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Cell-matrix adhesion regulates membrane trafficking to control anchorage-dependent 

signaling.  While a dynamic Golgi complex can contribute to this pathway, its control by 

adhesion remains untested.  Loss of adhesion rapidly disorganizes the Golgi in mouse and 

human fibroblast cells, its integrity restored rapidly on re-adhesion to fibronectin (but not 

poly-l-lysine coated beads) along the microtubule network.  Adhesion regulates the trans-

Golgi more prominently than the cis /cis-medial Golgi, though they show no fallback into 

the ER making this reorganization distinct from known Golgi fragmentation.  This is 

controlled by an adhesion-dependent drop and recovery of Arf1 activation, mediated through 

the Arf1 GEF BIG1/2 over GBF1.  Constitutively active Arf1 disrupts this regulation and 

prevents Golgi disorganization in non-adherent cells.  Adhesion regulates active Arf1 binding 

to the microtubule minus-end motor protein dynein to control Golgi reorganization, which 

ciliobrevin blocks.  This regulation by adhesion controls Golgi function, promoting cell 

surface glycosylation on the loss of adhesion that constitutively active Arf1 blocks.  This study 

hence identifies cell-matrix adhesion to be a novel regulator of Arf1 activation, controlling 

Golgi organization and function in anchorage-dependent cells. 
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Introduction. 

Cell adhesion to extracellular matrix is vital for cell proliferation and growth and is shown to 

regulate cellular processes like migration, cell spreading, polarity, cytoskeletal re-arrangement 

and membrane trafficking (endocytosis and exocytosis). The architecture of the Golgi 

apparatus is subject to many variables and directly contributes to Golgi inheritance and 

function (Emr et al., 2009; Marsh and Howell, 2002).  In mammalian cells, the Golgi is made 

up of a series of flattened cisternal stacks that are not homogeneous and contain different 

resident proteins that allow the Golgi to be divided into cis, medial, and trans regions 

(Dunphy and Rothman, 1985; Shorter and Warren, 2002). The cis Golgi receives newly 

synthesized proteins and lipids from the ER, while cargo exits the Golgi at the trans side 

(Glick and Luini, 2011).  The Golgi apparatus undergoes dramatic fragmentation during cell 

division (Colanzi and Corda, 2007; Colanzi et al., 2003), apoptosis (Hicks and Machamer, 

2005) and disease conditions like neuronal degeneration (Nakagomi et al., 2008) and cancer 

(Petrosyan, 2015a).  This fragmentation is at times reversible and seen to play a role in Golgi 

function (Colanzi and Corda, 2007). Cell adhesion to the extracellular matrix is a vital 

regulator of many of the above cellular processes and disease conditions (LaFlamme et al., 

2008; Reverte et al., 2006; Wu and Reddy, 2012). While a role for cell adhesion in regulating 

membrane trafficking to support anchorage-dependent signalling is known (Balasubramanian 

et al., 2007; Caswell et al., 2009; Pawar et al., 2016), no such regulatory crosstalk between 

cell adhesion and the Golgi organization has been identified. 
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Two major set of observations from literature, (1) Cell-matrix adhesion regulates membrane 

trafficking and cell cycle, and (2) the Golgi regulates membrane trafficking and cell cycle 

progression, undergoing reversible fragmentation during mitosis.  Using these known 

observations the hypothesis was proposed that cell-matrix adhesion could control Golgi 

organization and hence function in a cell. Thesis have been divided into following sub-aims 

and to attempt to address the central question. 

 

I. Study the effect of cell-matrix adhesion on Golgi organization. 

II. Study the regulation of Golgi organization by cell-matrix adhesion. 

III. Compare loss of adhesion mediated Golgi disorganization to Golgi fragmentation. 

IV. Study the effect of adhesion-dependent Golgi disorganization on Golgi function. 

V. Study if and how this pathway is deregulated in anchorage-independent cancer cells. 

 

 

I. Study the effect of cell-matrix adhesion on Golgi organization. 

In this study, effect loss of cell-matrix adhesion and re-adhesion to fibronectin (in the absence 

of serum growth factors) have on the Golgi organization was tested.  Serum starved wild-type 

mouse embryonic fibroblasts (WT-MEFs) on the loss of adhesion rapidly disorganize their 

cis-Golgi (detected with GM130), cis-medial Golgi (detected with Mannosidase II-GFP) and 

most prominently the trans-Golgi (detected with GalTase-RFP). Re-adhesion of cells to 

fibronectin for just 5 mins (or less) while not significantly affecting cell shape and volume, 

dramatically restores cis, cis-medial and trans-Golgi organization.  This is reflected in a 
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significant reduction in the number of Golgi objects in re-adherent cells relative to when they 

are suspended.  Percentage distribution of the organized vs disorganized trans-Golgi 

phenotype when compared in the cell population further confirms the disorganized phenotype 

to be prominent in suspended cells, reversed rapidly on re-adhesion.  This adhesion-dependent 

regulation of the Golgi organization was also observed in anchorage-dependent human 

endothelial cells and human foreskin fibroblasts.  A similar and significant change in Golgi 

object numbers was observed in these cells when they are suspended and re-adherent.   

 

The kinetics of Golgi reorganization in WT-MEFs when tested for cis, cis-medial and trans-

Golgi, showed their dispersal and re-organization to both be very rapid.  Following their 

detachment, in the time it takes to process and fix cells (5' suspension) the Golgi is seen to 

disorganize.  This reflects in Golgi object numbers being high at the 5 min suspension, 

showing a modest but significant increase over the next 90 to 120 mins.  Re-adhesion of cells 

for 5 mins shows a dramatic re-organization of the Golgi with a significant drop in the number 

of cis, cis-medial and trans-Golgi objects. This suggests regulation of Golgi organization to be 

rather sensitive to the loss and recovery of cell-matrix adhesion. It was also observed that 

adhesion regulates cis/cis-medial Golgi differentially than trans-Golgi. This was evident in 

the extent of disorganization and relative localization of these compartments in a suspended 

cell. Next, it was tested and found that binding of fibronectin-coated beads to suspended cells 

could also restore the integrity of the cis and trans-Golgi significantly better than poly L-lysine 

coated beads.  Percentage distribution of the organized vs disorganized trans-Golgi phenotype 

when compared across the bead-bound cell population further confirms the prominent 

disorganized phenotype in suspended cells to be reversed on the binding of fibronectin-coated 
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bead but not by poly L-lysine beads.  The position of the reorganized Golgi when analysed 

did not show any spatial predisposition towards the fibronectin-coated bead or coverslip.  This 

suggests the adhesion-dependent regulatory signal is carried rapidly to the Golgi to drive its 

reorganization. 

 

II. Study the regulation of Golgi organization by cell-matrix adhesion. 

Knowing the role cytoskeletal networks have in mediating cell adhesion-dependent signalling 

and Golgi organization (Egea et al., 2006; Sandoval et al., 1984; Sütterlin and Colanzi, 2010), 

its role was tested in this pathway.  Loss of adhesion and re-adhesion did not significantly 

affect the organization of the microtubule network and MTOC or the actin cytoskeletal 

network in cells. Both networks are functionally active in non-adherent cells, as Nocodazole 

and Latrunculin A treatment distinctly affected endocytic trafficking of GM1-CTxB on the 

loss of adhesion.  On nocodazole treatment, GM1 is endocytosed into the cell cortex but not 

trafficked to the recycling endosome (Balasubramanian et al., 2007), while Latrunculin A 

treatment blocks GM1 endocytosis.  WT-MEFs suspended for 90 mins and treated with 

Nocodazole (10 µM) for another 30 mins showed the cis-medial Golgi (Man II GFP) to be 

further disorganized with a significant increase in the number of discontinuous Golgi objects 

detected per cell.  The trans-Golgi (Galtase RFP), which on the loss of adhesion is already 

extensively disorganized, did not show such a distinct change.  On re-adhesion however, 

Nocodazole-treated cells failed to reorganize both the cis-medial and trans-Golgi.  

Interestingly, disrupting the actin cytoskeleton with Latrunculin A (0.5 µM) did not affect cis-

medial or trans-Golgi organization in suspended and re-adherent cells.  This provides 

evidence that disorganized Golgi in suspended cells is held along microtubule network and 
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also it differs for cis/cis-medial and trans-Golgi compartment. In the presence of intact 

microtubule network, cis and cis-medial Golgi compartment appeared similar, as reflected in 

an incomplete dispersal of Golgi objects in the cell. This hence suggests the adhesion-

dependent organization of the Golgi is mediated exclusively along the microtubule network.   

 

Small GTPase, Arf1, localizes to Golgi, and has been implicated in regulating Golgi 

organization during mitosis (Altan-Bonnet et al., 2003). Inactivation of Arf1, and hence it’s 

dissociation from Golgi membranes during onset of mitosis resulted in Golgi fragmentation 

in mammalian cell. It was hence asked if adhesion could regulate Arf1 activation (like it 

regulates Arf6) (Balasubramanian et al., 2007) to control Golgi organization. Active Arf1 

pulled down using GST conjugated GGA3 Arf effector binding domain reveals loss of 

adhesion to significantly reduce Arf1 activation (by ~60%), restored on re-adhesion to 

fibronectin. To test the role this drop has in mediating Golgi disorganization on the loss of 

adhesion GFP tagged constitutively active Arf1 (Q71L) in WT-MEFs was expressed and it 

was found that it prevents disorganization of the trans-Golgi (Galtase-RFP) in suspended 

cells.  GFP-WT-Arf1 expressing MEFs behaved like control cells, with a distinctly 

disorganized Golgi phenotype on the loss of adhesion.  This is further reflected in a significant 

decrease in the number of trans-Golgi objects per cell in suspended Q71L-Arf1 expressing 

cells relative to WT-Arf1 and untransfected cells.  The distribution profile of organized versus 

disorganized phenotype in suspended and re-adherent WT-Arf1 and Q71L-Arf1 expressing 

cell populations further confirm this regulation. Active Arf6 (T157A) similarly expressed in 

cells did not have this effect further confirming this regulation to be Arf1 specific. 
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Further, if re-adhesion mediated recovery of Arf1 activation is needed for Golgi 

reorganization was explored, by inhibiting Arf1 using a dominant negative mutant (GFP 

tagged T31N Arf1) or inhibitor Brefeldin A (BFA).  Cells suspended for 90 mins were 

incubated with BFA for an additional 30 mins and then re-plated on fibronectin.  Both 

treatments while not further disrupting the disorganized trans-Golgi phenotype (GalTase-

RFP) in suspended cells (120' SUSP) did prevent the Golgi from reorganising on re-adhesion 

to fibronectin. This is reflected in Golgi object numbers in re-adherent cells being comparable 

to those seen in suspended cells.  The distribution profile of organized versus disorganized 

phenotype in BFA treated suspended and re-adherent cell populations confirming the same.  

Binding of fibronectin-coated beads to suspended BFA treated cells (BFA+FN-Bead) failed 

to restore Golgi integrity unlike untreated cells bound to FN beads.  Golgi object numbers 

accordingly stayed significantly high in treated cells. The distribution profile of the organized 

versus disorganised phenotype in BFA treated cells further confirming its effect.  Together 

these studies reveal loss of adhesion mediated drop and re-adhesion mediated recovery in 

Arf1 activation to control Golgi organization. The differential effect BFA (inhibits Arf1-GEF 

BIG1/2 and GBF1), but not Golgicide (inhibits Arf1-GEF GBF1), has on re-adhesion 

mediated Golgi organization also supports a role for Arf1-GEF, BIG1/BIG2 over GBF1 

along this pathway. 

 

Further, Active Arf1 (GTP bound) recruits microtubule motor protein dynein through 

Golgin160 to Golgi membranes to controls it’s organization.  Dynein facilitates the 

movement of Golgi membranes to the microtubule minus end, its dissociation from the Golgi 

promoting its disorganization (Yadav et al., 2012). It was hence explored if adhesion 
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regulated Arf1 activity also uses dynein to control Golgi organization. Indeed it was observed 

that less dynein was pulled down with active Arf1 fraction in suspended cells than re-adherent 

cells, while the total dynein levels remain same. This led us to ask if impairment of dynein 

function affects adhesion mediated re-organization of Golgi. Ciliobrevin D mediated 

inhibition of dynein function in cells suspended for 90 mins (Golgi disorganized by the loss 

of adhesion), while not significantly affecting trans-Golgi organization and Golgi object 

numbers in suspended cells did prevent the reorganization of the Golgi on re-adhesion. The 

percentage distribution of the organized versus disorganized phenotype in treated re-adherent 

cells further confirming this regulation. Arf1 activation on re-adhesion was not affected by 

ciliobrevin treatment, suggesting Arf1 activation is upstream and recruits dynein in this 

pathway. These studies provide evidence that on re-adhesion, BIG1/2 mediated Arf1 

activation recruits functional dynein that works along the microtubule network to reorganize 

the Golgi.   

 

III. Compare loss of adhesion mediated Golgi disorganization to Golgi fragmentation. 

BFA mediated inhibition of Arf1 in earlier studies is shown to cause βCOPI mediated fall 

back of the cis/medial Golgi membrane to the endoplasmic reticulum (ER), leading to Golgi 

fragmentation (Mardones et al., 2006).  In non-adherent cells, the disorganized cis-Golgi 

(GM130) and cis-medial Golgi (Man II-GFP) were both seen to not localize with the ER 

(detected using KDEL-RFP). BFA treatment of suspended cells, while not affecting the 

disorganized trans-Golgi, did cause the cis-medial Golgi (Man II GFP) to fragment and 

redistribute to the ER (KDEL-RFP).  This reflects in a significant increase in their co-

localization along line plots and in cellular Pearson's coefficient.  While on the loss of 
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adhesion Arf1 activity drops by ~60% (relative to stable adherent cells), BFA treatment of 

suspended cells reduces it further by ~60%, causing a net ~85% drop (relative to stable 

adherent cells).  This suggests the differential effect on Arf1 activation variably affects Golgi 

organization causing the Golgi to “disorganize” on the loss of adhesion and further 

“fragment” as Arf1 activation drops on BFA treatment. This led us to ask if the loss of 

adhesion mediated Golgi disorganization affects Golgi function and how this could be similar 

or different from BFA mediated Golgi fragmentation. 

 

IV. Study the effect of adhesion-dependent Golgi disorganization on Golgi function. 

A major read out of Golgi function in cells is their ability to glycosylate and deliver protein 

and lipids at the cell surface.  Both N- and O-glycosylation involve a series of enzymatic 

reactions catalyzed by glycan-processing enzymes across the cis, medial and trans-Golgi 

compartments (Freeze and Ng, 2011; Roth, 2002; Stanley, 2011; Varki, 1998).  Changes in 

Golgi architecture does affect processing and trafficking of glycosylated proteins and lipids 

(Koreishi et al., 2013; Pokrovskaya et al., 2011; Xiang et al., 2013) and can be detected using 

lectins that selectively recognize glycan epitopes (Sharon and Lis, 2004). Using flow 

cytometry, quantitation of the cell surface binding of fluorescently tagged lectins, 

Concanavalin A (ConA) (mannose-binding), wheat germ agglutinin (WGA) (Galactose/N-

acetylgalactosamine binding), peanut agglutinin (PNA) (N-acetylglucosamine binding) and 

ulex europaeus agglutinin (UEA) (Fucose binding), on loss of adhesion was done.  Cells held 

in suspension for 120 mins showed increased cell surface binding of all four lectins relative to 

their levels when detached (5 min SUSP).  A gradual increase in cell surface glycosylation 

over time, when compared 5’, 10’, 20’, 30’, 60’, 90’, and 120’ suspension time points were 
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observed. Further, similar increase in cell surface glycosylation was observed when the 

synthesis of new proteins was blocked. This suggests loss of adhesion promotes Golgi 

processing and/or trafficking to increase cell surface glycosylation levels.   

To confirm if this is indeed the result of Golgi disorganization on the loss of adhesion, it was 

tested if active Arf1 mediated restoration of Golgi integrity in suspended cells affects this 

glycosylation.  Cherry tagged WT-Arf1 and active Q71L-Arf1 expressing cells selected by 

flow cytometry when compared showed a modest but insignificant change in basal cell 

membrane ConA and UEA binding (5' SUSP). Active Arf1 did, however, block the increase 

in cell surface glycosylation observed in control and WT Arf1 expressing 120’ SUSP cells. 

This confirms the loss of adhesion mediated regulation of Arf1 and resulting Golgi 

disorganization affects Golgi function.  BFA mediated fragmentation of the Golgi in 

suspended cells did not support such an increase in surface glycosylation (detected by ConA 

binding) confirming the fragmented Golgi to also be functionally distinct. 

 

V. Study if and how this pathway is deregulated in anchorage-independent cancer cells. 

Finally, if “cell matrix adhesion – Golgi” pathway exist in anchorage-independent cancer 

cells and if Arf1 plays a role in it was explored. Various studies have identified Golgi to be 

present in the fragmented form in many different types of cancers (Egea et al., 1993; 

Kellokumpu et al., 2002a; Migita and Inoue, 2012a; Petrosyan, 2015b). Trans-Golgi 

organization by expressing GalTase-RFP was screened in pancreatic cancer cell lines MIA-

PaCa-2 (K-RAS G12V) and CFPAC-1 (K-RAS G12V), fibrosarcoma cell line HT-1080 (N-

RAS G12V) and bladder cancer cell line T-24 (H-RAS G12V). It was observed that MIA-



!
24 

PaCa-2, CFPAC-1, and HT-1080 cells display disorganized Golgi when cells were adherent 

and also on when the cells were suspended and re-adherent on fibronectin. However, T24 cell 

line showed a compact organized Golgi when adherent and interestingly non-adherent cell 

retained the organized Golgi phenotype. T24 re-adherent cells on fibronectin also displayed 

organized Golgi. This led us to test Arf1 active levels in T24 suspended cells and it was found 

that Arf1 is active in an anchorage-independent manner. Since fibroblasts, endothelial and 

epithelial cells tested earlier provided evidence that decrease in Arf1 active levels downstream 

of cell-matrix adhesion resulted in Golgi disorganization, it was asked what effect inhibition 

of Arf1 activity could have on Golgi organization in T24 cells. Arf1 inactivation was achieved 

by Brefeldin-A (BFA), Golgicide-A (GCA) and by expressing dominant negative Arf1 mutant 

(T31N-Arf1-GFP) in T24 cells. All three treatment resulted in robust disorganization of Golgi 

in non-adherent T24 cells. These studies suggest "cell-matrix adhesion-Golgi" is deregulated 

in bladder cancer T24 cells, and the cells retain the Golgi integrity as Arf1 is anchorage 

independent.  

 

Summary. 

Taken together these studies identify cell-matrix adhesion as a novel regulator of Golgi 

organization and function in anchorage-dependent cells.  Cell-matrix adhesion regulates Arf1 

activity which recruits motor protein dynein along microtubule network to organize Golgi. 

The rapid and reversible nature of this regulation suggests cells could use this pathway to 

actively tune Golgi function.  This could, in turn, regulate processing and delivery of receptors 

at the cell surface.  Glycosylation of membrane receptors is seen to affect receptor signalling 

(J., 2012) and is significantly altered in anchorage-independent cancer cells. In many cancers, 
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the Golgi is inherently fragmented to drive this change. Most important cell adhesion 

proteins, integrins are also glycosylated, which affects their dimerization and ability to 

interact with other receptors (Janik et al., 2010).  It will be of interest to test if and how changes 

in surface glycosylation on the loss of adhesion compare to those seen on oncogenic 

transformation (Kellokumpu et al., 2002b; Pokrovskaya et al., 2011). Cell-matrix adhesion is 

also known to regulate cell cycle progression, helping determine spindle orientation and axis 

in a dividing cell (Matsumura et al., 2016).  Furthermore, Arf1 inactivation is necessary for 

mitotic Golgi fragmentation which is integral to its inheritance by daughter cells and cell cycle 

progression.  Loss of cell-matrix adhesion contributes to mitotic cell rounding (Suzuki and 

Takahashi, 2003). This leads to a speculation that alteration in cell-matrix adhesion and 

signaling could regulate Arf1 to drive Golgi disorganization and eventual fragmentation in a 

mitotic cell.  Loss of adhesion mediated differential reorganization of the cis/medial vs trans-

Golgi could also provide a novel system for testing their role in the secretory pathway in cells. 

