging with an Olympus IX81-ZDC microscope. Cells were then incubated in 

normal growth medium for 15 hrs before fixation, followed by permeablization and 

DAPI staining. DAPI images were taken at the same selected fields. For each field, the 

number of cells migrated into the artificially defined scratch area were measured, and 

normalized to seeding density. For time-lapse imaging, cells were incubated in normal 

growth medium containing calcein AM (Life Technologies) post wounding. Time-lapse 

images were taken at 15 min intervals for 15 hrs. 

For scratch assays with siRNA knockdowns, siRNA oligos were incubated with 

cells for 48 hrs prior to induction of wound. For scratch assays with Golgi or lysosome 

inhibitors, post scratch cells were incubated in normal growth media containing 0.1% 

DMSO (Sigma),5 ng/ml Brefeldin A (Sigma),10 mM NH4Cl (Sigma), or 100 nM 

Bafilomycin A1 (Sigma) for 8 hrs before fixation. 

 

2.5.4 Fluorescence microscopy 

Fluorescent microscopy was performed on an Olympus IX81-ZDC spinning disk 

confocal microscope, and images were analyzed with Slidebook and ImageJ software. 

 

2.5.5 Measurement of cell migration speed 



 

 

41 

Time-lapse images of scratch wound healing assay were analyzed in ImageJ by 

isolating individual actively migrating cells, defining the center of the nucleus between 

consecutive frames, and measuring the traveling distance of the nucleus divided by the 

time interval. 

 

2.5.6 Measurement of Golgi/lysosome/mitochondria orientation angle 

Immunofluorescent images of cells at wound edge stained with a Golgi marker 

and DAPI were analyzed in ImageJ, by drawing a first line from the leading edge of each 

cell to the center of the nucleus and a second line from the center of the nucleus to the 

center of the Golgi. The angle formed in between the two lines was measured. The 

orientation angles of mitochondria and lysosome were measured in similar fashion. For 

cells prior to wounding, a direction was determined arbitrarily and the angle between said 

direction and the Golgi was measured for each cell. 

 

2.5.7 Time-lapse imaging of cellular organelles post wounding 

Cells were transfect with ManII-GFP to mark the Golgi and grown to confluence. 

Prior to induction of wound, cells were incubated with MitoTracker or LysoTracker (Life 

Technologies) following manufacturer’s instructions to label mitochondria and lysosome 

respectively. Wound was made as described for the scratch wound healing assay. Post 

wounding, time-lapse images were taken at 3 min intervals for 5 hrs. 

  

2.5.8 Measurement of Golgi/nucleus rotation speed 
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Time-lapse fluorescent and DIC images of cells at wound edge were analyzed in 

ImageJ, by isolating the frames covering the Golgi polarization event, and in each frame 

identifying the direction of the nucleus with the aid of visible DIC structural features, and 

identifying the direction of the Golgi by drawing a line through the center of the nucleus 

and the center of the Golgi. Rotation speed was determined by measuring the rotation 

angle between consecutive frames divided by the time interval. 

 

2.5.9 Measurement of surface ts045-VSVG-GFP in wound healing 

Cells were transiently transfected with an expression vector for temperature-

sensitive, GFP-tagged ts045-VSVG-GFP and grown to a monolayer of confluence. 36 hrs 

post transfection, cells were maintained at a restrictive temperature (40
o
C) for 12 hrs 

before a razor was used to create an artificial wound. Cells were returned to 40
o
C for 4 

hrs to allow Golgi reorientation, and then shifted to a permissive temperature (32
o
C) for 1 

hr to allow VSVG trafficking before fixation. An exofacial antibody specific to VSVG 

was used on unpermeablized cells to detect surface VSVG, followed by permeablization 

and staining with GOLPH3 antibody to label the Golgi. IF images of transfected cells at 

wound were taken. Surface VSVG was analyzed in ImageJ by drawing a line through the 

nucleus and the Golgi with a width of 10 pixels and measuring the average intensity of 

where the line intersected with the plasma membrane (seen as two peaks in histogram), 

with background subtracted. The edge pointing towards the wound is the leading edge, 

the other edge is the trailing edge.  

 

2.5.10 siRNA knockdown 
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siRNA oligonucleotides containing Stealth modifications were synthesized by 

Invitrogen and transfected using RNAiMAX according to the manufacturer's instructions. 

Negative control, GOLPH3, and MYO18A sequences were the same as those described 

previously (Dippold et al. 2009). If not otherwise specified in the figures, GOLPH3 

siRNA #3 and MYO18A siRNA #1 were used. Knockdowns were verified by Western 

blots performed in parallel for each experiment. 

 

2.5.11 Antibodies 

The GOLPH3 rabbit polyclonal antibody was described previously (Dippold et al. 

2009). The MYO18A antibody was a generous gift from Dr. Zissis Chroneos (University 

of Texas, Tyler, TX). The GM130 antibody was from BD Biosciences. The YAP 

antibody H-125 was from Santa Cruz Biotechnologies. The ATP synthase subunit IF1 

antibody 5E2D7 used to mark mitochondria was from Invitrogen. The LAMP1 and 

GAPDH antibodies were from Cell Signaling Technology. The VSVG exofacial 

monoclonal antibody 8G5F11 was from KeraFAST. The horseradish peroxidase-

conjugated mouse anti-rabbit secondary antibody for Western blot was from Jackson 

ImmunoReasearch. AlexaFluor (488, 594, and 647)-conjugated secondary antibodies for 

immunofluorescence were from Invitrogen. 
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2.7 Figures  

 
 

Figure 2-1. GOLPH3 overexpression promotes scratch wound healing. (A) 

Representative images of scratch wound healing by MDA-MB-231 cells overexpressing 

IRES-GFP (control), GOLPH3-IRES-GFP, or GOLPH3-R90L-IRES-GFP. Top row, 

images of random fields at the scratch were taken at time of wounding (T=0 hr), with the 

scratch area defined manually (white box). Bottom row, cells were incubated for 15 hrs 

before fixation, followed by DAPI staining (T=15 hr). The same scratch areas from T=0 

hr were identified, and the density of cells that migrated into the defined scratch area was 

measured. (B) Quantification of wound healing from (A), expressed as relative to control. 

Overexpression of GOLPH3 results in a significant, almost 2-fold increase in wound 

healing compared to control or GOLPH3-R90L. Graphed are mean and stand error of the 

mean (SEM). The number of fields measured (pooled from four independent 

experiments) and p-values (by unpaired t-test) are indicated. 
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Figure 2-2. GOLPH3/MYO18A is required for wound healing. (A) (B) Quantification of 

wound healing by MDA-MB-231 cells and NRK cells, respectively. Cells were treated 

with control siRNA or siRNA targeting GOLPH3 or MYO18A prior to wounding. 

Wound healing was expressed relative to control. Interference with the 

GOLPH3/MYO18A pathway significantly impairs wound healing in both cell types. 

Graphed are mean ± SEM pooled from two independent experiments. Number of fields 

measured and p-values are indicated. 
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Figure 2-3. Possible mechanisms of GOLPH3-driven enhancement in wound healing. 

(A) Rate of proliferation of cell lines as indicated was measured by counting on days 1, 3, 

and 5 following initial seeding, and expressed as the binary logarithm of normalized cell 

count to day 1. GOLPH3 overexpression has no significant effect on cell growth rate. 

Graphs indicate mean ± SEM. For each data point, n = 3. (B) MDA-MB-231 cells 

overexpressing GFP (control), GOLPH3, or GOLPH3-R90L were grown to confluence 

and treated with control siRNA or MYO18A siRNA prior to wounding. Subcellular YAP 

distribution of confluent cells and cells at wound edge was measured as the ratio of 

nuclear YAP versus cytoplasmic YAP. Wounding caused YAP translocation to the 

nucleus. However, neither GOLPH3 overexpression or MYO18A knockdown had any 

effect on YAP distribution. Graphed are mean ± SEM pooled from two independent 

experiments. Number of cells measured and p-values are indicated. (C) Speed of actively 

migrating MDA-MB-231 cells overexpressing GFP (control) or GOLPH3 were measured 

from time-lapse images following wounding (Supplemental movie 1). There is no 

significant difference in migration speed between control and GOLPH3 overexpressing 

cells. Graphed are mean ± SEM from measurement of 32 cells each. 
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Figure 2-4. GOLPH3 overexpression promotes Golgi reorientation in wound healing. (A) 

Representative IF images of MDA-MB-231 cells overexpressing GFP (control), 

GOLPH3 or GOLPH3-R90L before and 1, 2, and 5 hrs after wounding were shown, with 

the Golgi marked in red and the nucleus in blue. (B) Illustration of measurement of Golgi 

orientation angle. For each cell, a first line was drawn from the leading edge to the center 

of the nucleus, a second line was drawn from the center of the nucleus to the center of the 

Golgi. The angle formed between was measured. (C) Quantification of Golgi orientation 

angles from (A). The Golgi polarizes toward the leading edge upon wounding. GOLPH3 

overexpression significantly enhances Golgi reorientation. Graphed are mean ± SEM 

pooled from two independent experiments, with p-values indicated. (D) Representative IF 

images of MDA-MB-231 cells overexpressing GFP, GOLPH3 or GOLPH3-R90L 5 hrs 

post wounding were shown. Each cell line was treated with control siRNA or MYO18A 

siRNA prior to induction of wound. (E) Quantification of Golgi orientation angles from 

(D). GOLPH3-driven enhancement on Golgi reorientation toward the leading edge is 

abrogated by MYO18A depletion. Graphed are mean ± SEM pooled from two 

independent experiments. Number of cells measured and p-values are indicated. 
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Figure 2-5. GOLPH3/M18A is required for Golgi reorientation in wound healing. (A) 

MDA-MB-231 cells and (B) NRK cells were treated with control siRNA, or siRNA 

oligos targeting GOLPH3 or MYO18A prior to wounding. Representative 

immunofluorescence (IF) images of cells before and 5 hrs after wounding were shown, 

with the Golgi marked in green and the nucleus marked in blue. (C) (D) Quantification of 

Golgi orientation angles from (A) (B), respectively. The Golgi had a random distribution 

prior to wounding and polarized toward the leading edge post wounding. The orientation 

is significantly impaired if either GOLPH3 or MYO18A is depleted with different siRNA 

oligos. Graphed are mean ± SEM. The number of cells measured and p-values are 

indicated. 
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Figure 2-6. Movements of various cellular organelles in response to wounding. (A) IF 

examples of cells at wound with mitochondria labeled in green, Golgi in red, and the 

nucleus in blue. Left, mitochondria in a perinuclear ribbon shape. Right, in some cases 

mitochondria is diffused throughout the cytoplasm. (B) Quantification of Golgi and 

mitochondria orientation angles from MDA-MB-231 cells overexpressing GFP (control), 

GOLPH3 or GOLPH3-R90L. Mitochondria orientation is insensitive to GOLPH3 

overexpression, whereas the Golgi is driven by GOLPH3 overexpression. (C) 

Measurement of Golgi and nuclear rotation speed upon wounding. The Golgi rotates 

significantly faster than the nucleus. Graphed are mean ± SEM pooled from ten movies, 

with p-values indicated. (D) Representative IF images of cells at wound edge with Golgi 

labeled in green, lysosome in red, and the nucleus in blue. (E) Quantification of Golgi 

and lysosome orientation angles from (D), showing GOLPH3-driven reorientation upon 

wounding for both organelles. (F) Representative IF images of NRK cells at wound edge, 

treated with control siRNA or siRNA targeting GOLPH3 or MYO18A 48 hrs prior to 

wounding and fixed 5 hrs post wounding, with Golgi labeled in green, lysosome in red, 

and the nucleus in blue. (G) Quantification of Golgi and lysosome orientation angles 

from (F). Golgi and lysosome reorientation toward the leading edge upon wounding is 

significantly impaired by interference with the GOLPH3-MYO18A pathway. (B), (E), 

and (G), graphed are mean ± SEM pooled from two independent experiments 

respectively, with number of cells measured and p-values indicated. 
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Figure 2-7. GOLPH3 acts indirectly on lysosome reorientation through the Golgi. (A) 

Representative IF image of cell stained for GOLPH3 in green, with Golgi labeled by 

GM130 in magenta, lysosome labeled by LysoTracker in red, and the nucleus by DAPI in 

blue. The staining pattern of GOLPH3 overlaps with GM130, but is distinct from 

LysoTracker. (B) Representative IF images of cells at wound edge treated with MeOH or 

BFA at wounding, with Golgi labeled in green, lysosome in red, and the nucleus in blue. 

(C) Quantification of lysosome orientation angles from (B). Lysosome orientation is 

significantly impaired in the absence of the Golgi. GOLPH3’s promoting effect on 

lysosome orientation seen in control-treated cells is abolished by BFA treatment. 

Graphed are mean ± SEM pooled from two independent experiments. Number of cells 

measured and p-values are indicated. (D) Measurement of overlap of the Golgi labeled by 

ManII-GFP and lysosome labeled by LysoTracker from time-lapse imaging with 

Latrunculin B or Nocodazole treatment. The correlation between the Golgi and lysosome 

compartments remains intact with Latrunculin B treatment, but significantly decreases 

with Nocodazole treatment. 
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Figure 2-8. GOLPH3 promotes directional trafficking to the leading edge in wound 

healing. (A) (B) Quantification of wound healing in NRK and MDA-MB-231 cells, 

respectively. Cells were treated with vehicle control, Golgi or lysosome inhibitors as 

indicated at time of wounding. Results are expressed as relative wound healing to ontrol. 

BFA treatment results in a significant reduction in wound healing, while treatment with 

NH4Cl or Bafilomycin A1 has minimal effect. Graphed are mean ± SEM pooled from 

two independent experiments. The number of fields measured and p-values are indicated. 

(C) Representative IF images of migrating cells at wound. Surface VSVG was detected 

by using an exofacial VSVG antibody on unpermeablized cells. The Golgi was labeled by 

GOLPH3 in green and co-stained with DAPI to mark the nucleus. (D) Quantification of 

surface VSVG at the leading and trailing edges of cells from (C). GOLPH3 

overexpression results in a significant increase in surface VSVG in both leading and 

trailing edges compared to GFP (control) or GOLPH3-R90L. (E) Quantification of 

directional VSVG trafficking expressed as the ratio of leading over trailing surface 

VSVG intensity. (D) and (E), graphed are mean ± SEM pooled from two independent 

experiments. Number of cells measured and p-values are indicated. 
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Figure 2-9. The model for GOLPH3-dependent Golgi reorientation and directional 

trafficking in wound healing. Upon wounding, the GOLPH3/MYO18A/F-actin 

machinery pulls the Golgi to actively reorient toward the leading edge. The lysosome 

moves in concert with the Golgi due to linkage to the Golgi mediated by microtubules. 

As a functional consequence of Golgi polarization, directional trafficking occurs toward 

the leading edge, which is required for cell migration. Overexpression of GOLPH3 is 

able to increase this pathway and enhance wound healing migration. 
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2.8 Supplemental figures 

 
 

Figure S2-1. Generated MDA-MB-231 cells overexpress GOLPH3. (A) SDS lysates 

from parental MDA-MB-231 cells, and virally transduced MDA-MB-231 cells stably 

overexpressing GOLPH3-IRES-GFP, GOLPH3-R90L-IRES-GFP, and IRES-GFP alone 

(control) were Western blotted in duplicate using antibody raised against GOLPH3, and 

GAPDH as a loading control. GOLPH3 and GOLPH3-R90L overexpressing cells have 

equivalent elevated GOLPH3 levels, while control cells have endogenous GOLPH3 

comparable to parental cells. (B) Representative IF images of cells as indicated. Left 

column, the Golgi was marked with an antibody against GM130 in red, co-stained with 

DAPI in blue. Right column, GOLPH3 IF from the same cells was shown in magenta. 

Parental and control cells have endogenous GOLPH3. GOLPH3 overexpressing cells 

have increased GOLPH3 staining mostly at the Golgi, whereas GOLPH3-R90L 

overexpressing cells show diffused staining throughout the cytoplasm. Bar, 10 µM. 
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Figure S2-2. Efficient knockdown of GOLPH3 and MYO18A. (A) MDA-MB-231 and 

(B) NRK cells were transfected with control siRNA, siRNAs specific to GOLPH3, and 

siRNAs specific to MYO18A as indicated. Lysates were Western blotted for MYO18A 

and GOLPH3 with GAPDH as a loading control. Lysates from control siRNA-treated 

cells were loaded at different amounts to allow semiquantitative assessment of 

knockdown efficiency. Transfection with each of the GOLPH3 or MYO18A siRNA 

oligos results in approximately or greater than 90% knockdown. 
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Figure S2-3. GOLPH3 drives Golgi and lysosome reorientation through the 

GOLPH3/MYO18A/F-actin pathway. (A) Representative IF images of MDA-MB-231 

cells overexpressing GFP (control), GOLPH3, or GOLPH3-R90L at wound edge with 

Golgi labeled in green, lysosome in red, and the nucleus in blue. Cells were treated with 

control siRNA or MYO18A siRNA for 48 hrs prior to induction of wound, and fixed 5 

hrs post wounding. (B) Quantification of Golgi and lysosome orientation angles from (A). 