A comprehensive characterization of regulation of Golgi organization and glycosylation in 

T24 bladder cancer cells will provide a better understanding of how cancer cells overcome 

this regulation.  
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1.1 Integrins: Role and regulation. 

1.1.1 What are integrins? 

 

1.1.1.1 Introduction. 

Integrins are the family of heterodimeric trans-membrane cell surface receptors that are 

crucial for the metazoan cell to exist. The name “integrin” was given when Hynes and 

colleagues in 1987, when it first showed the trans-membrane protein identified to be able to 

physically integrate between extracellular matrix (ECM), fibronectin and intracellular 

cytoskeleton, actin (Tamkun et al., 1986).  

 

In last three decades, since the first characterization, an enormous amount of diverse research 

has been performed and has led to great understanding for integrins structure and cellular 

functions (Campbell and Humphries, 2011; Hynes, 2004; Pan et al., 2016). Functionally, it 

has been demonstrated that integrins clustering and activation at the cell surface, through 

specific extracellular matrix ligand interaction regulates diverse cellular processes like cell 

adhesion, migration, cell growth and proliferation, cell polarity, cytoskeleton re-arrangement, 

membrane trafficking (Berrier and Yamada, 2007; Caswell et al., 2009; Danen and Yamada, 

2001). 

 

1.1.1.2 The Integrin Family: Structure. 

In mammalian cells, till date, 24 canonical integrin heterodimer resulting from the different 

pairing of 18-α subunits and 8-β subunits have been reported (Hynes, 2002).  These 
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heterodimers have also been shown to be expressed in tissue-specific manners and bind to 

different ligands to carry out its diverse functions (Barczyk et al., 2010).  

Each α and β-subunits have a single membrane-spanning domain, short and unstructured 

cytoplasmic tail. Size of the subunits vary, but typically α-subunits are 1000 and β-subunits 

are 750 amino acids long respectively (Hynes, 2002).  

 

 

 

Figure 1.1. Schematic of Integrin Structure. The α-subunit (Red) and β-subunit (Blue) of 
one integrin heterodimer adopt a “head region” on the extracellular side and “leg” region on 
the intracellular side of the cell surface. Ligand (Green) Binding takes place at the interface of 
β-propeller and βA domain of α and β subunits. (Reproduced from Askari et al., JCS 2009). 
 

 

The overall structure (Figure 1.1) in most of the integrins is a “head region” (amino terminus 

of α and β subunits, the β-propeller and βA domain respectively, assemble by non-covalent 

interaction) providing a ligand binding site and “leg region” (calf1 and calf2 domains in α-

subunit, and EGF domains in β-subunit).  
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1.1.2 How do integrins work?  

 

1.1.2.1 Ligand Binding. 

Integrin-ligand binding has been classified into four major groups, based on the type of 

molecular interaction (Figure 1.2). Based on the different extracellular domains of different 

α and β subunits, integrins can be classified as (1) RGD tripeptide motif recognizing integrins 

(α5β1, αVβ1, αVβ3, αVβ5, αVβ6, αVβ8, and αIIbβ3), (2) collagen binding integrins (α1β1, 

α2β1, α3β1, α10β1, and α11β1), (3) laminins binding integrins ((α1β1, α2β1, α3β1, α6β1, 

α7β1, and α6β4) (4) leukocytes integrins ((αLβ2, αMβ2, αXβ2, and αDβ2 ) (Hynes, 1987; 

Plow et al., 2000). 

 

 

 

Figure 1.2. Classification of integrin-based on ligand binding. Integrins are broadly divided 
into 4 groups based on the type of ligand it binds. (Reproduced from Hynes et al., Cell 2002). 
 

Apart from the above-mentioned ligands, integrins have metal ion-dependent adhesive 

(MIDAS) motif, “I domain” (in α-subunit), and “I domain-like structure” (in β subunit). 
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Mg2+, Ca2+, and Mn2+ divalent cations coordinate the ligand binding to integrins for its binding 

and subsequent activation (Humphries et al., 2003; Lee et al., 1995). 

 

1.1.2.2 Activation and Bi-directional signaling. 

Integrin-ligand binding would be meaningful to the cell only if this interaction relays the signal 

in order to modulate a cellular function. Ligand binding to its specific integrin receptor results 

in integrin clustering (formation of hetero-oligomers) and activation by bringing in a 

conformational change in the structure of the protein, which is referred to as the activated 

state.  

 

 

 

 

Figure 1.3. Model of Integrin bi-directional signaling. (Adapted from Shattil et al., Nature 
Reviews Molecular Cell Biology 2010).  
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Unlike many other receptor-mediated signaling, integrins can regulate functions in two 

directions (Figure 1.3), (i) Outside-in signaling (low-affinity ligand state), (ii) Inside-out 

signaling (high-affinity ligand state) (Arnaout et al., 2005; Humphries et al., 2003; Hynes, 

2002). Most adherent cells that are attached to a basement membrane have a basal level of 

activated integrins, while freely circulating platelets and leukocytes have basal inactivated 

integrins.  

 

Outside-in signaling. 

The extracellular ligand binds to integrin receptor brings about integrin clustering at the cell 

surface, the formation of tight focal adhesion complexes, leading up to interaction of 

cytoplasmic domain of integrin with proteins like talin, and finally resulting into actin re-

organization (Arnaout et al., 2005; Hynes, 2002). As this mode of signaling travels from 

outside to the inside of the cell, it is referred to as outside-in signaling of integrin.  

 

Outside-in signaling results in recruitment of proteins like talin, vinculin, and activation of 

tyrosine protein kinase (Focal adhesion kinase), which results in activation of signaling 

pathways to regulate cell proliferation, survival, and migration. Outside-in signaling also 

brings in actin reorganization by triggering Arp2/3 branching at actin filaments, and 

activation of Rac, Cdc42, and Rho GTPase, which plays a key role in lamellopodium 

formation and cell migration (Barczyk et al., 2010; Huveneers and Danen, 2009).  
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Inside-out signaling. 

Inside-out signaling as the name suggests, transmits the signal from inside to outside of a cell. 

This mode of integrin signaling is particularly important for cells, like blood cells or immune 

cells, where cells and ligands are in close proximity, but the interaction takes place only when 

the integrin receptor gets activated in response to some external cue, such as injury to vascular 

cells or inflammatory response.  Talin and Kindlin, cytoplasmic proteins that physically 

interact with integrins, have been demonstrated to bind and activate integrins to carry out 

inside-out signaling (DeMali et al., 2003; Lawson and Schlaepfer, 2012; Vinogradova et al., 

2002). 

Although it’s viewed as two separate events, these bi-directional signalings are often linked 

and set feedback loop to modulate certain processes.  

 

1.1.3 Cellular functions regulated by integrins. 

 

Integrins regulate various diverse cellular functions by sensing the many aspects of ECM 

components, as well as biochemical cues.  As illustrated in Figure 1.4, cell extracellular 

matrix and integrin interaction results in scaffolding of many downstream proteins (Talin, 

vinculin, Kindlin, Tensin) and regulates signaling kinases (Src, JNK, MEK, ERK) (Schwartz, 

2001), and ultimately affects cell adhesion, cell proliferation (Schwartz, 2001), cell cycle 

(Danen and Yamada, 2001), cell survival (Stupack and Cheresh, 2002), cell polarity (Cox et 

al., 2001), migration (Huttenlocher and Horwitz, 2011), actin cytoskeleton (DeMali et al., 

2003), membrane trafficking (endocytosis and exocytosis) (Caswell et al., 2009; Wickström 

and Fässler, 2011). 
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Figure 1.4. Model for integrin and cell-extracellular interaction and their downstream 
regulation. Integrins heterodimer at the cell surface recruits cytoplasmic molecules in 
response to extracellular cues, and interaction with downstream signaling molecules it 
regulates many aspects of cellular function. (Reproduced from Yamada et al., Journal of 
cellular physiology, 2007). 
 

 

Integrin-mediated cell adhesion. 

Cell adhesion to extracellular components through integrins plays an important role in the 

organization, maintenance, and repair of several tissues. This interaction has been shown to 

be necessary for a variety of physiological processes, including embryonic mesoderm 

development, epithelial morphogenesis, neural tube development, maintenance of muscle 

tissue integrity (De Arcangelis and Georges-Labouesse, 2000)( references within this review).  

 

Integrin-mediated cell adhesion takes place through formation of “focal adhesion”, where 

scaffolding of signaling molecules such as integrin-linked-kinase (ILK), Focal adhesion kinase 

(FAK), phospholipase C, and Rho-GTPase family proteins occurs (Lawson and Schlaepfer, 
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2012; Lawson et al., 2012). These focal adhesion structures are complex in terms of their 

components and regulation, with ~ 150 different molecules associated (Geiger and Yamada, 

2011; Geiger et al., 2009). These signaling molecules are in fact act upstream in pathways that 

regulate certain cellular processes.  

 

Migration. 

Cell migration is a dynamic physiological process wherein there is a balanced interaction 

between cell and its substratum (to which it is attached and over which it migrates). Cell 

migration is particularly important to study during leukocyte trafficking in immune cells (Radi 

et al.), tissue regeneration and repair (Koivisto et al., 2014), embryonic morphogenesis (Zhu 

et al., 2002), and also during disease conditions like cancer invasion and metastasis 

(Desgrosellier and Cheresh, 2010; Seguin et al., 2015).  

 

Integrins aids two major aspects during cell migration: (i) It produces traction force between 

the cell and the substratum by linking ECM to the actin cytoskeleton (ii) It scaffolds various 

signaling molecules that are necessary to initiate and carry out the migration. Integrins have 

been shown to drive this complicated yet tightly regulated process, where it generates high 

traction force at the front edge of the cell, literally pushing the cell forward, and 

simultaneously pulling the rear edge. There is a continuous assembly and disassembly of 

adhesion sites, which is again regulated by Rho, Rac and Cdc42 GTPase activity, actin 

polymerization, with the help of myosin motor protein activity (Caswell and Norman, 2006; 

Ridley, 2011; Rottner and Stradal, 2011). 
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Cell cycle and mitosis. 

Although growth factors were normally considered to be the main regulators of cell cycle 

progression, it is well established now that all anchorage-dependent cells require integrin-

ECM regulation to progress through the cell cycle (Benaud and Dickson, 2001; LaFlamme et 

al., 2008). Integrin-mediated adhesion to ECM is essential for activation of MEK1, expression 

of cyclin-D1 and progression through a G1-S phase of cell cycle (Reverte et al., 2006; 

Schwartz and Assoian, 2001; Schwartz and Ginsberg, 2002). Resting interphase cells have 

large focal adhesions which are disassembled at the onset of mitosis with changes in cell 

morphology, as cells adopt a round shape (Ezratty et al., 2005; Geiger et al., 2001; Maddox 

and Burridge, 2003). Furthermore, cells fail to undergo cytokinesis, resulting in binucleated 

cells, when held in suspension (loss of integrin-mediated signaling) (Ben-Ze’ev and Raz, 1981; 

Kanada et al., 2005; Pellinen et al., 2008; Pugacheva et al., 2006). There are reports suggesting 

reduced cell adhesion during mitosis is brought about by threonine phosphorylation of β1 

integrin at 788-789 residues. This phosphorylation results in the inability of the integrins to 

interact with the actin cytoskeleton (Suzuki and Takahashi, 2003). Taken together, these 

studies provide evidence that integrin-mediated adhesion is required and necessary for mitotic 

progression. 

 

1.1.4 Integrin dependent membrane trafficking. 

 

Integrin-mediated membrane Endocytosis. 

Integrin-mediated cell adhesion via FAK and Src kinase triggers caveolar and Raft 

endocytosis as illustrated in Figure 1.5. When cells are detached from the substratum, it 



!
38 

triggers internalization of caveolae and subsequent removal of active Rac bound to the plasma 

membrane, eventually downregulating growth signaling pathways such as Akt and Erk 

(Pelkmans et al., 2005; del Pozo et al., 2004, 2005). 

 

 

 

 

Figure 1.5. Role of integrins in controlling lipid raft trafficking. When cells are adherent, 
integrin engagement with fibronectin leads to the retention of phosphorylated caveolin in 
focal adhesions (1), which opposes the endocytosis of lipid rafts. Cell detachment triggers the 
release of phosphorylated caveolin from focal adhesions (2), thus allowing its association with 
caveolae to induce the endocytosis of lipid rafts (3). Re-engagement of α5β1 integrin (1) 
reverses this process, both by sequestering phosphorylated caveolin to shut down lipid raft 
internalization and by activating ADP-ribosylation factor-6 (ARF6) to promote rapid 
recycling of lipid rafts, which recruits active Rac to the plasma membrane (4).  (Adapted from 
Patrick T. Caswell et al., Nature Reviews Molecular Cell Biology 2009). 
 

 

Recent literature indicates that apart from regulating raft microdomains endocytosis, integrin-

mediated adhesion acts as a global regulator of endocytosis such as bacterial products (Marre 

et al., 2010; Martchenko et al., 2010), EGF and Transferrin by HeLa cells (Collinet et al., 

2010).  
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Integrin-mediated membrane Exocytosis. 

Integrin-mediated cell adhesion has also been shown to control the secretion of soluble and 

membrane-associated proteins, such as TGF-β (Ortega-Velazquez et al., 2004), VEGF (Wang 

et al., 2011) and insulin (Kragl and Lammert, 2010). 

 

 

 

Figure 1.6. Role of integrins in exocytosis.  Integrin signaling regulates exocytosis on 
various levels. (a) Integrin signaling through the scaffold protein Integrin-linked kinase, ILK 
(b) through the activity of the integrin-associated kinases FAK and Src. (c) through paxillin 
and RalA GTPase during exocyst assembly and activation.  (Adapted from Sara A wickstrom 
et al., Trends in Cell Biology 2011). 
 

 

As shown in Figure 1.6, integrins controls exocytosis by three major pathways, via integrin-

linked kinase ILK (Tucker et al., 2008), or through FAK and Src kinase activity (Palazzo et 

al., 2004), or via exocyst complex targeted by Ral and Arf6 GTPase (Balasubramanian et al., 

2007, 2010; Pawar et al., 2016). 
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Integrin regulates plasma membrane order.  

Integrin clustering on ligand binding has been shown to make the plasma membrane into an 

ordered state. Membrane order of mature focal adhesion sites represents the highly ordered 

state. The ordered state of the plasma membrane is crucial in physiology as the specialized 

microdomain can act as a platform for downstream trafficking and signaling (Gaus et al., 

2006; Lingwood and Simons, 2010; van Zanten et al., 2009). 

 

In summary, cell-matrix adhesion through integrins regulates endo-and exocytosis, as well 

as recycling of physiologically important molecules. However, only a few regulatory and 

signaling pathways, receptors or membrane compartment have been studied thoroughly so 

far. Thus, identification of cell-adhesion dependent trafficking and its extension into the 

identification of new regulatory pathways and mechanism will be an exciting area of future 

research. 

 

1.2 The Golgi apparatus. 

1.2.1 Golgi apparatus Discovery and early perspective. 

 

1.2.1.1 Endomembrane system. 

In a eukaryotic cell, membrane-bound organelles like the nucleus, mitochondria, endoplasmic 

reticulum, Golgi apparatus, and lysosomes perform specific functions which are dictated by 

their unique architecture. A typical eukaryotic cell comprises of a complex set of sub-cellular 

compartments collectively called as “endomembrane system”, which are distinct in structure 

and function, and function in a coordinated manner (Jékely, 2007; Wideman et al., 2014).  



!
41 

 

 

 

Figure 1.7. Schematic of a eukaryotic cell showing Endomembrane organelles and 
membrane trafficking.   (Reproduced from Wideman JG et al., Cold Spring Harb Perspect 
Biol. 2014). 
 

As depicted in the schematic, Figure 1.7, endomembrane system consists of membrane-

bound organelles such as the endoplasmic reticulum (ER), the Golgi, peroxisomes, 

lysosomes, early and late endosomes, as well as carry out processes such as phagocytosis, 

endocytosis, and membrane recycling. As this thesis is focused on regulation of Golgi 

organization and function, I will mainly focus on what is known about Golgi (role and 

regulation) in the field so far.  

 

1.2.1.2 Golgi apparatus: A Brief History. 

In 1898, Camillo Golgi communicated his discovery to Medical-Surgical Society of Pavia , 

which was regarding a complex staining procedure that led him observe the presence of peri-

nuclear structure in the mouse nerve cell, which he referred to as ‘‘apparato reticulare interno” 
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(Golgi et al., 2001) (translation of the original article by Camillo Golgi).  At present this 

cellular organelle, which is present ubiquitously in all eukaryotic cells, as “Golgi apparatus”, 

“Golgi complex”, or sometimes just “Golgi”, all the terms are often interchangeable. It’s now 

known and accepted that Golgi is an independent cellular organelle, involved in various 

cellular processes, such as protein secretion, glycosylation etc. However, many decades 

following its discovery Golgi’s existence was challenged by many researchers, and considered 

to be an artifact of the staining procedure.  

 

The debate was finally answered around the 1950s, mostly due to work by Dalton and Felix 

(in 1954, 1956), when electron microscopic images unquestionably established the presence 

of Golgi cisternae (then called lamellae structure) in a cell, and it was generally accepted in 

the field (Dalton and Felix, 1954; DALTON and FELIX, 1956).   

 

1.2.2 Structural components of the Golgi apparatus.  

 

The Golgi apparatus is the most complex and elaborate sub-cellular organelle in the cell 

(Farquhar and Palade, 1981). Typically, a eukaryotic Golgi consists of continuous flat 

membranous sacs, called “cisternae” which are generally arranged into polarized stacks 

(Ladinsky et al., 1999; Rambourg and Clermont, 1997), with some unstacked cisternae in 

ancestral eukaryotes (Mowbrey and Dacks, 2009). A number of cisternae in a Golgi stack are 

variable depending on the organism and cell type, and it may range from 3-20 (Becker and 

Melkonian, 1996; Rambourg and Clermont, 1997). Lower vertebrates have one Golgi stack 

in a cell, but higher vertebrates have evolved the Golgi to form a lateral link between 
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individual stacks, which finally appear as a continuous “ribbon” like structure (Klumperman, 

2011; Marsh et al., 2001).  

Remarkably, regardless of variation in the number of cisternae, presence/absence of stacks, 

and a number of stacks, Golgi functions with the conserved method in diverse eukaryotes like 

yeasts, plant and animal cells (Duden and Schekman, 1997; Hawes, 2004; Klute et al., 2011). 

Golgi is located at a pericentriolar region near microtubule organizing center (MTOC) of the 

cell (Sütterlin and Colanzi, 2010), and cytoskeleton is closely related in maintaining its 

structural identity (this regulation is discussed in greater detail later). 

 

1.2.2.1 How many classes of Golgi cisternae exist?  

 

Within a Golgi stack, cisternal membranes differ in terms of its composition, protein content, 

and localization and function (Day et al., 2013; Farquhar, 1985; Munro, 2005; Papanikou 

and Glick, 2009). This classification of the organization of Golgi cisternae was explored with 

a combination of classical electron microscopy and enzyme-activity based cyto-chemically 

staining the Golgi and many different cell types were documented.   

 

Although many different types of methods have been utilized to highlight various Golgi 

features over decades, there is a general consensus about the general compartmental 

organization. Based on the presence of different set of resident structural and processing 

enzymes, a typical Golgi is divided into four distinct compartments (i) cis, (ii) medial, (iii) trans 

and (iv) trans Golgi network as described in Figure 1.8 (Klumperman, 2011; Papanikou and 

Glick, 2014).   
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Figure 1.8. Schematic representation of the Golgi cisternal compartments.   (Adapted from 
Effrosyni Papanikou and Benjamin S Glick, Current Opinion in Cell Biology 2014). 
 

 

Many Golgi stacks are then laterally connected to give rise to a compound ribbon-like 

appearance (Trucco et al., 2004). The mammalian cell consists of an additional compartment, 

ER-Golgi-Intermediate-Compartment (ERGIC), which is associated with ER exit sites 

(Appenzeller-Herzog et al., 2006; Lippincott-Schwartz et al., 2000). ERGIC derived vesicles 

move along the microtubules towards Golgi ribbon and dock at cis-Golgi cisternae (Bannykh 

and Balch, 1997). At the trans side, trans-Golgi network segregates and delivers the processed 

cargoes which were trafficked through the Golgi to various destinations like, plasma 

membrane, endosomes, or secretes outside the cell (Bannykh et al., 1998; De Matteis and 

Luini, 2008). Cisternae in different parts of the stack recruit a different set of coatomer 
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complex proteins, COP1 and COPII to mediate vesicle biogenesis.  Vesicle-mediated inter 

Golgi transport helps in retaining cisternae resident proteins and enzymes and regulates 

dynamic anterograde and retrograde trafficking pathways (Orci et al., 1998; Rabouille and 

Klumperman, 2005).  

 

1.2.2.2 The cis side of the Golgi. 

Proteins enter the secretory pathway from endoplasmic reticulum which is destined for 

secretion or various intracellular compartments. Numerous lines of evidence have now 

established bi-directional transport cycles between ER, ERGIC, and cis-Golgi compartments, 

which is essential for their structural integrity and functioning (Ben-Tekaya et al., 2005; 

Lippincott-Schwartz et al., 1997; Scales et al., 1997). Coatomer protein complex COPII is 

responsible for anterograde transport (from ER to cis Golgi), while COPI for retrograde 

transport. Sec12, an integral ER membrane protein activates Sar1 GTPase, which drives 

COPII assembly at ER membranes. COPII coated vesicles, ~ 60 to 100 nm in diameter, 

triggers vesicles biogenesis and formation with help of downstream recruitment of Sec23 and 

Sec31 effector proteins. COPII vesicles eventually fuse and uncoat to the ERGIC 

compartment, which is en route to cis Golgi (Barlowe, 2003; Barlowe et al., 1994).  

 

1.2.2.3 The trans side of the Golgi. 

Structurally, trans-Golgi network (TGN) is different from the rest of the Golgi cisternae, as it is 

tubular and branched reticular structure which is in continuation with trans-cisternae of Golgi 

stack (Geuze and Morré, 1991; De Matteis and Luini, 2008). This change from tubular to 

reticular morphology is the result of protein and lipid composition being different at TGN 
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membranes. Most prominent dissimilarity at TGN membranes, which is responsible for it 

appearance and function different from the rest of the Golgi is the presence of clathrin (Pearse 

and Robinson, 1990). Unlike COP coats, Clathrin coats are thicker and spiky in morphology 

and form clathrin-coated buds at curved TGN tubules which exit for further destination into 

the cell (Ladinsky et al., 2002; Mogelsvang et al., 2004). 

 

Trans side of the Golgi, TGN is the hub of sorting of proteins and lipids post Golgi trafficking, 

and post-translational modification. Anterograde route of these cargoes is apical and 

basolateral plasma membrane, recycling endosomes, late endosomes, secretory granules (De 

Matteis and Luini, 2008). Additionally, retrograde transport from TGN to Golgi stacks takes 

place simultaneously to maintain the dynamic flux of membranes and proteins (Johannes and 

Popoff, 2008). Each destination route could be having a different type of carrier, and active 

research is going on to understand the TGN sorting mechanism.  

 

1.2.3 Regulators of Golgi apparatus organization. 

1.2.3.1 Cytoskeleton. 

Microtubules. As MTOC is the main microtubule organizing center and is localized very 

closely with Golgi apparatus in a cell, its regulation on Golgi structure has been explored. 

Now, it’s been known for a long time that structural integrity of Golgi is dependent on 

microtubules (Sandoval et al., 1984).  Depolymerization of microtubules network results in 

disconnection of cisternal stacks and dispersal into cytoplasm with swollen cisternae and few 

surrounding vesicles. This altered Golgi, however, remains functional with only moderate 

effect on protein secretion (Van De Moortele et al., 1993; Robin et al., 1995). 
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MTOC (Centrosome): An interesting study revealed that disconnecting Golgi and 

centrosome connection affects the Golgi structure, and prevents directed cell migration 

(Hurtado et al., 2011). 

 

 

 

Figure 1.9. Schematic of the role of the microtubule motor proteins cytoplasmic dynein 
and kinesin in membrane transport to and from the Golgi complex. The plus and minus 
ends of microtubules are indicated. C, centrosome; ER, endoplasmic reticulum; MT, 
microtubules; N, nucleus; PM, plasma membrane.  (Reproduced from Johan Thyberg et.al, 
Experimental Cell Research 1999). 
 
Actin is required for biogenesis of Golgi-derived transport carriers and maintains the unique 

flat shape of Golgi cisternae (Egea et al., 2006; Valderrama et al., 1998). Actin microfilaments 

also support retrograde transport from Golgi to ER (Valderrama et al., 2001). 

 

Motor Proteins. A range of cytoskeletal motor proteins associated with Golgi and are 

involved in trafficking to and through Golgi. This includes myosin-II, V and VI (actin-
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associated motor), kinesin1, 2, and 3 (+ end microtubule-associated motor), and cytoplasmic 

dynein-1 (- end microtubule-associated motor) proteins. As illustrated in Figure 1.9, Kinesin-

1, 2 and 3 mediate traffic away from Golgi, while dynein-1 is responsible for carrying cargo 

towards the MTOC (Brownhill et al., 2009; Burkhardt, 1998a). Role of Dynein-1 has been 

studied relatively in more detail, and its absence causes Golgi to fragment and disperse in the 

cell. It is required for correct pericentriolar position and integrity of Golgi (Corthésy-Theulaz 

et al., 1992; Harada et al., 1998). 

 
1.2.3.2. Golgins and GRASPS. 

Several studies have revealed the presence of detergent-insoluble proteinaceous scaffold 

towards the cytoplasmic face of the Golgi, which is known as Golgi matrix, Figure 1.10 (a) 

(Slusarewicz et al., 1994). Various Golgi matrix proteins have been classified which includes 

GRASP (GRASP-55, GRASP-65), Golgins (GM130, p115, Golgin-84, Golgin-97, Golgin-

160 etc.) (Xiang and Wang, 2011). These Golgi matrix proteins have characteristic long 

coiled-coil domains and they are fiber-like connections between two cisternae or between a 

vesicle and cisternae, Figure 1.10 (b).  

 

Golgins. 

Different Golgins are localized at distinct regions in a Golgi stack. For instance, GM130, 

Golgin-160, GMAP-210 are cis Golgins, while Golgin-97, Golgin-245 are trans-Golgins, and 

Giantin, Golgin-84 are localized at Golgi rims. Most of the Golgins have the domain which 

binds with Rab or Arl GTPase and contributes in regulating membrane traffic within and 

to/from the Golgi (Munro, 2011). As an example, GM130 interacts with another Golgin, 
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p115, which is required for formation of COPII vesicles to fuse with cis-Golgi membranes 

(Nakamura et al., 1997). 

 

 

 

Figure 1.10. (a) Electron tomographic model of Golgi stack and its surrounding Golgi 
matrix.  (Adapted from Staehelin LA and Kang BH, Plant Physiol. 2009). (b) Schematic of 
Golgins and GRASPs surrounding and stacking the Golgi cisternae. (Adapted from 
Ramirez IB and Lowe M, Seminars in Cell & Developmental Biology, 2009). 
 

 

GRASP. 

There are two types of GRASP (Golgi Reassembly and Stacking Proteins) in a mammalian 

cell, termed as GRASP-55 and GRASP-65. Both the proteins are quite similar in amino acid 

sequence and domain arrangements but differ in localization, with GRASP-65 being 
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restricted to cis, and GRASP-55 present around medial cisternae. Another difference lies in 

their interacting partners, GRASP-65 binds to GM130, while GRASP-55 binds to Golgin-45.  

GRASPs, as they have been named connects cisternae within a Golgi stack (such as cis to 

medial), and also make lateral connections between cis to cis or medial to medial (from two 

Golgi stacks) giving rise to Golgi ribbon-like shape (Barinaga-Rementeria Ramirez and Lowe, 

2009). 

 

1.2.3.3. Small GTPase. 

Small GTPases are a family of proteins, with Mol. Wt. ~ 21 kDa (hence termed small), which 

are involved in various cellular processes ranging from organelle homeostasis, cytoskeletal 

dynamics, vesicle trafficking, migration etc. Small GTPase cycles between GDP, “inactive”, 

and GTP, “active” bound form, where activation is regulated by GEF (Guanine exchange 

factor) and inactivation by GAP (GTPase-activating protein) (Cherfils and Zeghouf, 2013).  

As illustrated in Figure 1.11, four classes of small GTPase, Ras, Rho, Rab, and Arf, are 

localized on Golgi and regulates signaling, trafficking, and maintaining the integrity of the 

organelle. There exist a crosstalk between these small GTPases to exert its regulatory role at 

Golgi (Baschieri and Farhan, 2012).  

 

Ras GTPase regulates many cellular processes like cell proliferation, differentiation, and 

apoptosis. The crucial signaling pathway that Ras GTPase activates is Raf-MEK-ERK 

mitogen-activated protein kinase cascade. RasGRP1 (GEF) activates Ras at Golgi and 

downstream of this ERK response is elicited (Chiu et al., 2002). 
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Figure 1.11. Schematic of the crosstalk of small GTPase at Golgi to maintain its 
architecture and function. (Reproduced from Baschieri F. and Farhan H., Small GTPases, 
2012). 
 

Rho GTPase, comprises of Rho, Rac and Cdc42 groups are the central cytoskeletal regulator, 

and by this means controls cell migration, vesicle trafficking, and cytokinesis. In particular, 

Cdc42 plays an active role at Golgi by regulating bidirectional COPI transport and exerts cell 

polarity independent of plasma membrane pool of Cdc42 (Farhan and Hsu, 2016; Park et al., 

2015). 

Rab GTPase is the largest family of Ras-related proteins and play a crucial role in membrane 

trafficking at different endomembrane structures, and importantly at Golgi. It does so by 

regulating directed carrier movement and also tethering at the target membranes (Pfeffer, 

1999). 
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Arf GTPase (ADP-ribosylation factor) family of small GTPase has been strongly implicated 

in membrane traffic and organelle architecture (D’Souza-Schorey and Chavrier, 2006; 

Donaldson et al., 2005). In mammalian cells, Arfs are divided into 3 classes: class I, composed 

of Arf 1 and 3, class II, composed of Arf 4 and 5, and class III, composed only of Arf6, which 

is the most different protein of this family (LI et al., 2004). Sar1 and ~ 20 Arf-like proteins 

(ARLs) are also included in Arf GTPase family. Arf1 plays an important role in the 

maintenance of the Golgi structure, its inactivation results in disassembly of the Golgi 

structure. Double knockdown of Arf1 and Arf4 results in disassembly of Golgi. Arf1, Arf4, 

and Arf5 are involved in COPI biogenesis and budding, and trafficking from Golgi to ER 

(Volpicelli-Daley et al., 2005). Recent studies provide evidence of the role of Arf1 in the 

formation of bi-directional tubules from the Golgi (Bottanelli et al., 2017). 

 

1.2.3.4. Protein Kinases:  

Many mitogen-activated protein kinases such as MEK1 (mitogen-activated protein kinase 1), 

plk1 (polo-like kinase 1), cdk1 (cyclin-dependent kinase 1), Erk1 are potentially involved in 

regulation of Golgi structure in various cellular conditions (Chia et al., 2012a). 

 

1.2.4 Golgi – Endoplasmic reticulum connection.  

1.2.4.1 Endoplasmic reticulum:  

Endoplasmic reticulum (ER) is a single copy number, membrane-enclosed organelle, which 

is connected to the nuclear envelope (NE), and fundamental to many cellular functions 

(Baumann and Walz, 2001). ER acts as the starting point of the secretory pathway in the cell. 

Proteins are translocated into ER for folding, post-translational modification, which then gets 



!
53 

exported into lipid coated vesicles. It acts as Ca2+storage, regulates calcium homeostasis and 

is also involved in the synthesis of lipid molecules, phospholipids, and steroids. Furthermore, 

it can act as the acceptor organelle for retrograde vesicles (Baumann and Walz, 2001; Levine 

and Rabouille, 2005).  

 

Although various functions have been attributed to ER in great detail, molecules that create 

this structure have been explored only recently. Few major structural contributors being, 

reticulons which are responsible for the high curvature of ER tubule, atlastin which provides 

the polygonal structure to ER sheets (Rismanchi et al., 2008); several proteins like p180, 

CLAMP-63, and kinectin give rise the typical sheet-like structure (Klopfenstein et al., 2001). 

The combined effect of many factors eventually gives rise to the dynamic morphology of ER. 

These include the interplay between ER and microtubules, membrane fusion and fission 

events, and the above mentioned structural proteins. It has been acknowledged for a long time 

now that ER undergoes dynamic morphological alterations which have a consequence on its 

function; however, the structure-function relationship needs to be defined at a molecular level. 

 

Even though a vast amount of work has been done on Golgi and endoplasmic reticulum (ER) 

structure, function, and its inheritance, there still exist a debate if Golgi biogenesis is 

dependent on ER or not. Till late 80’s it was assumed that Golgi is a stable organelle for its 

biogenesis, maintaining its structure and regulation of function. In this section, I would 

present how ER and Golgi are connected and what are the recent advances in our 

understanding so far.   
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1.2.4.2 Is Golgi an independent organelle?  

 

 

 

Figure 1.12. Models for Golgi biogenesis. (Reproduced from Martin Lowe, Current 
Biology, 2002). 

 

Two different models have been proposed to explain Golgi biogenesis in a mammalian cell, 

(i) de novo assembly (ii) template mediated assembly. According to the de novo assembly, 

Golgi apparatus is self-organized after Golgi proteins/components present in ER exits. The 

main feature of this model is this process is independent of ER, making Golgi an independent 

organelle. Template mediated assembly of describes the formation of Golgi apparatus on the 

pre-existing template and this views Golgi to be in constant dynamic equilibrium with ER, 

making it dependent organelle on ER (Lowe, 2002). The first indication that challenged Golgi 
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as an independent organelle came when a fungal metabolite, Brefeldin A (BFA) which blocks 

ER to Golgi transport, results in re-distribution of Golgi enzymes into ER (Fujiwara et al., 

1988; Lippincott-Schwartz et al., 1989).  

 

Cells expressing dominant negative Sar1 (Sar1 DN), GTPase required for ER exit, showed 

mixing of Golgi enzymes into ER (Girod et al., 1999). Furthermore, studies with Sar1 DN 

claimed that in an interphase cell all the Golgi enzymes visit ER with t ½ ~ 1 hour (Miles et 

al., 2001). Nocodazole (microtubule depolymerizing agent) induced fragmentation of Golgi 

was also proposed to be the result of recycling of Golgi proteins into ER (Storrie et al., 1998). 

Golgi enzymes of cells undergoing cell division, where microtubules have been shown to de-

polymerize, was also shown to re-distribute to ER (Altan-Bonnet et al., 2006). These reports 

definitely provide evidence that Golgi enzymes have the capacity to re-distribute to ER under 

an artificial condition or secretory pathway is affected. More extensive research is needed 

regarding the fate of Golgi enzymes when the secretory pathway is not perturbed?  

 

Nonetheless, another set of idea considers Golgi to be an autonomous organelle and inherited 

independently of ER. Studies in support of this model came from experiments using ER 

trapping Golgi enzymes and claims that Golgi membranes remain separate from ER under 

normal conditions, such as protein secretion (Villeneuve et al., 2017a), or cell division (Pecot 

and Malhotra, 2004, 2006) in mammalian cells.  
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1.3 Cellular functions regulated by the Golgi.  

1.3.1 Golgi mediated Cellular functions. 

As the central organelle in the secretory pathway Golgi apparatus is very crucial to many 

diverse cellular functions (Cancino and Luini, 2013; Corda et al., 2012; Wilson et al., 2011), 

which includes:  

a) Post-translational modification of proteins and lipids (for example glycosylation),  

b) Trafficking (to and from the Golgi) 

c) Sorting of proteins and lipids (to different destinations in the cell)  

d) Secretion outside the cell 

e) Lipid homeostasis 

f) Centre for Microtubule nucleation 

g) Acts as Calcium store.  

h) Golgi as a signaling hub, mainly the Ras, Src and Cdc42 signaling pathways  

i) Organelle based cell cycle checkpoint (This is discussed in detail in section 1.4).  

 

The complex architecture of Golgi narrates to its function. Recent advances in the field 

have provided evidence that intact and organized Golgi structure and positioning in the cell 

is crucial for trafficking and direction of secretion, glycosylation, cell polarization, cell 

migration (Millarte and Farhan, 2012; Rios and Bornens, 2003; Wilson et al., 2011; Yadav 

and Linstedt, 2011). Here I will discuss mainly Golgi function in the context of trafficking 

and glycosylation. 
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1.3.2 Trafficking through the Secretory Pathway. 

Protein and lipid sorting within the secretory pathway begins at the endoplasmic reticulum 

(ER), and at Golgi, it reaches a high level of complexity yet tightly regulated. Newly 

synthesized proteins and lipids are distinctly directed to multiple destinations, which includes 

the ER, various endosomes, plasma membrane and extracellular secretion (Bonifacino and 

Rojas, 2006; Rodriguez-Boulan and Müsch, 2005). The forward flow of cargo from ER to 

Golgi (anterograde transport) is balanced by recycling of components back to Golgi and ER 

(retrograde transport). 

 

1.3.2.1 Various types of trafficking through the Secretory Pathway. 

Trafficking through secretory pathway can be subdivided into three parts: (a) ER to Golgi 

transport (b) Intra-Golgi transport, and (c) Golgi to Plasma membrane transport. A lot of 

work has been done to address all types of above-mentioned transport pathways in the 

secretory pathway which has provided insights into trafficking and organelle biogenesis. 

 

 

(a) ER to Golgi transport.  

The first step in the anterograde transport is the packaging of newly synthesized proteins in 

the ER into COPII coated vesicles, and they form the ER Golgi intermediate compartment 

(ERGIC). COPII coat is characteristic of vesicles generating from ER which assembles in 

response to activation of Sar1 GTPase (Stinchcombe et al., 1995). 
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(b) Intra-Golgi transport. 

Intra Golgi transport has been the most debated in the field, and there exist different views on 

how this process works. Few models of trafficking through Golgi have been proposed, which 

differ fundamentally but provide insight towards understanding the mechanism and 

regulation of protein trafficking through Golgi. The lack of conclusive experimental evidence 

has polarized the field to view the process as two models, which are vesicular shuttle model 

and the cisternal maturation/progression model, as explained in Figure 1.13 (Glick and 

Luini, 2011).  

 

The vesicular shuttle model (Figure 1.13 A) explains the cisternae are “static 

compartments”. Golgi enzymes are stably distributed within different compartments which 

are long-lived structures. This model implies the anterograde movement (cis-to-trans) of cargo 

by means of COPI/COPII vesicles that bud from one compartment and fuse with another. 

However, this model does not explain the mechanism of transport of cargoes which are too 

large to fit into transport vesicles.  

 

The cisternal maturation model (Figure 1.13 B) depicts that individual Golgi cisternae are 

“transient compartments”. According to this model secretory cargo protein never leaves the 

individual cisternae, while cisternae mature from cis to trans compartment. New cisternae are 

continuously formed from ER-to-Golgi transport vesicles at the cis-face of Golgi and 

gradually disperse from trans face as post-Golgi vesicles. According to this model, COPII 

mediates transport from ER to Golgi and there exists a COPI mediated retrograde transport 
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(trans-to-cis) of Golgi structural proteins and enzymes, in order to retain them within Golgi 

compartments.  