Depletion of MYO18A significantly impaired Golgi and lysosome reorientation, 

abolishing GOLPH3’s promoting effect. Graphed are mean ± SEM pooled from two 

independent experiments, with number of cells measured and p-values indicated. (C) 

Representative IF images of MDA-MB-231 cells at wound edge treated with DMSO 

(vehicle control) or 250 nM Latrunculin B at time of wounding and fixed 5 hrs post 

wounding. (D) Quantification of Golgi and lysosome orientation angles from (C). 

Depolymerizing F-actin significantly impaired Golgi and lysosome reorientation. 

Graphed are mean ± SEM pooled from two independent experiments, with number of 

cells measured and p-values indicated. 
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Figure S2-4. GOLPH3/MYO18A is required for Golgi and lysosome reorientation in 

Hela cells. (A) Representative IF images of Hela cells at wound edge. Cells were treated 

with control siRNA or siRNA targeting GOLPH3 or MYO18A 48 hrs prior to wounding 

and fixed 5 hrs post wounding, with Golgi labeled in green, lysosome in red, and the 

nucleus in blue. (B) Quantification of Golgi and lysosome orientation angles from (A). 

Reorientation of the Golgi and lysosome toward the leading edge upon wounding is 

significantly impaired by depletion of GOLPH3 or MYO18A. Graphed are mean ± SEM 

pooled from two independent experiments, with number of cells measured and p-values 

indicated. 
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Chapter 3 

GOLPH3-dependent Models of Tumorigenesis and Resistance 

 

3.1 Summary 

The Golgi and the GOLPH3-dependent secretory pathway play an essential role 

in normal cell physiology, responsible for sorting and trafficking of various cargo 

proteins. Understandably, any perturbation of the pathway often has pleiotropic 

functional consequences to the cell. The discovery of GOLPH3 as an oncogene has 

further raised the interest on the Golgi and its secretory functions in the context of cancer 

formation and progression. The previous chapter has described GOLPH3’s role in 

establishing directionality and facilitating polarized trafficking in cell migration, with 

important implications for cancer cell mobility. This chapter strives to provide more 

insights on the effects of GOLPH3 overexpression and GOLPH3-dependent oncogenesis, 

both in vitro and in vivo. The first section provides evidence on GOLPH3’s ability to 

protect cells against DNA damage. The second section discusses GOLPH3’s role in 

driving growth factor signaling. Finally, the third section presents on-going and future 

studies on transgenic mouse model of GOLPH3 overexpression. To note, all of the 

sections to be discussed in this chapter came from collaborative efforts led by colleagues 

in the Field lab that the dissertation author participated in; only the portions contributed 

by the dissertation author were presented. 

 

3.2 GOLPH3 overexpression confers resistance to DNA damage 

3.2.1 Introduction 
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In a recently published study, our lab identifies a novel cytoplasmic response to 

DNA damage that involves the GOLPH3 pathway at the Golgi (Farber-Katz et al. 2014). 

In mammalian cells including HEK293, HeLa, NRK, MCF7, MDA-MB-231 cell lines, as 

well as primary cells, DNA-damaging agents such as camptothecin (CPT), doxorubicin 

(DOXO), and ionizing radiation (IR) trigger dramatic Golgi reorganization that results in 

punctate fragments dispersed throughout the cytoplasm. It is further demonstrated that the 

DNA damage-induced Golgi dispersal is mediated via the GOLH3/MYO18A/F-actin 

pathway, as depletion of any of the components prevents Golgi fragmentation. 

Furthermore, DNA-PK activity following DNA damage is required for the Golgi to 

disperse. Finally, we reveal a signaling pathway linking DNA damage to Golgi 

fragmentation wherein DNA damage activates DNA-PK, which phosphorylates GOLPH3 

on the conserved TQ sites. The phosphorylation of GOLPH3, in turn, enhances its 

physical interaction with MYO18A, thereby strengthening the tensile force exerted on the 

Golgi stacks. Thus, a direct consequence of this increased interaction upon DNA damage 

is the fragmentation of the Golgi. 

Moreover, we have discovered that the dispersal of the Golgi in response to DNA 

damage is functionally important for normal cell survival, as depletion of GOLPH3, 

MYO18A, or DNA-PKcs not only prevents dispersal of the Golgi but significantly 

increases apoptosis and reduces survival after treatment with DNA-damaging agents. 

Altered Golgi-to-plasma membrane trafficking as a consequence of Golgi fragmentation 

is believed to be important for the enhanced survival. Given the protective effect of 

GOLPH3 in normal cell survival following DNA damage, we wondered whether elevated 

levels of GOLPH3 could confer a survival advantage and render cells resistant to killing 
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by DNA-damaging agents. This question is of particular relevance to GOLPH3’s role in 

cancer since most standard chemotherapeutics are DNA-damaging agents. 

 

3.2.2 Results 

3.2.2.1 GOLPH3 overexpression confers a short-term survival advantage following 

DNA damage 

In order to test if GOLPH3 overexpression confers cells a survival advantage 

against DNA-damaging agents, we engineered doxycycline-inducible HeLa cell lines that 

allowed bicistronic expression of GOLPH3 and GFP in a dose-dependent manner (Figure 

3-1). When treated with limiting concentrations of doxycycline, about 20% of these cells 

overexpress GOLPH3 and GFP. Compared with DMSO treatment (vehicle control), brief 

CPT treatment for 24 hr results in an 31% enrichment of GOLPH3 overexpressing cells 

as identified by GFP positivity (Figure 3-2). This enrichment is a consequence of 

overexpression of GOLPH3, as expression of GFP alone results in no enrichment. To test 

whether the ability of GOLPH3 to confer a survival advantage following DNA damage 

depends on its function at the Golgi, we examined the effect of doxycycline-induced 

overexpression of GOLPH3 R90L, a point mutant of GOLPH3 that is unable to bind 

PI4P and thus unable to localize to the Golgi (Dippold et al. 2009). As shown in Figure 3-

2, similar to GFP expression alone, induced overexpression of GOLPH3 R90L leads to 

no significant enrichment following DNA damage. 

 

3.2.2.2 GOLPH3 overexpression confers a long-term survival advantage following 

DNA damage 
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We next examined whether transient overexpression of GOLPH3 during DNA 

damage would lead to enhanced long-term cell survival using a clonogenic survival assay. 

Doxycycline was applied to the inducible HeLa cell lines for 4 days and then withdrawn 

to transiently raise the level of GOLPH3 (or GOLPH3 R90L or GFP alone). On day 2, 

replicates were replated at low density and treated with various concentrations of DOXO 

for 24 hr to assess clonogenic survival after 2 weeks. As shown in Figure 3-3, transient 

overexpression of GOLPH3 at the time of a single round of DOXO treatment increased 

clonogenic survival by as much as 4.3-fold in a doxycycline-dose-dependent manner. By 

contrast, doxycycline-induced overexpression of GOLPH3 R90L or GFP alone had no 

significant effect on clonogenic survival after DOXO treatment. Therefore, 

overexpression of GOLPH3 enhances the ability of cells to survive DNA damage, and 

this ability depends on its interaction with PI4P and localization to the Golgi. 

 

3.2.3 Discussion 

As discussed in detail in Chapter 1, a number of studies have demonstrated that a 

high proportion of different types of human cancers harbor GOLPH3 amplification, and 

that the level of GOLPH3 overexpression correlates with poor prognosis. Interestingly, in 

the current study, we identify a key role of GOLPH3 in promoting cell survival after 

DNA damage. This protective effect of GOLPH3 raises the probability of using GOLPH3 

as a clinical marker to predict chemotherapy responsiveness and cancer progression. On 

the other hand, targeting the GOLPH3 pathway might provide novel therapeutic benefits. 