 

Figure 1.13. Models for Intra Golgi Traffic. (A) Vesicle shuttle model, and (B) Cisternal 
maturation model. (C) Rapid partitioning model. Reproduced from Rosnoblet C et al., 
Glycoconjugate, 2013. (This is a modified scheme from Benjamin S. Glick and Akihiko 
Nakano, Annu Rev Cell Dev Biol. 2009). 
 
 

Experimental evidence exists in support of cisternal maturation model which came from labs 

of Benjamin Glick (Losev et al., 2006) and Akihiko Nakano (Matsuura-Tokita et al., 2006), 

where both the studies used live-cell fluorescence microscopy to directly observe cisternal 

maturation in Golgi of Saccharomyces cerevisiae. Although consensus has reached cisternal 

maturation model best defines the mechanism of Golgi trafficking, there is still debate over 

whether or not all cargo proteins follow the same route.  

 

Patterson et al., in 2008 (Patterson et al., 2008) demonstrated that some cargo proteins travel 

through the Golgi much slower than the rates at which cisternae matures, and describes 

another model for intra-Golgi trafficking, “rapid partitioning model” (Figure 1.13 C). 
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According to this model Golgi exists as a single compartment, with processing and export 

domains, which are established by different lipid composition. The two-phase system of 

membranes governs the transport of cargo proteins and Golgi enzymes. Golgi resident 

enzymes are brought back through retrograde route and follows GPL (Glycerophospholipids) 

gradient, whereas cargo proteins travel through cisternae via (Sphingolipids) SL gradient in 

the anterograde route. 

 

(c) Golgi to Plasma membrane transport. 

Trans-Golgi Network (TGN) acts as the central to endocytic and exocytosis processes and is 

extremely dynamic and tightly regulated. A cascade of signaling events takes place at TGN, 

where Diacylglycerol recruits by Ser/Thr kinase proteins (PKD), with the help of 

heterotrimeric G-proteins, catalyze the fission of vesicles from TGN (Malhotra and Campelo, 

2011). Some aspects of protein trafficking through Golgi are better understood now, however, 

there are still unresolved issues within the field. For instance, do different cargoes follow 

different routes through the Golgi? If cisternae stacking is fundamentally important for its 

function, how trafficking still take place in plants and S. cerevisiae (where Golgi is not stacked 

and dispersed)? 

1.3.2.2 Factors affecting trafficking through the Secretory Pathway. 

Alteration in Golgi structure (referred to as Golgi fragmentation (discussed in section 1.4) in 

normal cells or diseased conditions could affect trafficking through the secretory pathway.  

 

Alteration in trafficking in Normal cells.  
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Knock-down of Golgi proteins (structural and matrix) results in Golgi fragmentation and 

have a varied alteration in anterograde and retrograde trafficking depending on the protein 

that has been depleted. GRASP-55/65 proteins are the cisternae stacking Golgi structural 

proteins and its depletion results in Golgi fragmentation. This also resulted in accelerated 

anterograde transport, that is, transport of proteins (CD8, VSVG) from ER to Golgi and Golgi 

to the plasma membrane and vesicle formation (Xiang et al., 2013).  

 

Another Golgi matrix protein, Giantin, is important in Golgi architecture and function. 

Depletion of Giantin results in the formation of Golgi mini-stacks, without changing the size 

of cisternae. This altered Golgi structure is responsible for increased anterograde transport 

from Golgi to Plasma membrane (Koreishi et al., 2013). Depletion of COG complex protein 

results in mislocalization of β and €-COP proteins and inhibition of retrograde transport 

(Smith et al., 2009). 

 

Nocodazole-induced microtubule depolymerization mediated Golgi fragmentation has 

varied effects on anterograde and retrograde transport in a cell.  Microtubule 

depolymerization had a very little effect on retrograde transport from Golgi to ER. On the 

other hand, anterograde transport from ER to Golgi gets blocked as these pre-Golgi 

intermediates require microtubule and dynein motor for protein translocation which gets 

disrupted on nocodazole treatment (Cole et al., 1996).  Kinetics of Golgi to cell surface 

transport on microtubule depolymerization in these cells remains unaffected (Hirschberg et 

al., 1998). These studies indicated that microtubule strands are used for ER and Golgi 

transport only when these organelles are separate in a cell. Once the Golgi enzymes were re-
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distributed in ER on microtubule de-polymerization, this requirement for transport was 

overridden.  

Another Golgi fragmentation agent, Brefeldin A, results in dissociation of β-COPI and Arf1 

proteins from Golgi membranes resulting in accelerated retrograde transport and 

redistribution of Golgi enzymes into ER. There is evidence that anterograde transport on BFA 

treatment is not affected, vesicles bud out of ER, but as there is no Golgi membrane to act as 

acceptor, it recycles back to ER (Lippincott-Schwartz et al., 1990).  

 

Golgi fragmentation takes place in a reversible sequential process when the mammalian cell 

enters mitosis. During mitotic Golgi fragmentation, anterograde transport (ER to Golgi) has 

been reported to be blocked, while recycling back to the ER was observed (Farmaki et al., 

1999; Villeneuve et al., 2017b). Golgi fragmentation caused by DNA damage was shown to 

block anterograde transport (Farber-Katz et al., 2014).  

 

1.3.3 Glycosylation. 

Glycosylation is the most important post-translational modification of proteins and lipids 

which occurs at Golgi. A variety of enzymes which carry out the transfer of glycan molecules, 

such as glycosyltransferases, glycosidases, and nucleotide sugar transporters are located in cis, 

medial and trans-Golgi membranes in an ordered manner and give rise to a final 

glycoconjugate before exiting trans Golgi network, Figure 1.14 (Stanley, 2011). 

 

The significance of glycosylation modification of proteins and lipids are vast, from the correct 

folding of proteins, regulation of thermostability of proteins, protein-protein interaction and 
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acting as a site of ligand binding on receptors resulting in a biological response (Dwek, 1998; 

Li and d’Anjou, 2009; Shental-Bechor and Levy, 2008). 

  

                                                                                                                                                  
Figure 1.14. Golgi compartments showing where a specific glycosylation takes place. 
(Reproduced from Pamela Stanley, Cold Spring Harb Perspect Biol. 2011). 
 

Thus, a lot of cellular processes are controlled by cell surface membranes and receptors, which 

in turn are regulated by correct functioning of Golgi.  

 

1.3.3.1 Factors affecting Glycosylation. 

Many factors could alter glycosylation in a cell which includes, luminal Golgi environment 

(Golgi pH) (Maeda and Kinoshita, 2010), Golgi structure and organization (Zhang and Ten 

Hagen, 2010), expression and correct functioning of enzymes catalyzing glycosylation,  and 

proteins of  conserved oligomeric Golgi (COG) complex (acts as a scaffold for Golgi 

membrane structure and tethering of retrograde vesicles) (Reynders et al., 2011).  

 

1.3.3.2 Alteration in glycosylation in Normal cells. 

Golgi fragmentation resulting from depletion of cisternae stacking protein, GRASP resulted 

in a decrease in cell surface N-glycosylation (Xiang et al., 2013). Giantin depletion mediated 
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Golgi fragmentation resulted in increased cells surface binding of WGA lectin, but not of 

ConA and PNA (Koreishi et al., 2013). Change in glycosylation is context dependent, as in 

it differs with the cause of change in Golgi structure or perturbation in the secretory pathway. 

 

1.3.4 Golgi trafficking and glycosylation in a disease condition. 

 

1.3.4.1 Alteration in trafficking in disease conditions. 

In colorectal cancer tissue sections, number of transport vesicles were significantly less 

around the fragmented Golgi as opposed to normal colorectal tissue (Kellokumpu et al., 

2002). This implies inhibition of anterograde/retrograde transport in these tissue samples. In 

a cellular model of Parkinson’s disease, Golgi is fragmented at the onset of the disease 

condition. Retrograde transport was blocked while anterograde transport was significantly 

accelerated in these cells (Rendón et al., 2013a).  In a cellular model of Alzheimer’s disease, 

Golgi fragmentation is associated with accelerated anterograde transport of amyloid beta 

peptide (Joshi et al., 2014). 

 

1.3.4.2 Alteration in glycosylation in disease cells. 

In many cancer types, Golgi is fragmented and is accompanied by altered glycosylation 

(increased sialytion and decreased sulfation) on the cell surface (shorter and less branched 

carbohydrate chains) (Egea et al., 1993; Migita and Inoue, 2012; Petrosyan, 2015).  

Conserved oligomeric Golgi (COG) complex, which is made up of 8 protein subunits, plays 

a role in regulating retrograde trafficking (Golgi to ER) in the cells. Mutations in these 

proteins have been reported in patients with congenital disorders of glycosylation and results 
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in Golgi fragmentations and impairment in trafficking and Glycosylation (Reynders et al., 

2011).  Depletion of proteins of COG complex (COG 2, 3, 4, 6, and 8) resulted in increased 

cell surface binding of PNA, GS-II and GNL lectins (Pokrovskaya et al., 2011). 

 

In Summary, Golgi sorts and traffic several proteins and lipid cargoes glycosylate them and 

regulate correct pick-up and delivery to different destinations. Any change in Golgi structure 

due to mutation/depletion/nonfunctioning of Golgi proteins or in disease conditions affects 

trafficking and glycosylation.  

 

1.4 Golgi fragmentation in normal cellular function and disease.  

 

1.4.1 Golgi fragmentation during mitosis. 

 

Figure 1.15. Morphology of the Golgi during the cell cycle in mammalian NRK cells. The 
continuous Golgi ribbon (A) is disassembled in early mitosis (B). The Golgi membranes 
concentrate at the spindle poles in metaphase cells (C). During anaphase (D), the Golgi 
membranes are partitioned and reform two ribbons on the opposite sides of the nucleus (E). 
Scale bar 10 µm (A, B, E); 5 µm (C, D). Images are z-projections of confocal image stacks 
where GM130 (green), α-tubulin (red), and DNA (Hoechst, blue). (Adapted from Yanzhuang 
Wang and Joachim Seemann, Cold Spring Harb Perspect Biol. 2011). 
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A very remarkable feature of Golgi physiology is its inheritance during the cell cycle. As the 

Golgi apparatus is a single copy organelle in a mammalian cell and restricted to pericentriolar 

localization, its inheritance to daughter cell during the cell division takes place by a dramatic 

morphological process known as “Golgi fragmentation”. During mitotic Golgi 

fragmentation, which is a reversible process, Golgi stacks get separated and broken down into 

smaller structures for its correct partitioning into daughter cells (Colanzi et al., 2003).  

 

As described in Figure 1.15, at the onset of prophase mammalian Golgi gets converted into 

isolated stacks, which further gets fragmented in smaller structures at metaphase and becomes 

dispersed in the cytosol which is referred to as “Golgi haze”. By late anaphase, these 

fragmented Golgi structures start reassembling and become distributed as an organized and 

functional structure into the daughter cell. Golgi fragments and inherited into daughter cells 

during every cycle of cell division in all types of mammalian cells (Colanzi and Corda, 2007; 

Sütterlin et al., 2002). Interestingly, despite the dramatic alteration the mitotic Golgi haze 

retains cisternal polarity, that is, the cis-trans polarity of structural proteins and enzymes 

(Shima et al., 1997).    

The reversible Golgi fragmentation in mammalian cells can be divided into three stages: 

a) Disassembly (consisting of ribbon unlinking, cisternal unstacking, and vesiculation). 

b) Partitioning 

c)  Re-assembly of Golgi membranes 
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Figure 1.16. Schematic of Inheritance of the Golgi apparatus in mammalian cell displaying 
the regulators involved at different phases of mitosis. (Reproduced from Corda et al., 
IUBMB Life 2012). 

 

(a) At the G2/M transition of cell cycle, lateral connections between individual Golgi stacks 

are detached and results in unlinking of the Golgi ribbon (Figure 1.16 a, b). This is followed 

by unstacking of cisternae in the isolated stacks (Figure 1.16 c) and subsequently 

fragmentation into vesicles (Figure 1.16 d). (b) These vesicles then get partitioned into newly 

forming daughter cells. (c) Golgi vesicles finally start to reassemble into a functional Golgi in 

both the daughter cells (Shorter and Warren, 2002). 
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1.4.2 Regulators of mitotic Golgi fragmentation. 

 

1.4.2.1 Regulators involved in Sequential fragmentation. 

Independent finding from several groups has defined the regulators of Golgi fragmentation, 

which are involved in controlling of mitotic entry of the cell, as demonstrated in Figure 1.16.  

(a) Unlinking the Golgi ribbon. 

During the late G2 phase of cell cycle, Membrane fission molecules (CtBP/BARS), Mitogen-

activated kinases like Cdk1, MEK1, ERK, and Plk1 regulate unlinking of Golgi ribbon by 

severing the lateral connection between isolated stacks (Bisel et al., 2008; Feinstein and 

Linstedt, 2007). Mitogen-activated protein kinase (MEK)1 phosphorylates GRASP-55/65 to 

trigger unlinking of the ribbon which leads to the formation of isolated stacks (Tang et al., 

2012).  

(b) Unstacking of cisternae and vesiculation and partitioning.  

GRASP-65, a protein involved in Golgi stacking, binds directly to GM130 and targets this 

complex to cis-Golgi. Cdc2 kinase phosphorylates GM130 at the onset of prophase, resulting 

in loss of interaction with p115, resulting in unstacking of cisternae (Lowe et al., 2000). Once 

the Golgi is unlinked, cisternal unstacking and conversion of Golgi membranes into vesicles, 

which happens simultaneously, takes place in a COPI dependent manner. Tethering of COPI 

vesicles happens by a ternary complex of Giantin-p115-GM130 complex and is regulated by 

small GTPase Rab1 (Moyer et al., 2001). Vesiculation is, in fact, a result of an imbalance of 

vesicle budding and fusion during mitosis.  

Post unstacking and vesiculation Golgi is present in two separate pools. One being the 

vesicles, which is evenly distributed through the cytoplasm and second pool as clusters of 
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tubulo-vesicles, associated with spindles. As the mitosis progress, along with spindle, these 

structures gets partitioned into nascent forming daughter cells. 

(c) Re-assembly of Golgi membranes. 

Mechanistically, Golgi membranes re-assemble during telophase and cytokinesis, first 

formation of flat cisternae followed by its stacking. Eventually, Stacks come together to form 

two distinct Golgi ribbons on opposite sides of the nucleus as shown in Figure 1.15 E. 

Stacking and formation of ribbon requires tethering factor p115 and later GRASP proteins for 

re-assembly of Golgi membranes (Shorter and Warren, 1999). 

 

1.4.2.2 Role of the microtubule. 

Microtubules depolymerize when cell enter mitosis (at prophase) and as a consequence, 

therefore, Golgi stacks becomes small and disengage from each other and results in a peri-

nuclear localization. At metaphase/anaphase, when spindle microtubules are aligned at the 

metaphase plate, Golgi cisternae disintegrate further and appear as Golgi-haze, dispersed 

throughout the cytoplasm. During telophase/cytokinesis, microtubules start polymerizing 

and driven by motor proteins, fragmented Golgi also reassembles to give two intact Golgi 

which gets segregated to each daughter cell (Burkhardt, 1998b).  

 

1.4.2.3 Role of small GTPase, Arf1. 

Furthermore, small GTPase, Arf1, has also been shown to be involved in mitotic Golgi 

fragmentation. Arf1 undergoes dynamic association-dissociation with Golgi membranes, and 

inactivation of Arf1 has been shown to precede and results in mitotic Golgi fragmentation 

(Altan-Bonnet et al., 2003). Active Arf1, GTP bound form, gets recruited to Golgi by Guanine 
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exchange factors (GEFs) and in turn recruits multiple cytosolic effectors to Golgi membranes 

that regulate protein sorting/trafficking (Donaldson and Jackson, 2000).  

 

Research on mitotic Golgi fragmentation in past two decades led to the postulation of the 

organelle-specific checkpoint, known as “Mitotic-Golgi checkpoint”, which essentially 

monitors the structural integrity of the Golgi and regulate the cellular entry into mitosis. This 

checkpoint, however, differs from the conventional G2/M DNA damage checkpoint (Corda 

et al., 2012). 

 

1.4.3 Golgi fragmentation during meiosis and apoptosis.  

Apart from mitosis, various reports have identified fragmented Golgi structure during 

meiosis. Unlike mitosis, the outcome of meiosis is not an equal distribution of cytoplasmic 

content into daughter cells. During meiosis Golgi fuses with ER when fragmented and is not 

associated with the meiotic spindle. Once fertilization is committed, Golgi status does not 

control cytokinesis (Payne and Schatten, 2003). 

 

During apoptosis, Golgi gets irreversibly fragmented, although whether it’s a cause or effect 

remains unclear. There are certain similarities between mitotic and apoptotic Golgi 

fragmentation, such as the interconnected ribbon structure of the Golgi complex is lost, Golgi 

stacks no longer closely associated with the MTOC, individual cisternae further disassembled 

into clusters of vesicles and tubules dispersed throughout the cell. There is also an alteration 

in Golgi structural proteins Golgin-60, GRASP65, Giantin, GM130, p115. However, unlike 

mitosis, which is phosphorylation-mediated regulation, apoptotic Golgi fragmentation is 



!
71 

caspase-mediated cleavage of Golgi structural and regulatory proteins (Mukherjee et al., 

2007)s. 

 

1.4.4 Golgi fragmentation in disease conditions. 

Golgi fragmentation has also been observed in many neurodegenerative diseases, including 

amyotrophic lateral sclerosis (ALS), Alzheimer's disease, Parkinson’s disease, corticobasal 

degeneration, and Creutzfeldt-Jacob disease. However, the role of Golgi fragmentation in 

these conditions are poorly understood and have been addressed only now (Gonatas et al., 

2006). In a cellular mimic model of Parkinson disease, Golgi fragmentation has been shown 

to precede the formation of inclusion bodies and is Rab and SNARE proteins dependent 

(Rendón et al., 2013b). Another study has highlighted the molecular mechanism and 

pathophysiological relevance of Golgi fragmentation during progressive motor neuropathy 

(neurodegenerative disorder), where crosstalk between Arf1 and TBCE (Golgi localized 

tubulin binding cofactor E) regulates Golgi fragmentation in this condition (Haase and 

Rabouille, 2015). 

 

In many cancer conditions (prostate, colon, colorectal etc.) Golgi apparatus have been 

documented to be fragmented, however, researchers have begun to understand the role of 

Golgi fragmentation in the biology of cancer and tumors only recently (Petrosyan, 2015). 

Golgi functions such as trafficking and glycosylation are altered in different cancers, where 

Golgi is also fragmented (discussed in section 1.3 and 1.4). Further research is needed to 

understand the role and relevance of Golgi pathology in cancer.  
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Golgi fragmentation as a gate to cancer progression. 

There is growing evidence in the filed which describes Golgi fragmentation as a gate to cancer 

progression and metastasis which has been reviewed by Petrosyan A. (Petrosyan, 2015). In 

most cancers, the well-recognized alteration in glycosylation occurs as an increase in sialytion 

and is also reported to be associated with metastatic cell phenotype. This has been attributed 

as a consequence of dysregulation of glycosyltransferases and glycosidases. Further studies 

have provided evidence that inhibition of increased surface N-glycan and O-glycan in colon 

cancer cells could reverse its metastatic potential (Bresalier et al., 1991). Interestingly, studies 

post these findings also showed Golgi to be fragmented in these cancer cells, and likely be the 

reason to altered glycosylation (Egea et al., 1993; Kellokumpu et al., 2002).  

 

Furthermore, the role of Ras superfamily of GTPase in cancer progression has been well 

studied for decades now. Role of Rab GTPases (which tightly associate and regulate Golgins 

to maintain Golgi organization and function) in cancer progression is also under investigation 

now. Rab GTPases, namely Rab6a (in prostate cancer) (Petrosyan et al., 2014) and  Rab25 

(in Breast and ovarian cancer) (Yin et al., 2012) have been linked to promoting Golgi 

fragmentation. 

A recent report from Brad’s group performed kinome- and phosphatome-wide RNAi screen 

in HeLa cells to investigate their role in Golgi structure and function (trafficking and 

glycosylation) (Chia et al., 2012b). A wide range of kinases came as a positive hit (in 

regulating Golgi architecture and processing), which is aberrantly downregulated in many 

cancers. These findings have opened up new areas for research where Golgi could be targeted 

for cancer therapy.  
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1.5 Hypothesis and Objectives of the thesis 

 

1.5.1 Hypothesis: Can cell-matrix adhesion regulate Golgi organization and function? 

This thesis tests the role of cell-matrix adhesion has in regulating Golgi organization and 

function. The hypothesis is built on two major observations from literature. First, cell-matrix 

adhesion (integrins) has been shown to regulate membrane trafficking and control cell cycle 

progression (with contribution from growth factors). Changes in cell adhesion seen to drive 

mitotic cell rounding.  Second, Golgi is a vital organelle in the cells secretory pathway, is a 

major regulator of membrane trafficking in a cell. It is also seen to undergo a dramatic 

fragmentation as the cell enters mitosis. Despite this overlap, the role cell-matrix adhesion has 

on Golgi organization and function and its possible implications for the cell remain largely 

unexplored. The following objectives were designed to address this  

 

Specific objectives of the thesis 

I. Study the effect cell-matrix adhesion has on Golgi organization. 

II. Study the regulation of Golgi organization by cell-matrix adhesion. 

III. Compare loss of adhesion mediated Golgi disorganization to Golgi fragmentation. 

IV. Study the effect of adhesion-dependent Golgi disorganization on Golgi function. 

V. Study if and how this pathway is deregulated in anchorage-independent cancer cells. 
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2.1 MATERIALS. 

2.1.1 Reagents. 

Fibronectin was purchased from Sigma (Cat. No. # F2006). Cholera toxin subunit B (CTxB) 

conjugated with Alexa 594 (C22843) or Alexa 488 (C34775) were purchased from Invitrogen 

molecular Probes and used at a 1:10000 dilution. Accutase was purchased from Sigma (Cat. 

No. # A6964). Lectin probes were purchased Invitrogen Molecular Probes, Concanavalin A-

Alexa 488 (Cat. No. # C11252), PNA-Alexa-488 (Cat. No. # L21409), WGA-Alexa-488 

(Cat. No. # W11261). UEA-FITC was purchased from Sigma (Cat. No. # L9006). Divinyl 

Polystyrene beads (Cat. No. # 42045A 1) were purchased from Thermo scientific. 

Nocodazole (Cat. No. # M1404), Latrunculin A (Cat. No. # L5163), Brefeldin A (Cat. No. 

# B7651), Golgicide A (Cat. No. # G0923), Cycloheximide (Cat. No. # C6255) were 

purchased from Sigma. Ciliobrevin D (Cat. No. # 250401) was purchased from Calbiochem. 

Fluoromount-G (Cat. No. # 0100-01) was purchased from Southern Biotech. 

 

2.1.2 Antibodies. 

Antibodies used for western blotting include mouse anti-Arf1 (clone 1D9, abcam, Cat. No. 

# ab2806) at a dilution of 1:500, Rabbit anti-Arf1 (clone EP442Y, abcam, Cat. No. # 

ab32524) at a dilution of 1:500, Mouse anti Dynein (clone 74.1, Millipore, Cat. No. # 

MAB1618) at a dilution of 1:2000, rabbit anti GFP (Santa Cruz, Cat. No. #!GFP (FL): sc-

8334) at a dilution of 1:700, Mouse anti βeta-tubulin (Clone E7, Developmental Studies 

Hybridoma Bank, Cat. No. #AB_2315513) at a dilution of 1:5000, mouse anti-HA.11 Epitope 

Tag Antibody (Clone 16B12, Covance, Cat. No. #!MMS-101R) at a dilution of 1:2000, 
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Secondary antibodies conjugated with HRP were purchased from Jackson Immunoresearch, 

and were used at a dilution of 1:10000.   

 

Antibodies used for immunofluorescence include mouse anti-GM130 (BD transduction, 

clone 35, Cat. No. # 610822) at a dilution of 1:100, Mouse anti βeta-tubulin (Clone E7, 

Developmental Studies Hybridoma Bank, Cat. No. #AB_2315513) at a dilution of 1:1000, 

Anti-gamma Tubulin antibody (Abcam, Cat. No. # ab11317) at a dilution of 1:100, Rat anti-

HA Epitope Tag Antibody (Clone 3F10, Roche, Cat. No. #!11867423001) at a dilution of 

1:1000. Alexa Fluor 594 Phalloidin (Invitrogen ThermoFisher Scientific, Cat. No. # A12381) 

was used at a dilution of 1:100. Secondary antibodies with Alexa conjugate (488 or 594) were 

purchased from Invitrogen Molecular Probes (Cat. No. # A12379 and A12381) and were 

used at a dilution of 1:1000. 

 

2.1.3 Plasmids. 

HA-tagged (WT-Arf1, Q71L-Arf1, T31N-Arf1) and GFP-tagged (WT-Arf1 and T31N-Arf1) 

constructs were obtained from Dr. Satyajit Mayor (National Centre for Biological Sciences, 

Bangalore, India). GFP-tagged Arf1-Q71L construct was made by site-directed mutagenesis 

using GFP-Arf1-WT as a template and following primers:  

(forward) 5'-GACGTGGGTGGCCTGGACAAGATCCGG-3' and  

(reverse) 5'-CCGGATCTTGTCCAGGCCACCCACGTC-3'.  

mCherry-tagged Arf1-WT and Arf1-Q71L constructs were made by releasing the Arf1 gene 

from GFP constructs (using Bgl II and BamH1 sites) and cloning the same into an empty 

mCherry-N1 vector.  Galtase-RFP, MannosidaseII-GFP, and KDEL-RFP constructs were all 
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obtained from Dr. Jennifer Lippincott Schwartz (NIH). All of the above-mentioned constructs 

were sequenced to confirm their identity before being used in our studies.   

 

2.2 METHODS COMMONLY USED THROUGHOUT THE STUDY 

2.2.1 Cell culture and transfections. 

Mouse embryonic fibroblasts (MEFs) obtained from Dr. Richard Anderson (University of 

Texas Health Sciences Centre, Dallas TX) were cultured in complete Dulbecco's modified 

Eagle's medium (DMEM) (Invitrogen) with 5% fetal bovine serum (FBS) and penicillin-

streptomycin (Invitrogen) at 370C in a 5% CO2 incubator.  Human foreskin fibroblasts (BJ) 

Cells from ATCC and were cultured in complete Dulbecco's modified Eagle's medium 

(DMEM) (Invitrogen) with 10% fetal bovine serum (FBS) and penicillin-streptomycin 

(Invitrogen).  Human umbilical vein endothelial cell line (EA.hy926) was a generous gift from 

Dr. Madhulika Dixit (IIT Madras). EA.hy926 cells were cultured for up to 4 passages in 

DMEM (Invitrogen) with 10% fetal bovine serum (FBS) supplemented with EGM-Plus 

SingleQuots (Lonza). MCF10A cells were obtained from Dr. Mayurika Lahiri (IISER Pune), 

and  cells were grown in High Glucose DMEM without sodium pyruvate (Invitrogen) 

containing 5% horse serum (Invitrogen), 20 ng/mL EGF (Sigma), 0.5 μg/mL hydrocortisone 

(Sigma), 100 ng/mL cholera toxin (Sigma), 10 μg/mL insulin (Sigma) and 100 units/mL 

penicillin-streptomycin (Invitrogen) and were resuspended during sub-culturing in High 

Glucose DMEM without sodium pyruvate containing 20% horse serum and 100 units/mL 

penicillin-streptomycin (Invitrogen). 38B9 Pro-B cells and EL4-Pro-T cells were obtained 

from Dr. Jagan Pongubala (University of Hyderabad, India). 38B9 cells were cultured in 

RPMI+10% FBS+ 50 µM mercaptoethanol. El4 cells were cultured in DMEM+10% FBS. 
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WT-MEFs and BJ cells were transfected using LTX-PLUS (Invitrogen) and EA.hy926 cells 

using FuGENE (Promega) according to the manufacturer’s protocol.  Transfections were 

done in 6 cm dish using 4 µg DNA for 6 hours (EA.hy926) or 12 hours (WT-MEFs and BJ 

cells).  36 hours after transfection cells were serum starved for 12hours with DMEM 

containing 0.2% FBS. 

 

2.2.2 Suspension and re-adhesion of cells. 

WT-MEFS, Human Endothelial cells (EA.HY926s) or Human fibroblasts were all cultured 

in their respective growth medium in 60 mm dishes to ~ 75% confluency.  Cells were serum 

starved (0.2% FBS) for 12 hours detached using Trypsin-EDTA (Invitrogen) or Accutase 

(Sigma) (for lectin labeling experiments), washed with 0.2% FBS containing DMEM, 

processed on the ice and an aliquot of cells collected as the 5 mins suspension time point.  

Cells were then held in suspension with 1% methylcellulose containing low serum DMEM 

(0.2% FBS) for increasing time (5 mins to 120 mins) as required (Figure 2.1). Post incubation 

cells were carefully washed twice with 0.2% FBS DMEM at 40C to avoid clumping and 

collected at the required time.  These processed cells when needed were re-plated on coverslips 

coated with 2 µg/ml fibronectin for the required time (5 mins, 15 mins, 4 hours for stable 

adherent cells).  For confocal microscopy cells were fixed with 3.5% paraformaldehyde (PFA) 

for 15 mins at room temperature (RT), washed with PBS thrice, stained and mounted.  For 

western blotting, suspended and re-adherent cells were lysed required amount of 1X Laemmli, 

heated at 950C for 5 mins and stored at -800C. 
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Figure 2.1 Schematic of the suspension assay. WT-MEFS or other cell types were cultured 
in their respective growth medium in 100 mm dishes to ~ 75% confluency.  Cells were serum 
starved (incubated with medium containing 0.2% FBS) for 12 hours detached using Trypsin-
EDTA (Invitrogen) or Accutase (Sigma) (for lectin labeling experiments), washed with 0.2% 
FBS containing DMEM, processed on the ice and an aliquot of cells collected.  This 
processing takes about 5 mins and these detached cells are accordingly labeled as (detached 
5').  Cells were then held in suspension with 1% methylcellulose containing low serum 
DMEM (0.2% FBS) for the required time. Post incubation cells were collected at the required 
time, carefully washed twice with 0.2% FBS DMEM at 40C to avoid clumping.  These 
processed cells when required were re-plated on coverslips coated with 2 µg/ml fibronectin 
for the required time (5 mins, 15 mins or 4 hours for stable adherent cells).  For confocal 
microscopy suspended or re-adherent cells were fixed with 3.5% paraformaldehyde (PFA) for 
15 mins at room temperature (RT), washed with PBS thrice, stained and mounted using 
fluoramount.  For western blotting, suspended and re-adherent cells were lysed in the required 
amount of 1X Laemmli, heated at 950C for 5 mins and stored at -800C. 
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2.2.3 GM1 labeling of cells with CTxB. 

Serum-starved WTMEFs detached with trypsin were labeled for 15min on ice with cholera 

toxin B subunit (CTxB) conjugated to Alexa 488 or Alexa 594.  These cells were washed and 

fixed to look at surface GM1 labeling, to begin with, held in suspension for 120 mins to 

observed GM1 endocytosis.  Cells were fixed with 3.5% PFA, mounted and observed.  To 

test the role of the cytoskeleton in GM1 endocytosis adherent cells pre-treated with 

Nocodazole (10uM) or Latrunculin A (0.5uM) for one hour were detached, labeled and 

endocytosis similarly observed.  Z stacks of surface GM1 labeled cells were deconvoluted and 

surface rendered to determine cell shape in suspended and re-adherent cells.  

 

2.2.4 Measuring Cell volume using surface GM1 labeled suspended and re-adherent cells. 

Z stacks of surface GM1 labeled cells were deconvoluted and surface rendered to determine 

cell shape in suspended and re-adherent cells. Threshold of 2% was set in order to completely 

fill the cell and hence giving a continuous structure. The average volume for suspended and 

re-adherent cells was then compared. 

 

2.2.5 Binding of fibronectin and poly L-Lysine coated beads to cells. 

8x108 Divinyl polystyrene beads were re-suspended in 500 µl PBS and sonicated for 30 

seconds. Beads were washed thrice with cold 1X PBS (pH 7.4), centrifuged at 6000 rpm for 5 

mins at 4°C and incubated with 500 µl PBS containing 10 µg/ml Fibronectin or 10 µg/ml 

Poly-L-Lysine at 4°C overnight on a rotary shaker.  Coated beads were centrifuged, washed 

with cold 1X PBS (pH 7.4) and blocked with 50 mg/ml BSA at 4°C for 3 hours on a rotary 

shaker.  Beads were washed and re-suspended finally in 100 µL of PBS (pH7.4). Adherent 
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WT-MEFs were labeled with CTxB-Alexa-594 on ice for 15 mins and then washed 

thoroughly to remove unbound probe. FN-coated beads (cells to bead ratio 1:10) were added 

and incubated for 15 mins at 37°C. Cells were then PFA fixed and mounted using 

Flouromount-G. Cells with bound bead were then imaged. 

 

Untransfected or GalTase RFP transfected serum-starved cells (2x105) were detached, held in 

suspension for 30 mins in 2 ml 0.2% FBS containing DMEM with 1% methylcellulose.  12.5 

µl FN or PLL coated bead suspension (2x106 beads) was added to the cells (cells: bead ration 

maintained at 1:10) mixed gently and incubated for 15 mins at 37°C.  Cells were washed 

gently and fixed with 3.5% PFA for 15 mins and RT.  Immunostaining of cells for GM130 

was done as discussed later, with all washing steps done very carefully. Cells were then 

mounted using Fluoromount-G, allowed to dry for 24 hours and then imaged.  Cells with 

bound beads were identified in the population and used for comparison.  

 

2.2.6 Spatial Golgi localization relative to the cell-bound fibronectin coated bead. 

Cross-sectional images of cells with a single attached FN bead were selected and an outline 

of the cell boundary with the location and outline of the bead made.  The Golgi area was then 

mapped within the cell.  These line drawings for cell outline + bead outline + mapped Golgi 

area for each cell were grouped together and the position of beads across cells was moved to 

cause them to overlap.  The relative position of the Golgi for each cell while maintained 

relative to the bead was now comparable across cells and for bead position.  This now allows 

us to generate a combined image for all cells with their cell perimeter and bead position being 
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identical and lets us look at Golgi position relative to the same.  Golgi outlines are made 

transparent to allow us to see the overlap in localization.  

 

2.2.7 Inhibitors studies. 

For all the inhibitor studies, cells transiently expressing GalTase-RFP and ManII-GFP were 

serum starved with 0.2% FBS containing DMEM for 12hours, trypsinized and held in 

suspension for 60 mins in 5ml of 1% methylcellulose containing DMEM.  Cells were then 

treated with Nocodazole (10 µM in DMSO), Latrunculin A (0.5 µM in DMSO), BFA (10 µg 

in MeOH), Ciliobrevin D (20 µM in DMSO) and incubated for an additional 30 mins at 37°C.  

Control cells were treated with an equivalent volume of solvent (DMSO /MeOH).  Cells were 

processed as described in suspension assay and suspension time point samples collected.  Cells 

were re-plated on FN-coated coverslips with or without inhibitor for 5 mins, fixed, mounted 

and imaged using a confocal microscope. 

 

2.2.8 Arf1 activity assay. 

Cells serum starved with 0.2% FBS containing DMEM for 12 hours were detached using 

Trypsin-EDTA, held in suspension for 120 mins (120’ SUSP), re-plated on fibronectin (10 

µg/ml) for 15 mins (15’FN) and for 4 hours to be stable adherent (SA).  Cells were lysed and 

processed for Arf1 activity assay as described earlier (Balasubramanian et al., 2007).  30 µL 

of WCL and all of the GGA3 pulldown sample were resolved by 12.5% SDS-PAGE gel and 

transferred to PVDF membrane (Millipore).  Blots were blocked with 5% milk in Tris-buffered 

saline containing 0.1% Tween-20 (TBST) for 1 hour at RT and incubated with the anti-Arf1 

antibody (Clone 1D9, Abcam) diluted 1:500 in 2.5% milk in TBST at 4°C overnight. Blots 
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were washed and incubated with anti-mouse HRP diluted 1:10000 in 2.5% milk in TBST at 

RT for an hour and developed with PICO chemiluminescence detection system (Thermo 

Scientific). LAS4000 (Fujifilm-GE) was used to image the blots and densitometric band 

analysis was done using Image J software (NIH). 

To determine Percentage Arf1 activity, following calculation was used:  

 

Percentage)Arf1)Activity = Pulldown)Band)Intensity)×100
Corresponding)WCL)Band)Intensity)×)Dilution)factor) 

 

Dilution factor was calculated as the ratio of the amount of total cell lysate used for the 

pulldown (400 μl) and the amount of this lysate loaded as representative of whole cell lysate 

(WCL) on SDS PAGE, (22.5 μl WCL + 7.5 μl 4× Laemmli).  The dilution factor was hence 

400÷22.5=17.77.  This ratio was kept constant in all the experiments in this study.  Percentage 

active Arf1 levels thus calculated were compared between stable adherent, suspended and re-

adherent cells.   

Arf1 activity assay for inhibitor studies: For inhibitors studies (BFA, Ciliobrevin, and 

Nocodazole) percentage active Arf1 values for suspended or re-adherent cells were 

normalized to the control untreated cells and represented. Similarly, total Arf1 levels 

(Arf1/Actin in WCL samples) in inhibitor-treated cells were normalized to untreated controls 

and represented in every experiment. 

 

2.2.9 Detection of Dynein bound with Active Arf1. 

Active Arf1 was pulled down using the GST-GGA3 construct as described earlier for the 

activity assay.  Pull down and whole cell lysate (WCL) samples were probed for mouse anti-
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Arf1 antibody (clone 1D9, abcam, Cat. No. # ab2806) at a dilution of 1:500 and mouse anti 

Dynein antibody (clone 74.1, Millipore, Cat. No. # MAB1618) at a dilution of 1:2000.  Arf1 

and dynein levels in the pulldown were normalized to respective levels in the WCL, values 

thus obtained normalized to stable adherent cells and compared suspended and re-adherent 

cells. 

Serum-starved 10x105 live WT MEF cells either treated with BFA (10 µg/mL in MeOH) or 

MeOH as a control for 2 hours. Cells were lysed and immediately processed for pulldown of 

Active Arf1 using GST GGA3 beads as described earlier.  Active Arf1 levels and dynein 

bound in pull-down fractions were detected by western blot and compared. 

 

2.2.10 Immunofluorescence detection of the cis-Golgi marker, GM130.  

Serum-starved cells held in suspension as described earlier or re-adherent were fixed with 

3.5% paraformaldehyde (PFA), permeabilized with PBS containing 5% BSA and 0.05% 

Triton-X100 for 10 mins at RT.  Cells were then blocked with 5% BSA in PBS for 30 mins at 

RT and then incubated with anti GM130 antibody diluted 1:100 in PBS with 5% BSA for an 

hour at RT. Cells were washed with PBS and incubated with 1:1000 diluted anti-mouse Alexa 

488/ Alexa 568 antibody (as required) at RT for one hour.  Suspended cells were similarly 

labeled in Eppendorf tubes and mixed regularly by tapping to prevent cells from settling.  Cells 

were washed with 1X PBS and eventually reconstituted and mounted using flouramount-G.  