 

3.2.4 Experimental procedures 
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3.2.4.1 Cell construction 

The Tet-On inducible stable cell lines express both the third generation reverse 

tetracycline-controlled transactivator (rtTA) and reporter constructs driven by the Tet-

operator (TetO) (Gossen and Bujard 1992; Urlinger et al. 2000; X. Zhou et al. 2006). The 

reporter vector was generated by serial cloning to combine the TetO from pTRE-tight 

(Clontech), siRNA-resistant GOLPH3 (Dippold et al. 2009), and IRES-hrGFP 

(Stratagene) into pcDNA3.1/Hyg (Invitrogene) to allow for selection by 200 µg/ml 

Hygromycin B. The double-stable CMV-rtTA/TetO-GOLPH3-IRES-hrGFP HeLa cell 

line was generated by transfection of HeLa Tet-On 3G cells (Clontech) with 

pcDNA3.1/Hyg-TetO-GOLPH3-IRES-hrGFP. Individual colonies were picked and 

screened for doxycycline-inducible expression of GOLPH3 and GFP. The control cell 

lines CMV-rtTA/TetO-IRES-hrGFP and CMV-rtTA/TetO-GOLPH3 R90L-IRES-hrGFP 

were generated in similar fashion. 

 

3.2.4.2 Fluorescence microscopy 

Fluorescence microscopy was performed with an Olympus IX81-ZDC spinning 

disk confocal microscope and analyzed using Slidebook and ImageJ software. 

 

3.2.4.3 Clonogenic survival assay 

Doxycycline-inducible HeLa cells were treated as described in the text, replated 

as a dilution series, and then treated with the indicated concentrations of DOXO for 24 hr. 

Colonies were counted 10-14 days later by fixation and staining with crystal violet. 
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3.3 GOLPH3 overexpression promotes growth factor signaling 

3.3.1 Introduction 

The previous section of this chapter discusses the ability of GOLPH3 to protect 

cells against DNA damage. Although it correlates well with the high frequencies of 

GOLPH3 amplification in advanced cancers, it does not explain why GOLPH3 drives 

cancer formation in the first place. Thus, further studies on how GOLPH3 drives 

oncogenic transformation are needed. Published literature has suggested a role of 

GOLPH3 in modulating growth factor signaling via mTOR. More specifically, 

knockdown of GOLPH3 attenuates growth factor-stimulated phosphorylation of AKT 

and S6K, effectors downstream of mTOR complexes mTORC1 and mTORC2. On the 

other hand, overexpression of GOLPH3 leads to increased phosphorylation of AKT and 

S6K in response to growth factor stimulation (Scott et al. 2009; Zeng et al. 2012). 

Therefore, it has been proposed that GOLPH3 regulates growth factor signaling through 

mTOR, independent of its function in the secretory pathway. However, by systemically 

mapping the effect of GOLPH3 in the growth factor signaling cascade, our lab 

demonstrates that rather than involving a novel pathway through mTOR, GOLPH3 

affects growth factor signaling by regulating trafficking of growth factor receptors to the 

plasma membrane. 

In multiple human cancer cells as well as primary human cells, we have found 

that depletion of GOLPH3 not only reduces the strength of the AKT signaling pathway 

upon EGF stimulation, but it also interferes with the parallel ERK branch of growth 

factor signaling, suggesting that GOLPH3 might be acting upstream of mTOR. Indeed, 

we demonstrate that GOLPH3 affects growth signaling at the receptor level, as GOLPH3 



 

 

68 

knockdown impairs growth factor-stimulated receptor phosphorylation. This is true for 

EGF, insulin, and PDGF stimulated signaling responses. Furthermore, depletion of 

MYO18A, another component in the GOLPH3/MYO18A/F-actin complex in the 

secretory pathway at the Golgi, phenocopies GOLPH3 knockdown in reducing growth 

factor signal transduction at the receptor level. Finally, we show that this regulation by 

GOLPH3 is through Golgi-to-plasma membrane trafficking of growth factor receptors, 

since interference with the GOLPH3/MYO18A pathway results in accumulation of 

growth factor receptors at the Golgi and reduction at the plasma membrane. 

Thus, we reveal that GOLPH3 is required for delivery of growth factor receptor to 

the plasma membrane. Given that GOLPH3 is an oncogene, and that increased growth 

signaling is one of the transformative features of cancer cells, we wondered if GOLPH3 

could be rate limiting for growth factor receptor trafficking and thus for its downstream 

signaling. Therefore, the hypothesis to be tested here is that overexpression of GOLPH3 

could enhance growth factor signaling by increasing delivery of growth factor receptors 

to the plasma membrane. 

 

3.3.2 Results 

3.3.2.1 GOLPH3 overexpression enhances growth factor signaling 

In order of test the effect of GOLPH3 overexpression on growth factor signaling, 

we transiently transfected human breast cancer MDA-MB-231 cells with a bicistronic 

GOLPH3-IRES-GFP vector to allow simultaneous overexpression of GOLPH3 and GFP. 

As shown in Figure 3-4, in control IRES-GFP transfected cells, serum starvation 

followed by EGF stimulation led to phosphorylation of EGFR at Tyr1068 and of AKT at 
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Ser473. In comparison, GOLPH3 overexpression enhanced EGF-stimulated AKT 

phosphorylation, consistent with previous observations. Furthermore, GOLPH3 

overexpression resulted in increased EGFR phosphorylation, suggesting that the 

regulation happens at the receptor level in accordance with our model. Lastly, the ability 

to drive growth factor signaling is dependent on GOLPH3’s function at the Golgi, 

because overexpression of GOLPH3 R90L, the PI4P-binding mutant, had no significant 

effect. 

 

3.3.2.2 GOLPH3 overexpression promotes trafficking of EGFR to the plasma 

membrane 

Next, we tested whether the reason for GOLPH3 overexpression-driven enhanced 

growth factor signaling is increased delivery of growth factor receptor to the plasma 

membrane. We examined subcellular EGFR localization using a single cell assay. We 

transiently transfected MDA-MB-231 cells with GOLPH3-IRES-GFP or IRES-GFP 

alone, and then serum-starved the cells to allow EGFR accumulation at the plasma 

membrane. We identified transfected cells by GFP fluorescence, and measured the 

plasma membrane localization of EGFR in the GFP positive cells. In GOLPH3 

overexpressing cells, we observed a significant increase in the fraction of EGFR localized 

to the plasma membrane compared to control cells with GFP only (Figure 3-5). 

Furthermore, the increase is absent in cells overexpressing GOLPH3 R90L, arguing that 

GOLPH3’s ability modulate EGFR trafficking to the plasma membrane originates from 

its function at the Golgi. 

 



 

 

70 

3.3.3 Discussion 

In this study, our finding that the GOLPH3 pathway modulates growth factor 

signaling establishes an interesting previously unappreciated link between the secretory 

pathway at the Golgi and cellular regulation of growth signaling. We demonstrate that the 

GOLPH3 pathway is not only required for trafficking of growth factor receptor to the 

plasma membrane, it is also rate limiting at least in some circumstances. Furthermore, the 

ability of GOLPH3 overexpression to enhance receptor trafficking and increase 

downstream growth signaling provides new insight into how GOLPH3 might function as 

an oncogene. 

 

3.3.4 Experimental procedures 

3.3.4.1 Antibodies 

AKT, pAKT (Ser473), EGFR, pEGFR (Tyr1068) used in Western blotting and 

immunofluorescent imaging were from Cell Signaling Technologies. 

 

3.3.4.2 Measurement of EGFR at the plasma membrane 

Cells transfected with EGFR were identified by GFP fluorescence. 

Immunofluorescent images of GFP-positive/transfected cells were analyzed using 

Slidebook and CellProfiler. For each cell, a single confocal z-plane in the middle of the 

cell was taken, and the outer cell boundary of 2-3 pixel thickness was determined based 

on GFP fluorescence. EGFR localized to the plasma membrane was calculated as the 

fraction of signal at the boundary to total EGFR signal across the plane. 
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3.4 Transgenic mouse model of GOLPH3 overexpression 

3.4.1 Introduction 

In addition to cell culture studies, our lab’s effort to understand the 

pathophysiological consequences of GOLPH3 overexpression in vivo is a work in 

progress. It has been shown that GOLPH3 functions as an oncogene in cell culture and in 

mouse models. Ectopic GOLPH3 expression in human melanoma and NSCLC cells 

enhances tumor growth in mouse xenografts (Scott et al. 2009). On the other hand, as 

discussed in previous sections, cell culture studies from our lab suggest that the GOLPH3 

pathway at the Golgi is involved in multiple aspects of oncogenesis, including cell 

mobility, resistance against DNA damage, and growth factor signaling. Thus, establishing 

a mouse model that allows investigating the mechanisms of GOLPH3-dependent 

tumorigenesis in vivo and testing potential targets in the pathway for therapeutic 

intervention is a prominent issue. Our goal is to investigate how GOLPH3 drives cancer 

formation and development in transgenic mouse models with an otherwise wild-type 

background, where the expression of GOLPH3 can be controlled in a timely manner. The 

doxycycline-inducible system has been well established that permits both tight spatial 

and temporal regulations of transgene expression through an easily-administrated 

inducing drug, and is therefore best suitable for our research purposes. 