 

2.2.11 Confocal Microscopy. 

Cells were imaged using the Zeiss 710 or 780 laser scanning confocal microscopes using a 

63X oil objective (NA 1.4).  Acquisition settings were kept constant at: laser power = 2 %, 
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Pinhole = 1 AU, gain = 700 to 800 and images acquired at 1024 x 1024 resolution.  Z-stacks 

were acquired at 0.2 µm interval thickness, deconvoluted and rendered as discussed below. 

 

2.2.12 Deconvolution of Z stacks and object analysis. 

All the images were processed and analyzed using the Huygens Professional version 16.10 

(Scientific Volume Imaging, The Netherlands, http://svi.nl). De-convolution of confocal z-

stack was optimized using the following settings. Average background value = 1, number of 

iterations = 30, signal to noise ratio (SNR) = 20, and quality change threshold = 0.0001.  

These settings were kept constant for all de-convoluted images discussed in this study.  

Theoretical point spread function (PSF) values were estimated for each z-stack and provide 

the minimal voxel size that the confocal microscope could resolve.  This PSF value was then 

used in the software as garbage volume for surface rendering and object analysis.  De-

convoluted images were rendered either as a 3D maximum intensity projection (using the 

MIP Renderer plug-in) or surface rendered (using the Surface render plug-in with a 15% 

primary threshold).  The top view of a MIP or surface rendered cell (zoomed 1.5X or 2.5X) 

was used to represent the Golgi phenotype.  When needed a cross-sectional view along the Z-

Axis of the MIP image was used to observe the localization of the Golgi in a re-adherent cell.  

Surface rendered images for GM1 labeled with CTxB were used to observe cell shape.  When 

needed a movie representing the Golgi architecture was made using the deconvoluted 3D 

surface rendered image by processing it through the Huygens movie maker plugin. 

 

The number of discontinuous Golgi objects in a 3D deconvoluted image was determined 

using the advanced object analysis plugin in the Huygens Professional software. The garbage 
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volume was set as calculated earlier, and a 15% threshold used to determine the number of 

discontinuous Golgi objects present in a cell.  This was done for all cells in each treatment 

and the average number of Golgi objects determined.  These were then compared between 

treatments to comment on the extent of the Golgi disorganization.  

 

2.2.13 Determining the Golgi distribution profile in a cell population. 

Cells were imaged using a confocal microscope and the structure of the Golgi observed and 

classified as organized or disorganized. An “Organized” Golgi was defined as one major 

compact object, plus 0-5 minor objects which were localized near to each other; 

“Disorganized” Golgi was defined combination of two phenotype: Partly disorganized (5-15) 

objects scattered in the cell, and disorganized (15-40) objects completely dispersed in the cell. 

A minimum of 50 (for bead experiments) and maximum of 200 randomly selected cells were 

observed in each population or treatment and their Golgi structure was classified as above.  

These numbers were then used to calculate percentage distribution of organized vs 

disorganized Golgi in each population. Representative cross-sectional confocal images of 

organized and disorganized Golgi from each population or treatment were acquired, 

deconvoluted, surface rendered. 

 

2.2.14 Co-localization analysis. 

The co-localization analysis was done using the Colocalization Analyzer Plug-in in the SVI 

Huygens Professional software (version 16.10). Deconvoluted cross-sections of a combination 

of Golgi markers were used to calculate Pearson’s coefficient. These values were then 

compared between suspended and re-adherent cells. De-convoluted z-stack of the entire cell 
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expressing cis-medial Golgi marker (Man II GFP) and ER marker (KDEL-RFP) were used 

to calculate Pearson coefficients. These values were then compared between untreated and 

BFA treated suspended cells.  A line plot of the intensities for each marker was determined 

using the Huygens twin slicer plugin. Fluorescence intensities thus obtained for both markers 

were plotted using GraphPad Prism and the overlap in their intensities compared.  

 

2.2.15 Cell membrane lectin labeling and quantitation by flow cytometry. (Specific to 

Chapter 6). 

For studies on lectin binding, WTMEFs serum starved for 12 hours were detached using 

Accutase (Sigma), processed and then held in suspension for 120 mins. 10x105 live cells 

following detachment (5’ SUSP) and after 120min in suspension, were incubated with Alexa-

488 conjugated ConA (0.025 µg/µL), PNA (0.025 µg/µL), WGA (0.0005 µg/µL) and FITC-

UEA (0.1 µg/µL) for 15 mins on ice in the dark in 200 µl PBS.  Cells were gently mixed during 

incubation to avoid clumping.  They were eventually washed with cold PBS, fixed with 3.5% 

PFA for 15 mins at RT and re-suspended in 200 µL PBS.  Cells were analyzed using the BD 

LSRFortessa SORP cell analyzer.  Unlabeled detached (5 min) and 120 mins suspended cells 

were analyzed to set forward and side-scatter profiles and this was then used to set a gate to 

classify autofluorescence and then lectin fluorescence was measured.  10000 events were 

recorded for each treatment and time point to obtain levels of bound lectins on the cell surface.  

This data was analyzed using the Flowing software 2.5.1 and median fluorescence intensity 

was calculated for each cell population. Median fluorescence intensities of 120 mins 

suspended cells were normalized to their respective 5 min suspension time points and 

compared.  
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Time Kinetics for Lectin binding. 

For time kinetics studies, WTMEFs serum starved for 12 hours were detached using Accutase 

(Sigma), and 10x105 cells were held in suspension for 5, 10, 20, 30, 60 and 120 mins. Every 

time point was labeled with Alexa-488 conjugated ConA (0.025 µg/µL) for 15 mins on ice in 

the dark in 200 µl PBS.  Rest of the protocol was followed as described in the previous section. 

 

Cycloheximide for Lectin binding. 

For cycloheximide studies, WT-MEFs serum starved for 8 hours were either mock treated or 

with 40 µg/mL cycloheximide (CHX) for 4 hours. Cells were then similarly subjected for 

ConA labelling at 5’SUSP and 120’SUSP time points as described earlier.   

 

Lectin binding studies with Arf1 mutants. 

WTMEFs transfected with empty CherryN1, WT-Arf1-CherryN1 and Q71L-Arf1-CherryN1 

using LTX-PLUS transfection reagent (Invitrogen) were serum starved for 12 hours, detached 

(5’ SUSP) using Accutase and held in suspension for 120 mins.  10x105 live cells (for each 

construct) were collected at both time points.  Cells were surface labeled with Alexa-488 

conjugated ConA (0.025 µg/µL), and FITC conjugated UEA (0.1 µg/µL) as described above. 

7000 cells in the population gated for cherry fluorescence (Arf expression) were analyzed for 

lectin binding (Alexa 488/FITC).  Flowing software 2.5.1 was used to determine median 

fluorescence intensity for bound lectin in cells suspended for 120 mins normalized to its 

respective 5 min suspension time point.  Basal lectin levels (at 5 min suspension) were also 

compared across cells expressing Arf1 cherry constructs for WT-Arf1-Cherry and Q71L-Arf1-

Cherry constructs.  
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2.2.16 Statistical analysis. 

All the analysis was done using Prism Graphpad analysis software. Statistical analysis of data 

(number of Golgi objects, Arf1 activity, Pearson coefficient, and lectin studies) was done 

using the two-tailed unpaired Mann-Whitney t-test and when normalized to respective 

controls using the two-tailed single sample t-test. Statistical analysis for changes in distribution 

profile of Golgi phenotype was done using the two-tailed, Chi-square t-test.  A minimum of 

150 cells (from two or three independent experiments as stated) were counted and analyzed 

across experiments.  
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Chapter 3 
 

Study the effect of cell-matrix 
adhesion on Golgi organization. 
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3.1 RATIONALE. 

 

Cell-matrix adhesion and its regulation of various cellular processes, signaling, migration, 

endocytosis, exocytosis, cytokinesis, cell polarity, have been explored in great depth.  

Formation of “focal adhesion”, where scaffolding of signaling molecules such as integrin-

linked-kinase (ILK), focal adhesion kinase (FAK), Rho-GTPase family proteins, are the early 

steps in integrin-mediated adhesion regulation and has also been extensively studied (Geiger 

et al., 2001a; Lawson and Schlaepfer, 2012). Loss of cell-matrix adhesion regulates membrane 

trafficking by controlling FAK and Src kinase-dependent caveolar and membrane “raft” 

endocytosis which in turn triggers downregulation of growth signaling (Akt and Erk) 

(Pelkmans et al., 2005; del Pozo et al., 2004a, 2005). Integrin-mediated adhesion to ECM is 

essential for activation of MEK1, expression of cyclin-D1 and progression through a G1-S 

phase of cell cycle (Reverte et al., 2006; Schwartz and Assoian, 2001a; Schwartz and 

Ginsberg, 2002). Resting interphase cells have large focal adhesions which are disassembled 

at the onset of mitosis with changes in cell morphology, as cells adopt a round shape (Ezratty 

et al., 2005; Geiger et al., 2001b; Maddox and Burridge, 2003).  

 

Furthermore, an intact organized Golgi appropriately positioned in a cell is crucial for 

glycosylation, trafficking, and directed secretion which will, in turn, affect processes like cell 

polarization and migration (Millarte and Farhan, 2012; Wilson et al., 2011; Yadav and 

Linstedt, 2011a). Proteins and lipids modified in the Golgi apparatus are directed to multiple 

destinations in the cell such as the endosomes, plasma membrane, and extracellular secretory 

pathways, in a tightly coordinated manner (Bonifacino and Rojas, 2006; De Matteis and 
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Luini, 2008). Interestingly, when the cell enters mitosis, “rounding up” of the cell (loss of 

adhesion to ECM connection) precede Golgi fragmentation (Maddox and Burridge, 2003; 

Suzuki and Takahashi, 2003). This raises the possibility that loss of adhesion event could have 

a role in mitotic Golgi fragmentation which remains unexplored. Additionally, in a migratory 

cell that is the adherent positioning of Golgi is regulated (Yadav and Linstedt, 2011b; Yadav 

et al., 2009), though if this is dependent on the Golgi organization and if and how adhesion 

controls the same remains largely unexplored.  

 

This study, hence focussed on what happens to the Golgi organization in anchorage-

dependent cells on their “loss of adhesion” and “restoration of adhesion” to fibronectin 

matrix.  The aim of this chapter was to evaluate and characterize the Golgi organization 

phenotype in various anchorage-dependent cells under conditions where cells are just 

detached, held in suspension for increasing times and then re-plated on fibronectin (or 

fibronectin-coated beads) for increasing times.   

(1) Mouse embryonic fibroblasts (WT-MEF) 

(2) Human endothelial cells (EA.hy.926) 

(3) Human foreskin fibroblast cells (BJ) 

(4) Human breast epithelial cells (MCF10A) 

These studies are done in these cells in low serum conditions to ensure that growth factor-

mediated signaling is significantly reduced allowing us to look at this regulation by cell-matrix 

adhesion alone.  Independently, the effect presence of serum growth factors have on the Golgi 

organization in these cells was also explored.  These studies were done using distinct Golgi 

markers that label specific Golgi compartments (a) Cis, (b) Cis-Medial, (c) Trans Golgi, using 

antibody staining or transient expressing GFP/RFP tagged fusion proteins.  



!
93 

3.2 RESULTS. 

 

3.2.1 Cell-matrix adhesion regulates signaling/endocytosis.  

 

To evaluate if cell-matrix adhesion has any role in regulating Golgi organization, firstly time 

frame was established to test the hypothesis. As the aim is to compare organization of a 

membrane-bound organelle, which could be influenced by cell shape and size, the possibility 

of investigating this aim in cells which are adherent and completely spread out was ruled out 

on the coverslip. In order to negate the contribution growth factors and to be completely sure 

that cell-matrix adhesion is the primary cause of regulating Golgi organization, cells were 

serum starved for 12 hours (grown in medium with 0.2% serum).  

 

Serum-starved WT-MEFs were labeled with Cholera toxin B subunit (CtXB-Alexa-594) on 

ice to label GM1 (lipid in raft microdomains on the cell surface). Cells were detached (5’ 

SUSP) and held in suspension for 120 mins in 1% methyl cellulose (120’ SUSP), and re-plated 

on fibronectin for 5 mins (5’ FN). To examine the cell shape and volume in these time frames, 

cell shapes were visually compared and found it to be more or less spherical (Figure 3.1a). 

Next, volume of the entire cell was measured and observed no difference (Graph in Figure 

3.1a). Next, the effect on downstream AKT activation in these time frames were evaluated. 

Immunoblots revealed that in suspension (120’ SUSP) AKT phosphorylation was 

significantly reduced and it was rapidly triggered on just 5 mins of re-adhesion to fibronectin 

(Figure 3.1b). The endocytosis of GM1 which has been earlier reported to be regulated by 

cell-matrix adhesion (Balasubramanian et al., 2007) was also checked. GM1 as detected by 
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CTxB-Alexa-594 fluorescence labeled the cell surface in 5’SUSP, which was endocytosed and 

localized to recycling endosomes after 120’SUSP. On re-adhesion to fibronectin endocytosed 

GM1 could be seen moving towards cell periphery (Figure 3.1c).  These data established the 

time frame that could be utilized to investigate the central question.  
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Figure 3.1 Selection of time points from suspension assay. (a) Stable adherent WT-MEFs 
pre-labeled with CTxB-Alexa 594 on ice for 15 mins were detached (5’ SUSP) and held in 
suspension for 120 mins (120’ SUSP), and re-plated on fibronectin for 5 mins (5’ FN).  
Confocal Z stacks were deconvoluted, 3D reconstituted and the threshold set to fill the cell 
volume and observed along their Z-Axis.  Scale bar in the images is set at 4 µm.  The volume 
of such a cell was measured and represented as mean ± SE from 8 cells from two independent 
experiments. (b) Western blot detection of phosphorylation on the serine 473 residues of AKT 
(S473), total AKT and actin in lysates from serum-starved WTMEFs stable adherent (SA), 
suspended for 120 mins (120’ SUSP) and re-adherent on fibronectin for 5mins (5’ FN). The 
ratio of pAkt/Akt was normalized to 5’ SUSP and is represented in the graph as mean ± SE 
from four independent experiments.  (c) Stable adherent WT-MEFs pre-labeled with CTxB-
Alexa 594 on ice for 15 mins were detached (5’ SUSP) and held in suspension for 120 mins 
(120’ SUSP), and re-plated on fibronectin for 5 mins (5’ FN).  Representative confocal cross-
sections images of CTxB, DAPI and merged images are shown from 3 independent 
experiments. Scale bar in the images is set at 5 µm. 
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3.2.2 Localization of Golgi markers in cell lines used. 

 

As a first step to address the hypothesis, localization of different Golgi markers in anchorage-

dependent cell lines when they were completely adherent and well-spread (Figure 3.2) was 

checked. Mouse embryonic fibroblasts showed all the Golgi markers, cis-Golgi (by antibody 

staining for GM130), cis-medial Golgi (by expressing Mannosidase-II GFP) and trans-Golgi 

(by expressing GalTase-RFP) to be organized, perinuclear localization, as reported earlier in 

the literature (Figure 3.2 a-c). Similarly, human breast epithelial cells (MCF10A) cells 

revealed cis-Golgi (GM130) to be organized (Figure 3.2 d). Human foreskin fibroblast cells 

(BJ) (Figure 3.2 e, f) and human endothelial cells (EA.hy.926) (Figure 3.2 g, h) also displayed 

cis-medial (Man II GFP) and trans-Golgi (GalTase-RFP) to be organized and positioned peri-

nuclearly.  

These data established that Golgi in these cells, to begin with, was organized and positioned 

properly in adherent conditions.  
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Figure 3.2 Expression/localization of Golgi markers in adherent cells.  WT-MEFs (a) un-
transfected or (b) transfected with Man II GFP (c) transfected with GalTase RFP serum 
starved for 12 hours and fixed. Untransfected cells were immunostained with the anti-GM130 
antibody. (d) Human normal breast epithelial cells (MCF 10A) cells fixed and immunostained 
with the anti-GM130 antibody. Human foreskin fibroblast cells (BJ) were transfected with (e) 
Man II GFP (f) GalTase RFP and serum starved for 12 hours and fixed. Human endothelial 
cells (EA.hy926) were transfected with (g) Man II GFP (h) GalTase RFP and serum starved 
for 12 hours and fixed. Representative confocal cross-sections images are shown. Scale bar in 
the images is set at 10 µm. 
 

 

 

 

 

 

 



!
98 

3.2.3 Adhesion regulate Golgi organization in mouse embryonic fibroblast cells. 

 

To access the role of adhesion on Golgi organization in mouse embryonic fibroblasts (WT-

MEF) Golgi was visualized in the time points optimized earlier. Remarkably, serum starved 

WT-MEFs on the loss of adhesion, that is, loss of integrin-ECM connection, triggered 

disorganization of cis-Golgi (immunostained with anti-GM130 antibody) as represented in 

Figure 3.3 a. Confocal z-stacks when deconvoluted, surface rendered and 3D reconstituted 

revealed disorganization of cis-Golgi began as early as 5’ SUSP, and this effect was further 

amplified by 120’ SUSP. On re-adhesion to fibronectin for 5 mins, when mostly the integrin-

mediated signaling has been initiated, cis-Golgi disorganized objects collapsed to form an 

intact organized phenotype. This observation was quantitated by calculating the number of 

discontinuous objects in single 3D reconstituted confocal z-stack, and found that an average 

number of Golgi objects were significantly less in 5’FN (~5) relative to 120’SUSP (~40) in a 

cell (Figure 3.3 b). 

 

This suggests cell adhesion to the matrix (mostly through integrin engagement to ECM and 

hence activation/signaling) regulates Golgi organization which is a rapid and reversible 

process. As the number of Golgi objects varied, the total Golgi volume (Figure 3.3 c) and total 

Golgi surface area (Figure 3.3 d) of a suspended and re-adherent cell were compared and 

noted that there was a subtle increment in volume but no substantial difference in surface 

area. This suggested that adhesion disorganizes cis-Golgi compartment such that the structure 

separate out and move away, but there was no swelling in these Golgi compartment keeping 

the volume and area unaffected.  
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Golgi disorganization in response to adhesion was also observed for trans-Golgi (Figure 3.4a), 

which was visualized and characterized by GalTase-RFP fluorescence which re-organized 

rapidly on re-adhesion like cis-Golgi. Interestingly, disorganization of trans-Golgi in 

suspended cells was observed to a much greater extent than cis-Golgi. This is reflected in the 

number of discontinuous objects for GalTase in 120’SUSP (~80), which was brought down 

to ~10 in 5’FN time point (Figure 3.4 b). Total Golgi volume of 120’SUSP cell was 

significantly more than 5’SUSP, and this reverted to re-adhesion, 5’ FN (Figure 3.4 c). A 

similar pattern was observed for the total Golgi surface area for GalTase in suspended and re-

adherent cells. These results indicated that adhesion regulates trans-Golgi organization 

likewise cis-Golgi but to a different extent. There could be few explanation for this differential 

disorganization, which is discussed in the later chapter. 

 

Golgi disorganization in response to adhesion was also observed for cis/medial-Golgi which 

was visualized and characterized by Man II-GFP fluorescence (Figure 3.5 a, b). This 

phenotype was found to be similar to cis-Golgi (GM130) regulation by adhesion.  

 

To further ascertain the regulation of adhesion on Golgi organization on the fraction of the 

population of cells, percentage distribution of the organized vs disorganized trans-Golgi 

phenotype was determined. When compared in the cell population, confirms the disorganized 

phenotype to be prominent (~85 %) in suspended cells, reversed rapidly on re-adhesion 

(Figure 3.6 a, b). This confirmed that cell-matrix adhesion regulates Golgi organization in the 

majority of the cell population.  
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As there were differences in Golgi organization between 5’ and 120’ SUSP cells, the kinetics 

of Golgi disorganization and re-organization in WT-MEFs for all the three Golgi markers 

used previously were analysed in the cross-sectional images (cis, cis-medial, and trans-Golgi) 

(Figure 3.7 a).   