Although GOLPH3 has been validated to function as an oncogene, given the 

essential role of the GOLPH3 pathway-dependent Golgi secretion to overall cell biology, 

aberrant expression of GOLPH3 is expected to have a variety of consequences in living 

organisms including cancer. Therefore, at the first stage of our study, we will use 

ROSA26-rtTA to drive ubiquitous overexpression of GOLPH3, in order to 
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comprehensively examine the pathological phenotypes of GOLPH3 overexpression in 

different tissues and organs (Figure 3-6). In the second stage of our proposal, we will 

make use of the well-established MMTV-rtTA system to focus on GOLPH3’s role in 

breast cancer (Figure 3-6). The rationale for this choice is two-fold. Firstly, a significant 

percentage of human breast tumor samples harbor GOLPH3 amplification (Scott et al. 

2009; Zeng et al. 2012), arguing for a significant role of GOLPH3 in the development of 

breast cancers. Secondly, from a practical standpoint, tumors formed in mammary glands 

are readily accessible by palpation. In addition, to determine if the effect of 

overexpressed GOLPH3 is dependent on its binding to PtdIns(4)P and function at the 

Golgi, we will construct transgenic mouse models that allow inducible overexpression of 

the PtdIns(4)P binding mutant GOLPH3 R90L, and compare its effect to that of wild-type 

GOLPH3. 

Taken together, the main aims for this on-going work on transgenic mouse 

models are to identify the pathophysiological significances of GOLPH3 overexpression 

in vivo, and elucidate the molecular mechanisms of GOLPH3-driven tumorigenesis. 

Moreover, the mouse models will also provide a powerful tool to test the dependence on 

continued GOLPH3 overexpression for established tumors, and potential inhibitors of the 

GOLPH3 pathway for novel cancer therapeutics.  

 

3.4.2 Results 

3.4.2.1 Construction of ROSA26-rtTA/TetO-GOLPH3-IRES-GFP transgenic mice 

Expression cassette of TetO-GOLPH3-IRES-GFP (or TetO-IRES-GFP control) 

was purified for pronuclei injection into C57BL/6 mouse embryos (Figure 3-7). We 
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developed two sets of PCR primers that specifically amplify regions within Tet-

responsive element (TRE) and IRES, respectively, for genotyping. We screened founder 

mice by purifying genomic DNA from tail clippings and PCR using the TRE and IRES 

primers. Primers specific for βGlobin gene were used as internal control for genotyping 

(Figure 3-7). As shown in Figure 3-8, we identified 15 founder mice that tested positive 

by both TRE and IRES genotyping, suggesting they have the transgene integrated into 

their genome. 

 We subsequently mated each of these founder mice with ROSA26-rtTA mice 

(Jackson Laboratory) to give birth to ROSA26-rtTA/TetO-GOLPH3-IRES-GFP double 

transgenic offspring. ROSA26-rtTA allows widespread expression of an optimized form 

of the transactivator (rtTA-M2) protein (Hochedlinger et al. 2005). Administration of 

doxycycline to the double transgenic offspring will lead to rtTA-mediated transcription of 

the GOLPH3-IRES-GFP transcript, and ultimately overexpression of GOLPH3 and GFP 

proteins in all tissues. As a control, we also generated TetO-IRES-GFP transgenic mice 

that inducibly express GFP alone in a similar fashion. We identified 11 positive founders, 

and mated each of them with ROSA26-rtTA mice, to generate ROSA26-rtTA/TetO-

IRES-GFP double transgenic mice. 

 

3.4.2.2 Optimization of doxycycline administration 

In order to select for positive founder lines with the best doxycycline-induced 

transgene expression, and subsequently study the effects of GOLPH3 overexpression, it 

is important to establish and optimize doxycycline administration protocol in our hands. 

Thus, we took advantage of ROSA26-rtTA/TetO-HisGFP double transgenic mice, which 
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ubiquitously express a stabilized form of GFP upon doxycycline induction (Beard et al. 

2006), and tested different routes of doxycycline administration (i.e. via drinking water 

and via chow) in these mice to determine the optimal method for future experiments. 

Littermates of ROSA26-rtTA/TetO-HisGFP mice were randomly assigned to 

receive regular chow, chow supplemented with 625 mg/kg doxycycline, 5% sucrose 

water, or 5% sucrose water containing 2 mg/ml doxycycline. Negative controls also 

included wild type C57BL/6 mice given doxycycline chow or doxycycline water. By 

Western blot using lysates from various tissues, we observed doxycycline induced 

expression of GFP, while detecting no expression in the negative controls. In most, if not 

all, tissues examined, the expression level was more robust in group that received 

doxycycline via drinking water than via chow (Figure 3-9). Therefore, we determined 

that 2 mg/ml doxycycline in drinking water as the optimal route of administration.  

 

3.4.2.3 Testing founder lines for doxycycline-inducible overexpression of GOLPH3 

Double transgenic progenies from breeding of GOLPH3 positive founders to 

ROSA26-rtTA (genotype ROSA26-rtTA +/-; TetO-GOLPH3-IRES-GFP +/-) were given 

doxycycline in drinking water for seven days before sacrificed for tissue collection. 

Whole mouse green fluorescent imaging, tissue Western blot, and immunohistochemistry 

methods were used to test for doxycycline induced transgene expression in various 

tissues. We identified two founder lines that showed doxycycline-induced GFP 

expression by whole mouse imaging (Figure 3-10A)—GOLPH3 #34 and #50. 

Widespread GOLPH3 overexpression was detected by Western blot in stomach, 

intestines, pancreas, heart, spleen, and kidney, with the gastrointestinal (GI) tract having 
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the highest expression (Figure 3-10B and data not shown). Doxycycline-induced 

GOLPH3 overexpression was confirmed by immunohistochemistry on tissue sections 

(Figure 3-11 and data not shown). Specifically, we noted that GOLPH3 overexpression in 

GOLPH3 #34 mice was homogenous, whereas the expression pattern was patchy in 

GOLPH3 #50. We later discovered that GOLPH3 #50 showed X-linked transmission of 

transgene, suggesting the integration occurred in the X chromosome. This might 

contribute to the patchy pattern of expression, which is due to random X chromosome 

silencing of gene expression. Additionally, we identified a founder line of ROSA26-

rtTA/TetO-IRES-GFP, GFP #24, which showed strong GFP expression upon 

doxycycline induction (Figure 3-12), and was selected to be used for control in future 

experiments. 

 

3.4.2.4 Overall health of GOLPH3 transgenic mice 

In an effort to examine the overall physiological consequences of GOLPH3 

overexpression, we used cohorts of GOLPH3 transgenic mice (mostly hemizygote for 

GOLPH3 transgene, the remaining being homozygote), and induced long-term transgene 

expression by doxycycline in drinking water. Negative controls included uninduced 

littermates of GOLPH3 transgenic mice, and cohorts of induced and uninduced GFP 

transgenic mice. We monitored study mice biweekly through body weight and overall 

appearance and activity. As mice were on doxycycline for longer than 5 months, we 

started to observe a change in the overall health condition of induced GOLPH3 mice. 

They frequently developed scruffy skin, enlarged abdomen, and miscellaneous health 

issues such as dermatitis, irritated eyes, etc. In some cases of GOLPH3 #50, mice were 
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inactive and moribund. These symptoms were restricted to GOLPH3 overexpressing 

mice, and absent in control mice. 

 

3.4.2.5 Initial characterization of GI tract abnormalities of GOLPH3 transgenic 

mice 

 Gross post mortem examination on euthanized sick or moribund GOLPH3 #34 

and #50 mice found frequent occurrence of enlarged cecum (Figure 3-13). This 

phenotype was consistent in both lines of induced GOLPH3 overexpressing mice and 

absent in control mice, suggesting that it is a consequence of GOLPH3 overexpression. 

We also noted that GOLPH3 #50 exhibited greater severity in the symptoms than 

GOLPH3 #34. In some cases of GOLPH3 #50, we observed prominent enlarged and 

bloody cecum with high levels of inflammation (Figure 3-13).  

 We collected all major tissues from study mice for further histopathologic 

examination. GOLPH3 overexpression was confirmed by Western blotting of tissue 

lysates (data not shown). Hematoxylin and eosin (H&E) staining of tissue sections of the 

GI tract were shown in Figure 3-14. In pancreas, we observed fewer secretory granules in 

GOLPH3 overexpressing cells, accompanied by higher nucleus density and more 

inflammatory cell infiltration. In small intestine, we observed overall similar epithelia in 

GOLPH3 overexpressing and control mice. However, GOLPH3 overexpressing mice 

showed more undulated villi compared to the controls. In large intestine and cecum, there 

was no significant difference between induced GOLPH3 and induced GFP mice in 

epithelial morphology, except in some cases of GOLPH3 overexpressing mice, we 

observed more goblet cells. However, at this stage of study, these findings are still 
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preliminary results. More cohorts need to be examined to verify the consistency of the 

abnormalities we saw in GOLPH3 mice. 

 

3.4.3 Discussion 

3.4.3.1 GI tract abnormalities by GOLPH3 overexpression 

The most prominent and consistent abnormality we have observed on long-term 

doxycycline-induced GOLPH3 transgenic mice is at the GI tract, including enlarged 

cecum by gross necropsy, and abnormal tissue histology in the pancreas and intestines. 

This correlates with high expression level of transgene detected in the GI tract, especially 

for the GOLPH3#50 line. Possible pathological causes associated with enlarged cecum 

include malabsorption of digested material in the intestines, reduced content of digestive 

enzymes in GI tract, altered gut microbiota, and excessive mucin content. Considering 

that GOLPH3 plays an essential role in the trafficking pathway, and that we observed 

abnormal secretory granules in the pancreas, we will first test the possibility of defective 

secretion of digestive enzymes from the pancreas which will contribute to malabsorption 

in the gut. We will test stool for the presence of mucin and undigested substance. In 

addition, we will introduce insult to the GI tract in combination with doxycycline 

induction, including feeding with high fat diet, chemically induced colitis and intestinal 

cancer, to test the possibility of enhanced phenotypic consequences of GOLPH3 

overexpression. Lastly, examination of the Golgi at subcellular level within the GI tissues 

is needed to further study the mechanism for GOLPH3-driven pathological changes. 

 

3.4.3.2 Phenotypic enhancement by homozygosity of GOLPH3 transgene 
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As initial screening of the phenotypic consequences of GOLPH3 overexpression, 

we constructed experiment cohorts by mating heterozygotes of GOLPH3 and selecting 

for transgene positivity by genotyping. Without an easy and effective method to 

distinguish heterozygosity and homozygosity, the mice on study are a combination of 

heterozygotes (2/3) and homozygotes (1/3) for GOLPH3. This could possibly explain a 

range of severities in the phenotypes we observed. To note, homozygosity of transgene is 

especially important for GOLPH3 #50, where transgene is X-linked, since homozygosity 

would overcome X chromosome silencing and therefore reduce heterogeneity in 

transgene expression. As we breed mouse colony to homozygosity, more consistent and 

possibly severe phenotypes are expected from GOLPH3 overexpressing mice. 

 

3.4.4 Experimental procedure 

3.4.4.1 Transgenic mice and animal husbandry 

Transgenic mice expressing the Tet-On inducible reporter constructs were 

generated by pronuclei microinjection of purified DNA segments into fertilized C57BL/6 

embryos. The reporter construct of TetO-GOLPH3-IRES-GHP was generated by serial 

cloning to combine the TetO promoter from pTRE-Tight (Clontech), siRNA resistant 

GOLPH3 (Dippold et al. 2009), and IRES-hrGFP (Stratagene). Positive progenies with 

transgene integration were identified by tail genotyping. Control transgenic mice of 

TetO-IRES-GFP were generated in similar fashion. ROSA26-rtTA mice were purchased 

from Jackson Laboratory. ROSA26-rtTA/TetO-HisGFP mice were a kind gift from Dr. 

Jing Yang (University of California, San Diego, La Jolla, CA).  
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All animals were housed in Association for Assessment and Accreditation of 

Laboratory Animal Care-approved vivarium in the School of Medicine, University of 

California, San Diego following the standards and procedures approved by the local 

Institutional Animal Care and Use Committee. Mice were weaned at 21-28 days, 

maintained on a 12-hr light-dark cycle, and fed ad libitum water and standard rodent 

chow (Harlan Tekland) unless on doxycycline induction. 

 

3.4.4.2 Genotyping 

Genomic DNA from tail clippings was extracted by incubating with 50 mM 

NaOH at 95
o
C for 1 hr, followed by neutralization with 0.5 M Tris-HCl (pH 8.0). 

Genotyping primers to detect transgene integration were as follows: TRE forward: 5' - 

GCAGATATCCAGCACAGTGG - 3'; TRE reverse: 5' - CGTACACGCCTACCTCGAC 

- 3'; IRES forward: 5' - CTAACGTTACTGGCCGAAGC - 3'; IRES reverse: 5' - 

GAGGAACTGCTTCCTTCACG - 3'. For internal control, primers to detect βGlobin 

were: βGlobin forward: 5’ – CCAATCTGCTCACACAGGATAGAGAGGGCAGG – 3’; 

βGlobin reverse: 5’ – CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG – 3’. 

 

3.4.4.3 Doxycycline induction 

For optimization of doxycycline induction, two routes of administration were 

compared. Mice were fed 2 mg/ml doxycycline in drinking water supplemented with 5% 

sucrose, or were fed LabDiet 5053 standard chow supplemented with 625 mg/kg 

doxycycline (TestDiet). For doxycycline induction via water, mice were accustomed with 
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5% sucrose water for 7 days prior to adding doxycycline. Induction via drinking water 

showed higher expression level and thus was used for all following experiments. 

 

3.4.4.4 Tissue collection and processing for Western blotting 

Tissues were collected at necropsy, snap frozen in liquid nitrogen and kept in -

80
o
C until further processing. SDA sample buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 

10% glycerol, and 1 mM DTT) was used to homogenize tissues on ice until no big chunk 

was visible, followed by boiling at 95
o
C for 10 min. Supernatant was saved and protein 

concentration measured prior to Western blotting. 

 

3.4.4.5 Tissue collection and processing for histology and immunohistochemistry 

Tissues collected at necropsy were fixed in 10% formalin (Fisher Scientific) for 

over 16 hrs and dehydrated in 70% ethanol, following by paraffin embedding and 

sectioning. For histological examination, H&E staining was used. For 

immunohistochemistry analysis, paraffin-embedded sections were rehydrated by 

sequential washes in xylene, 100% ethanol, 95% ethanol, 70% ethanol, and PBS. For 

antigen retrieval, sections were incubated with 250 ml citrate buffer and microwaved for 

10 min. Standard procedures for immunofluorescence were followed. 
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3.6 Figures 

 
 

Figure 3-1. Doxycycline-induced overexpression of GOLPH3 in engineered HeLa cells. 

(A) Regular HeLa, parental Tet-On HeLa, and engineered Tet-On/TRE-GOLPH3-IRES-

GFP HeLa cells were treated with different doses of doxycycline as indicated for 24 hr, 

and then Western blotted for GOLPH3 and GAPDH as a loading control. Lysates from 

doxycycline-inducible cells treated with the highest dose were loaded at different 

amounts to allow semiquantitative assessment of fold overexpression. Regular and 

parental HeLa cells have endogenous GOLPH3, while engineered HeLa cells overexpress 

GOLPH3 in a doxycycline-dose-dependent manner. (B) Representative IF images from 

engineered HeLa cells treated with increasing amounts of doxycycline using antibodies 

against GOLPH3 and a Golgi marker GM130, and co-stained with DAPI. Bicistronic 

expression of GFP and GOLPH3 increases with doxycycline dose. Bar, 10 µM. 
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Figure 3-2. GOLPH3 overexpression promotes short-term cell survival after DNA 

damage (adapted from (Farber-Katz et al. 2014). (A) Engineered HeLa cell lines were 

treated with limiting amount of doxycycline to induce a heterogeneous pool of GFP and 

GOLPH3 overexpression, and then treated with 1 µM CPT or DMSO (control) for 24 hr 

to assess the survival advantage of GFP-positive/overexpressing cells. Graphed is the 

increase in the proportion of GFP-positive cells that survived after CPT treatment relative 

to after DMSO treatment. There is an enrichment of GOLPH3 overexpressing cells after 

DNA damage, which is not present in GFP or GOLPH3 R90L overexpressing cells. Data 

are pooled from three experiments, each done in quadruplicate (n = 12). (B) Western 

blots from lysates corresponding to the cells used in the survival assay shown in (A). 
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Figure 3-3. GOLPH3 overexpression promotes long-term cell survival after DNA 

damage (adapted from (Farber-Katz et al. 2014). (A) Clonogenic survival assay of HeLa 

cell lines expressing doxycycline-inducible IRES-GFP, GOLPH3-IRES-GFP, or 

GOLPH3 R90L-IRES-GFP. Cells were treated with the indicated concentrations of 

doxycycline, and then replated and treated with DOXO for 24 hr. Colonies were counted 