 

Effect of loss of adhesion on Golgi disorganization could be detectable in early suspension 

time points, 5’ SUSP, and appeared evident around 20’ SUSP, as indicated by a number of 

Golgi objects in each time points (Figure 3.7 b). There was a subtle increase in a number of 

Golgi objects by 120’ SUSP time point. As noted earlier, the extent of trans-Golgi 

disorganization was seen more than cis or cis-medial Golgi for any time point. Conversely, 

re-adhesion to fibronectin for 5 mins caused all three Golgi compartments to organize at a 

more or less similar rate (Figure 3.7 b). Post 10 mins on fibronectin, cells started to spread 

and that changed the shape and volume of the entire cell to be different, making it unfit to 

comment on Golgi organization in relation with suspended or 5’FN cells, which are close to 

spherical in shape. These data provided evidence that adhesion regulation on Golgi 

organization is a very rapid and reversible event in anchorage-dependent fibroblast cells.    
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Figure 3.3 Adhesion regulates cis-Golgi organization in WT-MEFs. (a) Untransfected WT-
MEFs were serum starved for 12 hours as stable adherent (SA) were detached (5’) and held 
in suspension for 120 mins (120’) and re-plated on fibronectin for 5 mins (5’ FN).  Their cis 
Golgi was detected by anti-GM130 antibody staining (GM130).  Maximum intensity 
projections (MIP) of de-convoluted confocal images for 3 representative cells for GM130 for 
each time point are shown (left panel in each time point).  De-convoluted confocal Z stacks 
were surface rendered and zoomed for clarity (2.5X) (right panel in each time point).  Stable 
adherent cells (SA) are represented only as maximum intensity projections (MIP).  (b) 
Following deconvolution of detached (5’ SUSP), suspended (120’ SUSP) and re-adherent (5’ 
FN) cells discontinuous Golgi objects per cell detected were determined using the Huygens 
image analysis software.  The graph represents mean ± SE from a minimum of 20 cells and 
maximum of 25 cells (as indicated in each bar) from three independent experiments. Total 
volume (c) and total surface area (d) occupied by the cis Golgi objects detected by GM130 
per cell were measured in deconvoluted Z stack images and analyzed using the Huygens 
image analysis software from detached (5’ SUSP), suspended (120’ SUSP) and re-adherent 
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cells (5’ FN). Bars represent average data of 20-25 cells from 3 independent experiments.  
Statistical analysis was done using the non-parametric Kruskal-Wallis test (*** p-value 
<0.0001, ns represents not significant). All scale bars in images are 4 µm, except stable 
adherent cells set at 10 µm. 
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Figure 3.4 Adhesion regulates trans-Golgi organization in WT-MEFs. (a) WT-MEFs 
transfected with GalTase-RFP were serum starved for 12 hours as stable adherent (SA) were 
detached (5’) and held in suspension for 120 mins (120’) and re-plated on fibronectin for 5 
mins (5’ FN).  Their trans-Golgi was detected using the GalTase RFP localization (GalTase).  
Maximum intensity projections (MIP) of de-convoluted confocal images for 3 representative 
cells for GalTase for each time point are shown (left panel in each time point).  De-convoluted 
confocal Z stacks were surface rendered and zoomed for clarity (1.5X) (right panel in each 
time point).  Stable adherent cells (SA) are represented only as maximum intensity projections 
(MIP).  (b) Following deconvolution of detached (5’ SUSP), suspended (120’ SUSP) and re-
adherent (5’ FN) cells discontinuous Golgi objects per cell detected were determined using 
the Huygens image analysis software.  The graph represents mean ± SE from a minimum of 
16 cells and maximum of 30 cells (as indicated in each bar) from three independent 
experiments. Total volume (c) and total surface area (d) occupied by the trans Golgi objects 
detected by GalTase per cell were measured in deconvoluted Z stack images and analyzed 
using the Huygens image analysis software from detached (5’ SUSP), suspended (120’ SUSP) 
and re-adherent cells (5’ FN).  Bars represent average data of 16-30 cells from 3 independent 
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experiments.  Statistical analysis was done using the non-parametric Kruskal-Wallis test (** 
p-value <0.001, *** p-value <0.0001, ns represents not significant). All scale bars in images 
are 4 µm, except stable adherent cells set at 10 µm. 
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Figure 3.5 Adhesion regulates cis/medial-Golgi organization in WT-MEFs. (a) WT-MEFs 
transfected with Man II GFP were serum starved for 12 hours as stable adherent (SA) were 
detached (5’) and held in suspension for 120 mins (120’) and re-plated on fibronectin for 5 
mins (5’ FN).  Their cis/medial Golgi was detected using the Man II GFP localization (Man 
II).  Maximum intensity projections (MIP) of de-convoluted confocal images for 3 
representative cells for Man II for each time point are shown (left panel in each time point).  
De-convoluted confocal Z stacks were surface rendered and zoomed for clarity (1.5X) (right 
panel in each time point).  Stable adherent cells (SA) are represented only as maximum 
intensity projections (MIP).  (b) Following deconvolution suspended (120’ SUSP) and re-
adherent (5’ FN) cells discontinuous Golgi objects per cell detected were determined using 
the Huygens image analysis software.  The graph represents mean ± SE from 17 cells from 
three independent experiments. Statistical analysis was done using the Mann Whitney’s test 
(*** p-value <0.0001). All scale bars in images are 4 µm, except stable adherent cells set at 10 
µm. 
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Figure 3.6 Distribution profile of Golgi phenotype in WT MEFs. The percentage 
distribution of cells with organized and disorganized Golgi phenotypes in WT-MEFs 
expressing GalTase RFP were detached (5’ SUSP), held in suspension for 120 mins (120’ 
SUSP) and re-plated on fibronectin for 5 mins (5’ FN) was determined by counting 200 cells 
for each time point.  (a) Representative surface rendered cross section images for the 
organized and disorganized phenotype at each time point. Scale bar in the images is set at 4 
µm. (b) The graph represents mean ± SE of percentage distribution for each phenotype from 
3 independent experiments. Statistical analysis comparing the change in distribution profile 
between all the time points were done using the Chi-Square test, two-tailed (*** p-value < 
0.0001).   
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Figure 3.7 Adhesion-dependent Golgi disorganization is rapid and reversible. (a) Stable 
adherent WT-MEFs, expressing GalTase-RFP (top panel), ManII-GFP (lowest panel) or 
stained with anti-GM130 antibody (middle panel) were detached and held in suspension for 
increasing time points 5 mins to 120 mins (5’, 10’, 20’, 30’, 60’, 120’ Suspended) and then re-
plated on FN for increasing times (5’, 7’, 10’ Re-adherent).  (b) Cross-sectional confocal 
images for trans-Golgi (GalTase), cis Golgi (GM130) and cis medial Golgi (Man II) were 
deconvoluted and discontinuous Golgi objects per cell determined using the Huygens image 
analysis software. Representative cross-section images for each Golgi marker across 
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suspension and re-adhesion time points are shown in the panel above graph.  The graph 
represents mean ± SE for Golgi objects in 20 cells from two independent experiments.  
Statistical analysis comparing object numbers in cells suspended for 5 mins to 60 mins and 
120 mins was done using the Mann Whitney’s test.  This analysis was extended to compare 
the decrease in object numbers between cells suspended for 120 mins and re-adherent on 
fibronectin for 5 mins (* p-value <0.05, ** p-value <0.01, *** p-value <0.0001).  Scale bar in 
all images is set to 4 µm. 
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3.2.4 Adhesion regulate Golgi organization in human fibroblast, endothelial and breast 

epithelial cells. 

 

It was further examined if adhesion regulates Golgi organization in anchorage-dependent cell 

lines of different origin like in mouse fibroblast cells. In Human foreskin fibroblast cells Golgi 

was visualized by expressing cis-medial Golgi marker (Man II GFP) or trans-Golgi (GalTase-

RFP). Serum-starved human fibroblast cells when completely adhered and well spread, 

displayed organized Golgi morphology for both cis-medial or trans marker (Figure 3.8). Loss 

of adhesion caused cis-medial (Figure 3.8 a) and trans-Golgi disorganization (Figure 3.8 c) 

similar to our earlier mouse fibroblast phenotype. On re-adhesion to fibronectin, both cis-

medial and trans-Golgi re-organized rapidly as is clearly evident in quantitation for the 

number of objects (Figure 3.8 b, d).  

 

Further, the same question was asked in human endothelial cells (EA.hy926) cells and 

observed the otherwise organized cis-medial or trans-Golgi in adherent cells undergoes 

disorganization on loss of adhesion (5’ SUSP and 120’ SUSP in Figure 3.9 a, c), and re-

adhesion on fibronectin for 5 mins caused disorganized Golgi objects to come back together 

to form a relatively compact organized phenotype (Figure 3.9 b, d). 

 

The screen was extended by testing the hypothesis in human breast epithelial cells (MCF10A) 

and visualized Golgi by immunostaining for GM130 (cis-Golgi). In the same way, MCF10A 

cells substantiated previous observation in other cell lines. Loss of adhesion triggered Golgi 

to disorganize, and re-adhesion on fibronectin restores the structure (Figure 3.10 a, b). In 
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5’FN time point, cells were plated in such a way that there was no cell to cell contact, ensuring 

the effect is coming not as a result of cell-cell adherence junction. 

Taken together, these data indicate that cell-matrix adhesion is a regulator of Golgi 

organization and is a ubiquitous feature of anchorage-dependent cells. The response occurs 

quickly, yet reversible in all the mammalian cells tested.  
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Figure 3.8 Adhesion regulates cis/medial and trans-Golgi organization in human foreskin 
fibroblast cells. Human foreskin fibroblasts (BJ) transfected with (a) cis-medial Golgi marker 
Man II GFP or (c) trans-Golgi marker GalTase RFP were detached (5’ SUSP), held in 
suspension for 120 mins (120’ SUSP) and re-plated on fibronectin for 5 mins (5’ FN).  
Confocal Z stacks were deconvoluted and representative maximum intensity projections 
(MIP) and zoomed (1.5x) surface rendered images for 3 representative cells for Man II and 
GalTase for each time point are shown.  Stable adherent cells are represented by a MIP image.  
Following deconvolution, discontinuous Golgi objects per cell for (b) Man II and (d) GalTase 
were determined using the Huygens image analysis software.  The graph represents mean ± 
SE from a minimum of 8 cells and maximum of 10 cells (as indicated in each bar) from two 
independent experiments.  Statistical analysis comparing 120’ SUSP and 5’ FN was done 
using the non-parametric Kruskal-Wallis test (** p-value <0.01, *** p-value <0.001). All scale 
bars in images are 4 µm, except stable adherent cells set at 10 µm.  
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Figure 3.9 Adhesion regulates cis/medial and trans-Golgi organization in human 
endothelial cells (EA.hy926). Human endothelial cells (EA.hy926) transfected with (a) cis-
medial Golgi marker Man II GFP or (c) trans-Golgi marker GalTase RFP were detached (5’ 
SUSP), held in suspension for 120 mins (120’ SUSP) and re-plated on fibronectin for 5 mins 
(5’ FN).  Confocal Z stacks were deconvoluted and representative maximum intensity 
projections (MIP) and zoomed (1.5x) surface rendered images for 3 representative cells for 
Man II and GalTase for each time point are shown.  Stable adherent cells are represented by 
a MIP image.  Following deconvolution, discontinuous Golgi objects per cell for (b) Man II 
and (d) GalTase were determined using the Huygens image analysis software.  The graph 
represents mean ± SE from a minimum of 12 cells and maximum of 15 cells (as indicated in 
each bar) from three independent experiments.  Statistical analysis comparing 120’ SUSP and 
5’ FN was done using the non-parametric Kruskal-Wallis test (** p-value <0.01, *** p-value 
<0.001, **** p-value <0.0001). All scale bars in images are 4 µm, except stable adherent cells 
set at 10 µm.  
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Figure 3.10 Adhesion regulates cis-Golgi organization in Breast epithelial cells 
(MCF10A). (a) Untransfected MCF10A were serum starved for 12 hours as stable adherent 
(SA) were detached (5’) and held in suspension for 90 mins (90’) and re-plated on fibronectin 
for 5 mins (5’ FN).  Their cis Golgi was detected by anti-GM130 antibody staining (GM130).  
Maximum intensity projections (MIP) of de-convoluted confocal images for 3 representative 
cells for GM130 for each time point are shown (left panel in each time point).  De-convoluted 
confocal Z stacks were surface rendered (right panel in each time point).  Stable adherent cells 
(SA) are represented only as maximum intensity projections (MIP).  (b) Following 
deconvolution of detached (5’ SUSP), suspended (90’ SUSP) and re-adherent (5’ FN) cells 
discontinuous Golgi objects per cell detected were determined using the Huygens image 
analysis software.  The graph represents mean ± SE of 10 cells from two independent 
experiments. Statistical analysis was done using the non-parametric Kruskal-Wallis test (*** 
p-value <0.0001). All scale bars in images are 4 µm, except stable adherent cells set at 10 µm.  
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3.2.5 Differential regulation of Golgi compartments by adhesion. 

 

Although all the Golgi compartments showed disorganization as a response to “loss/gain of 

adhesion”, a distinction between the extent of disorganization between cis/cis-medial vs. 

trans markers was noticed in almost all the cell lines tested. In order to further examine this 

difference, colocalization experiments in WT-MEF cells were set up, wherein cells were 

labeled with two Golgi markers at a time. These are the combination of Golgi markers used. 

(a) GM130 vs GalTase (Cis vs trans), (b) Man II vs GalTase (Cis-medial vs trans) and (c) 

Man II vs GM130 (Cis-medial vs Cis). Co-localization of Golgi markers in the suspended cell 

(120’ SUSP) and re-adherent cell (5’ FN) were compared by Pearson coefficient and also 

looking at line intensity profile across the cell. The extent of disorganization was less for both 

cis and cis-medial Golgi as compared to trans-Golgi in suspended cells (Figure 3.11 a, b) 

confirmed by qualitative and quantitative measurements. In a cell, trans-Golgi was found to 

be more dispersed throughout cell than both cis/cis-medial Golgi in suspension, making the 

co-localization Pearson’s coefficient ~0.5 in both cases (Graph in Figure 3.11 a, b). Intensity 

line profile also showed very less overlap between cis/cis-medial and trans-Golgi 

compartments in suspension.  

 

Nevertheless, cis and cis-Golgi compartments seem to be in the close vicinity (Pearson’s 

coefficient ~0.7), but not completely co-localizing with each other in suspended cells (Figure 

3.11 c).  On the contrary, on re-adhesion (possibly through activation of integrin-mediated 

adhesion), all combination of Golgi markers seems to come to a very close vicinity (Pearson’s 

coefficient ~0.8 - 0.85) forming the organized Golgi phenotype (5’FN in Figure 3.11 a-c). 
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Intensity line profile also revealed that all the combination of Golgi markers were present in 

very close space in 5’FN time point. This has given us an indication that loss of cell-matrix 

adhesion differentially regulates disorganization of Golgi compartments, and detailed 

mechanism and reason for this remains to be explored.  Studies in later chapters looking at 

the regulation of such a process may provide some explanations for why this could be 

happening. 
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Figure 3.11 Relative localization of cis vs medial vs trans-Golgi in suspended and re-
adherent cells.!Serum-starved WT-MEFs transiently expressing or immunostained with a 
combination of Golgi markers, (a) GM130 vs. GalTase, (b) Man II vs. GalTase, and (c) Man 
II vs GM130 were held in suspension for 120 mins (120’ SUSP) and re-plated on fibronectin 
for 5 mins (5’ FN).  Fluorescence intensity measurements made for these Golgi markers along 
a line (marked by arrow) in representative 120’ SUSP and 5’ FN re-adherent cell were plotted 
and compared.  Markers labeled in green or red are represented in the line of the same color 
in the graph.  Co-localization in the entire confocal cross-sections were determined with 
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Huygens software and Pearsons coefficient represented in the graph (mean ± SE) (10 cells 
from one experiment). Scale bar in all images is set at 4 µm. Statistical analysis done using the 
Mann Whitney’s test (** p-value <0.01, *** p-value <0.0001, **** p-value <0.00001). 
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3.2.6 Integrin clustering/activation could restore Golgi organization in non-adherent 

WT-MEF. 

 

The rapid nature of adhesion mediated regulation of the Golgi organization does suggest early 

adhesion events to drive the same. This leads us to test if in non-adherent serum starved WT-

MEFs, binding to fibronectin (FN-Bead) vs poly-L-lysine (PLL-Bead) coated polystyrene 

beads affect the Golgi organization.  Binding of fibronectin-coated beads on non-adherent cell 

surface mimic cell-to-ECM adhesion formation and have earlier shown to cause clustering 

and activation of β1-integrins (Tran et al., 2002). Rapid accumulation of downstream 

molecules in integrin signaling pathways such as Rac1 (activation of this GTPase) (del Pozo 

et al., 2004b), vinculin, talin and other cytoskeletal proteins (Grinnell and Geiger, 1986; Lewis 

and Schwartz, 1995) occurs rapidly by induction of fibronectin-coated bead.  

 

Fibronectin coated beads were seen to support the enrichment of GM1 labeled raft 

microdomains (detected with Cholera Toxin B) in cells, confirming their spatial activation of 

integrins (data not shown) and is in agreement with an earlier report (del Pozo et al., 2004b). 

This suggests there is clustering/activation of integrins and downstream signaling as a result 

of FN-Bead binding to the cell.  

 

Further, fibronectin-coated beads dramatically restore the cis Golgi (GM130) (Figure 3.12 a) 

and trans-Golgi (GalTase) (Figure 3.12 c) organization, relative to control and poly-L-lysine 

coated beads.  This is reflected in a significant drop in cis and trans-Golgi object numbers in 

FN bead-bound cells (Figure 3.12 b, d). Percentage distribution of the organized vs 
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disorganized trans-Golgi phenotype across cells further confirms the effect fibronectin beads 

have over control and PLL beads (Figure 3.13 a, b). The differential effect Fibronectin vs PLL 

beads have suggested variable binding and clustering of integrins and resulting downstream 

signaling drives the Golgi organization. PLL coated beads likely cause some integrin 

activation (relative to control) that reflects in a small reduction in Golgi object numbers 

(Figure 3.13 b, d), but is not prominent enough to affect the distribution profile for the 

phenotype in cells (Figure 3.13 b).   

 

These studies provide evidence that regulation of cell-matrix adhesion on Golgi organization 

in anchorage-dependent cells is prominently coming as a result of integrin-ECM engagement 

and its downstream pathway.  
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Figure 3.12 Binding to FN-coated bead restores Golgi organization in the suspended cell. 
(a) WT-MEFs untransfected or (c) expressing GalTase RFP were serum starved for 12 hours 
were detached and held in suspension for 30 mins and incubated without beads (CNT) or 
with beads coated with fibronectin (FN-Bead) or poly L-Lysine (PLL-Bead) for 15 mins.  DIC 
image of the cell shows the attached bead.  Their cis-Golgi was detected using GM130 
immunostaining and trans-Golgi detected using GalTase RFP (GalTase) was imaged and Z 
stack images deconvoluted and a representative maximum intensity projection (MIP) image 
shown.  The cell perimeter and bead position are marked here.  These images were surface 
rendered and zoomed for clarity (2X for GM130 and 1.5X for GalTase).  Discontinuous Golgi 
objects per cell were determined for (b) GM130 and (b) GalTase (using the Huygens image 
analysis software.  The graph represents mean ± SE from a minimum of 31 cells and 
maximum of 40 cells (as indicated in each bar graph) from three independent experiments.  
Statistical analysis of this data was done using the Mann Whitney’s test (** p-value <0.001, 
*** p-value <0.0001). Scale bar in all images is set at 4 µm.  
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Figure 3.13 Distribution profile of Golgi phenotype in FN/PLL bead stimulated 
suspended WT MEFs. The percentage distribution of cells with organized and disorganized 
Golgi phenotypes in WT-MEFs expressing GalTase RFP incubated without (CNT) or with a 
bead coated with fibronectin (FN-Bead) or poly L-lysine (PLL-Bead) was determined by 
counting 50 cells at each time point.  The left panel shows representative surface rendered 
cross section images for the organized and disorganized phenotype at each treatment.  The 
graph represents percentage distribution for each phenotype in one of two comparable 
independent experiments.  Statistical analysis comparing the change in distribution profile 
was done using the Chi-Square test, two-tailed (*** p-value < 0.0001). Scale bar in all the 
images is set at 4 µm. 
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3.2.7 No spatial predisposition of Golgi organization from cell-matrix binding site. 