13 or 14 days later. Data are pooled from two to five experiments, each done in triplicate 

(n ranges from 6 to 15). Overexpression of GOLPH3 increases long-term cell survival by 

4.3-fold, whereas overexpression of GFP alone or GOLPH3 R90L has no effect after 

DNA damage. (B) Western blots from lysates corresponding to the cells used in the 

clonogenic survival shown in (A). 
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Figure 3-4. GOLPH3 overexpression enhances EGF signaling (Peterman, in 

preparation). MDA-MB-231cells were transfected with IRES-GFP (control), GOLPH3-

IRES-GFP, or GOLPH3 R90L-IRES-GFP expression vectors, serum-starved, and 

stimulated (or not) with 100 ng/ml EGF for 5 min. Western blots were performed on 

whole cell lysates using the indicated antibodies. Overexpression of GOLPH3, not 

GOLPH3 R90L, enhances EGF-stimulated phosphorylation of EGFR and AKT compared 

with control. 
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Figure 3-5. GOLPH3 overexpression increases EGFR levels at the plasma membrane 

(Peterman, in preparation). (A) MDA-MB-231cells were transfected with IRES-GFP 

(control), GOLPH3-IRES-GFP, or GOLPH3 R90L-IRES-GFP expression vectors and 

serum-starved prior to fixation and immunofluorescence imaging. Representative images 

were shown with GFP, EGFR in red co-stained with DAPI, and merge. (B) 

Quantification of EGFR fraction at the plasma membrane from (A), expressed as relative 

to control. Overexpression of wild typeGOLPH3, not GOLPH3 R90L, increases EGFR 

localized to the plasma membrane. Graphed are mean ± SEM, with number of cells 

analyzed and p-values indicated. 
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Figure 3-6. Scheme of construction of transgenic mouse models. Transgenic mice of tet-

responsive element (TRE)-driven GOLPH3-IRES-GFP, GOLPH3 R90L-IRES-GFP, and 

IRES-GFP are generated through pronuclei microinjection, and crossed to ROSA26-

driven reverse tetracycline transactivator (rtTA) to allow ubiquitous expression induced 

by doxycycline, or crossed to mammary gland specific promoter MMTV-driven rtTA to 

allow mammary specific overexpression up doxycycline induction. 
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Figure 3-7. Design of genotyping primers to detect transgene integration. Two pairs of 

primers are designed to hybridize to the TRE and IRES regions (highlighted in red texts) 

of the transgene respectively. The sizes of the amplified DNA products are indicated. 

Primers that detect the βglobin gene, ubiquitously present in mouse tissues, are used as an 

internal genotyping control. 
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Figure 3-8. Positive founders identified by genotyping. Genotyping results using primers 

that detect the TRE and IRES regions within the transgene, with βglobin as internal 

control are shown. For each panel, top band correlates to amplified βglobin fragments; 

bottom band correlates to amplified transgene fragments. Purified vector containing the 

transgene cassette was used as positive control, and genome DNA from wild type 

C57BL/6 mice was used as negative control. Positive founder lines that contain the 

transgene verified by both TRE and IRES genotyping are highlighted in red (15 total). 

#38 tested positive for TRE but negative for IRES, suggesting incomplete integration of 

transgene, and is thus not a positive founder. 
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Figure 3-9. Optimization of doxycycline administration. ROSA26/TetO-HisGFP 

littermates were given doxycycline via drinking water or via chow as indicated to 

compare levels of GFP induction in various tissues. Uninduced transgenic mice and 

induced wild type C57BL/6 mice were included as negative controls for doxycycline-

induced GFP expression. Tissue lysates were Western blotted for GFP, with β-actin, 

tuberin, and GOLPH3 as loading control. In all tissues examined, administration via 

drinking water results in higher transgene expression than via chow. S. gland, salivary 

gland. 
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Figure 3-10. Doxycycline-induced transgene overexpression in GOLPH3 #34 and #50. 

(A) Doxycycline-induced GFP expression is detected by whole mouse fluorescent 

imaging, with expression enriched in the skin and intestines. (B) Representative tissue 

lysates were Western blotted for GOLPH3 with GAPDH as loading control. In both lines, 

doxycycline-induced GOLPH3 overexpression was detected in most tissue examined 

except salivary gland. Tissues of the GI tract, i.e. small intestine, pancreas, and stomach 

showed highest levels of expression. 
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Figure 3-11. Doxycycline-induced overexpression of GOLPH3 in GOLPH3 #34 and #50 

by immunohistochemistry. Sections of pancreas and small intestine from GOLPH3 #34 

and #50 were prepared for immunohistochemistry using GOLPH3 specific antibody, co-

stained with DAPI to mark cell nuclei. In both lines, doxycycline induced overexpression 

of GOLPH3. In GOLPH3 #34, expression was homogeneous, while GOLPH3 #50 

showed patchy expression pattern. 
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Figure 3-12. GFP #24 mice shows doxycycline-induced GFP expression.  Doxycycline-

induced green fluorescence was visible by whole mouse imaging, with highest 

expressions in the skin and GI tract.  
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Figure 3-13. Representative images of enlarged cecum in induced GOLPH3 #50 mice. 

Left, a severe case of enlarged, bloody cecum from GOLPH3 #50 on long-term 

doxycycline induction. Right, side-by-side comparison of induced/uninduced GOLPH3 

#50 mice and GFP #24 control mice, as indicated, showing enlarged cecum in induced 

GOLPH3 #50 mouse compared to controls. 
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Figure 3-14. Histological characterization of the GI tract. GOLPH3 #50 and GFP #24 

cohorts were treated with long-term doxycycline to induce GOLPH3-IRES-GFP and GFP 

expression respectively. H&E stained tissue sections of the GI tract were shown as 

indicated. 
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Chapter 4 

Conclusions and Future Directions 

 

4.1 The GOLPH3 pathway at the Golgi 

In a study published in 2009, our lab used a proteomic lipid-binding screen and 

identified GOLPH3 to be a specific and strong effector of PtdIns(4)P. Since PtdIns(4)P is 

predominately enriched at the trans-Golgi membrane, the binding of GOLPH3 to 

PtdIns(4)P localizes it to the Golgi. We further showed that GOLPH3 binds to MYO18A, 

thus linking the Golgi to the actin cytoskeleton. The tensile force provided by the 

PtdIns(4)P/GOLPH3/MYO18A pathway upon the Golgi is essential for vesicle budding 

and trafficking from the Golgi to the plasma membrane. A side effect of GOLPH3-

mediated trafficking is the flattened ribbon shape typical of the Golgi as observed by light 

and electron microscopy (Dippold et al. 2009).  

Around the same time as our publication, Lynda Chin and colleagues 

independently identified GOLPH3 as an oncogene frequently amplified in human cancers 

through an unbiased genome-wide copy number analysis of a panel of different tumors 

(Scott et al. 2009). This surprising finding established GOLPH3 as the first example of a 

Golgi oncogene. Since then, GOLPH3 has been verified as an oncogene by more than 20 

clinical studies, and overexpression of GOLPH3 is correlated with poor prognosis in 

patients (for review see Chapter 1). Although a number of models have been proposed for 

GOLPH3-dependent tumorigenesis, the exact mechanism remains elusive. Based on the 

findings from our lab, we hypothesize that GOLPH3’s ability to drive cancer originates 

from its function at the Golgi in protein trafficking, which requires the 
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PtdIns(4)P/GOLPH3/MYO18A pathway. Given the importance of protein trafficking to 

overall cell functions, there is expected to be a range of abnormalities from perturbations 

of the GOLPH3 pathway, some of which might contribute to cancer. 

 

4.2 GOLPH3 regulates cell migration 

Among the published results on GOLPH3’s role in cancer, it has been suggested 

that overexpression of GOLPH3 enhances cancer cell motility. Specifically, down 

regulation of GOLPH3 in malignant gliomas, which often exhibit elevated GOLPH3 

level compared to normal tissues, leads to impaired cell migration and invasion (Xiuping 

Zhou et al. 2013; X. Zhang et al. 2014). In cell culture, reduction of Golgi PtdIns(4)P 

level inhibits cell migration, whereas elevated PtdIns(4)P leads to increased cell 

migration, both of which are mediated through downstream GOLPH3 (Tokuda et al. 

2014). Overexpression of GOLPH3 has been reported to increase cell migration and 

invasion in both glioma and breast cancer cells (X. Zhang et al. 2014; Tokuda et al. 2014; 

Isaji et al. 2014). Taken together, it is clear that the GOLPH3 pathway plays a role in 

regulating cell migration. Understanding the molecular mechanism by which GOLPH3 

mediates cell migration is therefore an important issue, with significance to both basic 

cell biology and cancer biology. 

 In the study detailed in Chapter 2, we unveil the mechanism of enhanced cell 

migration conferred by overexpression of GOLPH3. We recapitulate the phenotype of 

increased wound healing in a cell monolayer by GOLPH3 overexpression in human 

breast cancer MDA-MB-231 cells. We show that the increase in monolayer scratch 

wound healing is dependent on GOLPH3’s role at the Golgi, as such phenotype is 
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abolished by PtdIns(4)P-binding mutation. We further investigate possible mechanisms 

for GOLPH3-driven enhancement in cell migration, and discover that the linkage 

between the Golgi and actin cytoskeleton provided by the PtdIns(4)P/GOLPH3/ 

MYO18A pathway is required for Golgi reorientation and establishing directionality of 

cell migration. Overexpression of GOLPH3 is able to enhance this pathway and drive 

more efficient Golgi reorientation that precedes directional cell migration in a manner 

dependent on PtdIns(4)P and MYO18A. Finally, we demonstrate that the functional 

significance of GOLPH3-driven Golgi reorientation is enhanced directional trafficking 

toward the leading edge (Figure 4-1). Thus, our discovery establishes a novel pathway 

that links Golgi polarization and directional trafficking to actin-mediated cell migration 

through GOLPH3/MYO18A, and provides fresh insights into how overexpression of 

GOLPH3 might contribute to increased cancer mobility and mortality. 

 

4.3 GOLPH3 confers resistance against DNA damage 

A few projects led by colleagues in the Field lab have been focusing on 

investigating additional roles of the GOLPH3 pathway in cellular functions and with 

particular attention to the oncogenic effects when the pathway is altered. Firstly, our 

recently published study on the GOLPH3-mediated Golgi dispersal/fragmentation upon 

DNA damage has revealed an interesting role of the pathway on promoting cell survival 

(Farber-Katz et al. 2014). We have demonstrated that in response to DNA damage, DNA-

PK phosphorylation of GOLPH3 increases binding to MYO18A, activating the GOLPH3 

pathway. The increased interaction between GOLPH3 and MYO18A results in dramatic 

Golgi fragmentation and dispersal. 
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Furthermore, GOLPH3-dependent Golgi response to DNA damage is functionally 

important for cell survival after DNA damage. Depletion of GOLPH3, MYO18A, or 

DNA-PKcs not only prevents dispersal of the Golgi, but also significantly increases 

apoptosis and reduces cell survival after treatment with DNA-damaging agents. As 

discussed in Chapter 3, overexpression of GOLPH3 confers a survival advantage to cells 

after DNA damage, which can last long after the initial damage. Importantly, this survival 

advantage induced by GOLPH3 overexpression requires GOLPH3 localization to the 

Golgi. Altered Golgi trafficking as a consequence of Golgi fragmentation is believed to 

be important for the enhanced survival benefit provided by this pathway, although the 

exact mechanism is currently unknown and remains to be investigated (Figure 4-1). 

The resilience against DNA damage conferred by GOLPH3 overexpression has 

particular relevance to cancer, as most standard chemotherapeutics are DNA-damaging 

agents. Therefore, our finding raises hope of using GOLPH3 overexpression as a clinical 

marker to predict responsiveness to chemotherapy, and that therapeutics targeting the 

GOLPH3 pathway could be beneficial in combination with standard therapeutics. 

 

4.4 GOLPH3 is rate-limiting for growth factor signaling 

Independently, in a study led by Peterman, we discovered yet another aspect of 

GOLPH3’s pleiotropic roles in cell function and cancer progression—regulation of 

growth factor signaling. We find that GOLPH3/MYO18A is required for growth factor 

signaling because growth factor receptors dependent on the pathway for trafficking to the 

plasms membrane. Depletion of either GOLPH3 or MYO18A impairs signaling at the 

receptor level, which is a consequence of impaired trafficking. Moreover, we demonstrate 
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in Chapter 3 that the GOLPH3/MYO18A pathway at the Golgi is also rate-limiting for 

growth factor receptor trafficking and thus downstream signaling. Overexpression of 

GOLPH3 is able to enhance growth factor signaling by increasing trafficking of receptors 

to the plasma membrane. Therefore, the GOLPH3 pathway does not only serve to 

regulate the strength of growth signaling, but when elevated, as frequently observed in 

human cancers, can drive increased growth signaling and produce oncogenic effects 

(Figure 4-1). This finding yet again raises hope for potential anti-tumor therapeutics 

which target the GOLPH3 pathway and thereby interfere with growth factor signaling of 

cancer cells. 

 

4.5 Consequences of GOLPH3 overexpression in vivo 

 As a succession to cell culture studies, we have generated transgenic mouse 

models of GOLPH3 to explore the consequences of GOLPH3 overexpression and test 

GOLPH3’s ability to drive and sustain cancer in vivo. As presented in Chapter 3, through 

pronuclei injection of TetO-GOLPH3-IRES-GFP (or TetO-IRES-GFP control) 

expression cassette into mouse embryos, genotyping to select positive founders of 

transgene integration, crossing to ROSA26-rtTA mice, and testing for doxycycline-

induced transgene expression in the progeny, we have established 2 lines of GOLPH3 

transgenic mice (GOLPH3 #34 and #50) and 1 line of GFP control transgenic mice (GFP 

#24). We detect overexpression of GOLPH3 upon doxycycline induction in almost all 

tissues, with the highest expression restricted to the GI tract. 

 From preliminary studies on the effects of long-term doxycycline-induced 

GOLPH3 overexpression, we observe that the mice on study develop health issues 



 

 

103 

around 6 month on doxycycline, including low activity, enlarged abdomen, and scruffy 

hair. Upon necropsy of sick mice, the most significant and consistent abnormality is in 

the GI tract, namely enlarged and sometimes bloody cecum. This abnormality is a 

consequence of GOLPH3 overexpression, since we do not detect this phenotype in 

control mice (induced GFP mice and uninduced GOLPH3 mice). Moreover, 

histopathological examination of tissue sections find increased undulated villi and goblet 

cells in the GI tract. At this preliminary stage, we do not fully comprehend the cause for 

the GI tract abnormalities. Possible causes are malabsorption of digested material in the 

intestines, reduced content of digestive enzymes in GI tract, altered gut microbiota, and 

excessive mucin content. In order to distinguish the real cause, further experimentation 

including more cohorts, stool testing, chemical-induced GI tract insult, and subcellular 

characterization of Golgi function are needed. 

 Since GOLPH3 functions as an oncogene in cell culture studies, it would be 

important to test if overexpression of GOLPH3 is able to drive oncogenesis in vivo in an 

otherwise wild type background. It is likely that GOLPH3 alone is not sufficient to cause 

tumor formation. There are examples of multiple oncogenes that cooperatively cause 

cancer in vivo (Sinn et al. 1987). Since GOLPH3 has been shown to cooperate with H-

RAS G12V to cause oncogenic transformation in cell culture (Scott et al. 2009), we will 

also test if GOLPH3 is able to enhance activated H-RAS-induced tumorigenesis, by 

crossing GOLPH3 transgenic mice to H-RAS transgenic mice. 

 Finally, using the transgenic mouse models we will determine if withdrawal of 

GOLPH3 overexpression in established tumors will cause tumor regression, which if true 

would raise the possibility of targeting the GOLPH3 pathway for cancer therapeutics. 
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The transgenic mice also serve as a powerful tool to test potential inhibitors of the 

GOLPH3 pathway for anti-tumor effects. 
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4.6 Figure 

 
 

Figure 4.1. The GOLPH3 pathway in cell migration, DNA damage response, and growth 

factor signaling. The GOLPH3 pathway in Golgi-to-plasma membrane trafficking plays 

important roles in multiple cellular processes. In directional cell migration, the 

PI4P/GOLPH3/MYO18A machinery, which links the Golgi to the actin network, 

mediates Golgi reorientation and consequently directional trafficking toward the leading 

edge (in green). In response to DNA damage, activated DNA-PK phosphorylates 

GOLPH3, which leads to increased GOLPH3/MYO18A interaction, Golgi fragmentation, 

and enhanced cell survival (in red). Lastly, the GOLPH3 pathway is required, and also 

rate-limiting, for growth factor receptor trafficking to the plasma membrane, which 

provides regulation of downstream growth factor signaling (in blue). 
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