Fibronectin coated beads bound to cells also offer a means of evaluating the spatial regulation 

of adhesion-dependent Golgi reorganization.  Using cells bound to a single bead the 

orientation of cis-Golgi (GM130) and trans-Golgi (GalTase) relative to bead were compared 

across cells.  The reorganized Golgi did not show a spatial predisposition for the FN bead 

(Figure 3.14 a, b) in suspended cells as it was seen to be distributed evenly through the cell 

from the site of attachment of the bead. The position of re-organized Golgi was also evaluated 

in cells re-adherent on fibronectin-coated coverslips looking at the localization of the cis-Golgi 

(GM130) and trans-Golgi (GalTase) (Figure 3.14 c, d) relative to the coverslip.  Here again, 

the position of the re-organized Golgi had no correlation with the distance from the base of 

the cell that is attached to fibronectin (cell-matrix binding site). This result was very 

compelling as it does provide evidence that a very small amount of cell-matrix (fibronectin) 

mediated pathway very rapidly relays signal downstream in the cell to support Golgi 

reorganization.   

 



!
123 

 
 
 
 
Figure 3.14 No spatial regulation by FN-bead/coverslip on Golgi organization. The 
position of the (a) cis Golgi (GM130) and (b) trans Golgi (GalTase) mapped as discussed in 
methods, relative to fibronectin bead (FN) for 14 and 20 cells respectively (from 3 independent 
experiments) are represented as a schematic.  The position of the bead from each cell is made 
to overlap at one spot (represented as a single bead) (FN) with the relative position of the 
Golgi maintained.  A representative DIC image of the cell with the attached bead and the 
localization of the cis and trans-Golgi respectively are shown to the left of each schematic.  
All scale bars in images are 4 µm.! (e) cis (GM130) and (d) trans-Golgi (GalTase) of re-
adherent WT-MEFs were imaged as described earlier.  Confocal Z stacks were deconvoluted, 
3D reconstituted and observed along their Z-Axis relative to the fibronectin (FN) coated 
coverslip.  Four representative cells for GM130 and GalTase are represented. 
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3.2.8 Cell-matrix adhesion regulated Golgi organization occurs independently of growth 

factors. 

 

There are multiple mechanisms by which crosstalk between integrins and growth factors 

exists and is very well documented in the literature (Danen and Yamada, 2001). The objective 

of performing these experiments in serum-deprived conditions stems from this same reason.  

By depriving cells of serum growth factors, the contribution integrin signaling could be 

interpreted in regulating Golgi organization. However, it is of interest to ask if growth factors 

can influence, through know crosstalks with integrin signaling pathways, adhesion-dependent 

Golgi organization. 

  

As predicted in spite of the presence of serum growth factors, cell-matrix adhesion regulated 

Golgi organization in WT-MEF cells. In cells with serum (5% FBS), like with cells in low 

serum (0.2% FBS) conditions, the cis-medial Golgi (Figure 3.15 a) and trans-Golgi (Figure 

3.15 b) similarly disorganize on the loss of adhesion and recover their organization on re-

adhesion.  This further suggests that cell-matrix adhesion is a primary regulator of Golgi 

organization in mouse embryonic fibroblasts and that changes in growth factor-mediated 

signaling do not alter this regulatory pathway. 
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Figure 3.15 Growth factors do not influence regulation by adhesion on Golgi 
organization. WT-MEFs transiently expressing (a) Man II GFP and (b) GalTase-RFP were 
either serum starved with 0.2% FBS for 12 hours or cultured with 5% FBS. Stable adherent 
cells (SA) were detached (5’) and held in suspension for 120 mins (120’), and re-plated on 
fibronectin for 5 mins (5’ FN). Cross sections of deconvoluted MIP and surface rendered 
images which were zoomed for clarity (3X for SA for both Man II and GalTase, 2X for other 
time points for Man II and 1.5X for GalTase) (right panel in each time point) are represented 
from two independent experiments. Stable adherent cells are represented by a MIP image.  
Scale bar in the images is 4 µm and 10 µm for stable adherent cells. 
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3.3 SUMMARY. 

Cell adhesion has been shown to control various cellular processes by regulating signaling 

pathways, migration, cell cycle progression, membrane trafficking through endocytosis and 

exocytosis (Caswell et al., 2009; Danen and Yamada, 2001; Huttenlocher and Horwitz, 2011; 

Hynes, 2002; Schwartz and Assoian, 2001b; Suzuki and Takahashi, 2003).  The Golgi 

apparatus is a central organelle in secretory pathways and plays a major role in trafficking and 

processing (Lodish et al., 2000).  Organization of Golgi (linked closely to its function) has 

been shown to undergo changes during mitosis (preceded by mitotic cell rounding).  The 

Golgi is also seen to undergo fragmentation during cell apoptosis and in disease conditions 

like neurodegeneration and cancer.  A role for cell-matrix adhesion in regulating Golgi 

organization is what this study is aiming to explore.  Results from this chapter reveal cell-

matrix adhesion to indeed regulate Golgi organization in anchorage-dependent cell lines of 

different origins.  Independent of growth factors, loss of adhesion rapidly disorganizes the 

Golgi, restored on re-adhesion to fibronectin for 5 mins or less.  Such early adhesion events 

in serum-deprived cells are likely mediated through integrins.  The restoration of integrin-

dependent Akt activation in these cells supports the same.  This is further confirmed by the 

fact that in these cells binding to fibronectin-coated beads (but not poly-L-lysine), known to 

cause integrin clustering and activation, completely reorganizes the Golgi.  The effect limited 

integrin activation at the site of bead attachment has on the Golgi is interestingly not spatially 

restricted. This not only suggests small changes in integrin clustering and activation can be 

sufficient to drive this pathway, but also raises the possibility that the signal downstream of 

integrins could indeed dissipate very rapidly to the Golgi. Furthermore, it’s observed that 

adhesion regulates cis and trans-Golgi differentially, as evident in the extent of 
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disorganization for these compartments.  They both, however, stay distinctly separated in 

suspended cells with the trans-Golgi undergoing a more extensive disorganization compared 

to the cis and cis-medial compartments.  On re-adhesion, they all, however, do fall back into 

a compact overlapping structure.  Cis vs. medial vs. trans-Golgi remains segregated in 

suspension, thus maintaining their identity as separate Golgi compartments. This does raise 

the possibility that downstream of adhesion cis and trans-Golgi compartments could indeed 

be regulated differently.  

 

3.4 CONCLUSION. 

 

Cell-matrix adhesion regulates Golgi organization in anchorage-dependent cells in a rapid 

and reversible manner. !
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Chapter 4 
 

Study the regulation of Golgi organization 
by cell-matrix adhesion. 
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4.1 RATIONALE. 

 

Independent findings from several groups have identified multiple regulators involved in controlling Golgi 

organization.  Various Golgi matrix proteins have been classified which includes GRASP 

(GRASP-55, GRASP-65), Golgins (GM130, p115, Golgin-84, Golgin-97, Golgin-160 etc.) 

(Xiang and Wang, 2011). These Golgi matrix proteins have characteristic long coiled-coil 

domains and they are fiber-like connections between two cisternae or between a vesicle and 

cisternae. Cytoskeletal proteins, microtubules (Sandoval et al., 1984) and actin (Valderrama et al., 

1998), motor proteins (Brownhill et al., 2009) are also seen to be required for the maintenance of the 

Golgi organization.  Microtubule depolymerization has a dramatic effect on the typical Golgi 

architecture, with Golgi elements getting fragmented and dispersed throughout the cytoplasm 

(Sandoval et al., 1984). Actin is necessary for biogenesis of Golgi-derived transport carriers and 

is required for maintenance of unique flat shape of Golgi cisternae (Valderrama et al., 1998). 

Role of motor proteins have also been demonstrated regulating intra-and inter-Golgi traffic, 

and in maintaining Golgi organization (Brownhill et al., 2009). In addition, centrosomal 

originated microtubule arrays along with few scaffolding proteins are necessary to keep the 

pericentriolar localization of the Golgi (Hurtado et al., 2011).  Knowing the role cytoskeletal 

networks have in cell-matrix adhesion mediated regulation of cell function (Brakebusch and 

Fässler, 2003; Stehbens and Wittmann, 2012) and their role in Golgi organization (Sandoval 

et al., 1984; Valderrama et al., 1998), their role in “cell-matrix adhesion-Golgi” pathway was 

tested. As a first step, it was asked if the loss of adhesion affects the cytoskeletal organization. 
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Furthermore, the small GTPase Arf1 is a major regulator of Golgi organization and function 

(Altan-Bonnet et al., 2003; Donaldson et al., 2005). Upon activation, Arf1 associates with 

Golgi membranes and, upon inactivation, it is released from Golgi membranes into the 

cytosol (Donaldson et al., 2005). This cycle of association and dissociation is regulated by 

Golgi-associated, guanine nucleotide exchange factors (GEFs) and GTPase activating 

proteins (GAPs).  Arf1 binds and/or regulates adaptor, stacking, structural proteins and lipid-

modifying enzymes, phospholipase D (PLD) and phosphatidylinositol 4-phosphate 5-kinase 

(PIP5-kinase) on the Golgi membrane (D’Souza-Schorey and Chavrier, 2006). It is hence able 

to influence multiple aspects of Golgi structure and function in cells. Furthermore, cell-matrix 

adhesion is seen to regulate Arf GTPase family member Arf6, through the Arf6-GEF ARNO, 

to regulate adhesion-dependent membrane exocytosis and signaling (Pawar et al., 2016).  The 

possible role cell-matrix adhesion could have in regulating Arf1 activation to control Golgi 

organization remains unexplored. In addition, active Arf1 is also seen to recruit motor protein 

Dynein (through Golgin 160) regulate Golgi organization (Yadav et al., 2012).  

 

In this chapter, the role of cytoskeleton downstream of cell-matrix adhesion in mediating 

Golgi organization was tested. Also, if adhesion could regulate Arf1 activation (like it 

regulates Arf6) and the impact this could have in mediating Golgi organization.  Further if 

the Arf1-Dynein connection could act as a link that connects adhesion, Golgi and microtubule 

network in anchorage-dependent cells was explored.  
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4.2 RESULTS. 

 

4.2.1 Cytoskeletal elements are structurally intact and functional in suspended and re-

adherent cells. 

There is a possibility if Golgi disorganization on loss or gain of adhesion might be a 

consequence of disruption of cytoskeletal elements, which normally fragments the Golgi. 

However, loss of adhesion and re-adhesion did not disrupt the microtubule network (top two 

panels), centrosomes (MTOC, green staining in the bottom panel) or the actin cytoskeletal 

network (bottom panel) in cells (Figure 4.1). An important point to note here is no significant 

change was observed between 120’ SUSP and 5’ FN time points. 

 

In addition, consistent with the earlier published data (Balasubramanian et al., 2007), both 

cytoskeletal networks were found to also be functional in non-adherent cells, with their 

disruption distinctly affecting endocytic trafficking of GM1-CTxB on the loss of adhesion 

(Figure 4.2).  On nocodazole treatment, GM1 is endocytosed into the cell cortex but not 

trafficked to the recycling endosome (Figure 4.2 a), while Latrunculin A treatment blocks 

GM1 endocytosis (Figure 4.2 b). This data indirectly provide evidence that the control 

suspended cells could support GM1 lipid raft endocytosis, which is dependent on intact 

microtubules and actin network.  

 

Taken together, these data suggest that loss/gain of cell-matrix adhesion does not 

depolymerize microtubule and actin network. 
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Figure 4.1 Cytoskeletal elements are structurally intact in suspended and re-adherent cells. 
Serum-starved stable adherent (SA) WT-MEFs detached (5’ SUSP), held in suspension for 
120 mins (120’ SUSP) and re-plated on fibronectin for 5 mins (5’ FN) were immuno-stained 
for β-tubulin (microtubule).  Cross-sectional representative images for a middle (top panel) 
and upper plane (lower panel) for suspended and re-adherent cells are shown.  The middle 
plane for two representative stable adherent (SA) cells is also shown.  Cells stained for actin 
and γ-tubulin (to detect the centrosome) were deconvoluted and representative images for 
each time point shown in the lowermost panel.  Images are representative of 30 cells imaged 
from 3 independent experiments.  Scale bar in these images is set at 5 µm. 
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Figure 4.2 Cytoskeletal elements are functional in suspended and re-adherent cells. Stable 
adherent serum starved WT-MEFs, untreated (Control), pre-treated with (a) 10 µM 
Nocodazole or (b) 0.5 µM Latrunculin A were pre-labeled with cholera toxin B (GM1-CTxB) 
detached (5’ SUSP) and held in suspension for 120 mins (120’ SUSP).  Images are 
representative of 20 cells (Nocodazole) and 30 cells (Latrunculin A) respectively, from 2 
independent experiments. Scale bar in the images is set at 5 µm. 
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4.2.2 Intact microtubule and not actin network is essential for cell-matrix adhesion 

regulated Golgi organization. 

 

It was further examined if alternation in the microtubule or actin network affects adhesion 

mediated Golgi disorganization. WT-MEFs suspended for 60 mins and then treated with 

Nocodazole (10 µM) exhibited the cis-medial Golgi (Man II GFP) to be further disorganized 

with a significant increase in the number of discontinuous Golgi objects detected per cell 

(Figure 4.3 a, c). The trans-Golgi (Galtase RFP), which on the loss of adhesion is already 

extensively disorganized, did not show any further visible change (Figure 4.3 b, d).  On re-

adhesion, Nocodazole-treated cells failed to reorganize both the cis-medial (Figure 4.3 e, g) 

and trans-Golgi (Figure 4.3 f, h).  

 

This suggests the differential distribution of the cis vs trans-Golgi in non-adherent cells could 

be dependent on their relative association with the intact microtubule network.  On de-

polymerization of microtubule network, this association was lost, hence now causing cis-

medial to attain a trans-Golgi like dispersed phenotype.  A complete block of re-organization 

of Golgi on microtubule depolymerization, in spite of cells being re-adherent was observed, 

which reversed the microtubule depolymerization by washing out Nocodazole (Figure 4.4 c) 

and found it to restore Golgi organization (Figure 4.4 a, b). This further supports the role an 

intact microtubule network has in cell-matrix adhesion-dependent Golgi re-organization. 

 
Interestingly, similarly disrupting the actin cytoskeleton with Latrunculin-A, however, did 

not affect the Golgi organization in suspended (Figure 4.5 a-d) and re-adherent cells (Figure 

4.5 e-h).  A subtle decrease in cell and Golgi size on actin depolymerization was observed, 
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which was concomitant to reports in the literature (Valderrama et al., 1998). This suggests the 

adhesion-dependent regulation of the Golgi to be dependent only on the microtubule network.  

This does raise the prospective role is the microtubule motor proteins associated with the 

Golgi could have in mediating the same.  
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Figure 4.3 Adhesion mediated Golgi re-organization require intact microtubule network. 
Serum-starved WT-MEFs expressing (a, e) cis-medial (Man II) or (b, f) trans-Golgi (GalTase) 
marker were suspended for 60 mins (60’ SUSP) and an additional 30 mins without treatment 
(+30’ CNT) or treated with Nocodazole (+30’NOC) and re-plated on fibronectin for 5 mins 
without drug (5’FN+CNT) or with nocodazole (5’FN+NOC).  Confocal Z stack images were 
deconvoluted, represented as maximum intensity projections (MIP) (top panel) and surface 
rendered images zoomed 1.5X for clarity (bottom panel for each cell). (c, d, g, h) 
Discontinuous Golgi objects per cell for Man II and GalTase were determined using the 
Huygens image analysis software.  The graph represents mean ± SE (18-30 cells from three 
independent experiments).  Statistical analysis was done using the Mann Whitney’s test (*** 
p-value <0.001). Scale bar in the images is set at 4 µm. 
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Figure 4.4 Washout of Nocodazole triggers adhesion mediated Golgi re-organization. 
Untransfected serum starved WT-MEFs were detached and held in suspension for 90 mins 
and then incubated with (a) 10 µM Nocodazole for another 30 mins (SUSP 120’ + NOC), 
and either washed without Nocodazole and (b) re-plated on fibronectin (WASH FN8’), or in 
presence of 10 µM Nocodazole and re-plated on fibronectin containing nocodazole (NOC + 
FN8’). These cells were then immunostained with GM130 and deconvoluted confocal z 
stacks are represented. (c) Fibronectin re-adherent (WASH FN8’) or (NOC + FN8’) were also 
stained with β-tubulin (microtubule). Representative confocal cross-sectional images are 
shown. Scale bar in all images is set at 4 µm. 
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Figure 4.5 Adhesion mediated Golgi re-organization does not require intact actin 
network. Serum-starved WT-MEFs expressing (a) cis-medial (Man II) or (a) trans Golgi 
(GalTase) marker were suspended for 60 mins (60’ SUSP) and an additional 30 mins without 
treatment (+30’ CNT) or treated with Latrunculin A (+30’LatA) and re-plated on fibronectin 
for 5 mins (e, f) without drug (5’FN+CNT) or with Latrunculin A (5’ FN+LatA).  Confocal Z 
stack images were deconvoluted, represented as maximum intensity projections (MIP) (top 
panel) and surface rendered images zoomed 1.5X for clarity (bottom panel for each cell). (c, 
d, g, h) Discontinuous Golgi objects per cell for Man II and GalTase were determined using 
the Huygens image analysis software.  The graph represents mean ± SE (16-20 cells from two 
independent experiments).  Statistical analysis was done using the Mann Whitney’s test and 
p-values were not significant. Scale bar in the images is set at 4 µm. 
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4.2.3 Cell-matrix adhesion regulate activation of small GTPase Arf1. 

 

Next, the regulator downstream of cell-matrix adhesion that is to driving the rapid change in 

Golgi organization was explored. First, during mitotic Golgi fragmentation Arf1 inactivation 

(GDP bound form) leads to release Golgi proteins in the cytosol that drives Golgi to 

disassemble (Altan-Bonnet et al., 2003). Second, cell-matrix adhesion regulates Arf family 

member, Arf6 activation (Balasubramanian et al., 2007).  Together these observations led us 

to ask what happens to Arf1 activation on loss and gain of cell-matrix adhesion.  

 

Towards this end, as a first step the specificity of monoclonal Arf1 antibody was checked by 

performing siRNA mediated knockdown of Arf1 in WT-MEFs (Figure 4.6 a). Active Arf1 

pulled down using GST conjugated GGA3 effector binding domain reveals loss of adhesion 

to significantly reduce Arf1 activation (by ~60%), rapidly restored on re-adhesion to 

fibronectin (Figure 4.6 b).  Net Arf1 levels do not change under these conditions (Figure 4.6 

c). 
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Figure 4.6 Adhesion regulate activation of Arf1. (a) Representative blots showing 
knockdown of endogenous Arf1 with respect to Tubulin as loading control demonstrating the 
specificity of the Arf1 antibody (Clone 1D9) for western blot detection. (b) Western blot 
detection of (b) active Arf1 in GST-GGA3 pulldown (GGA3 PD) and (c) total Arf1 in whole 
cell lysate (WCL) of serum-starved WT-MEFs stable adherent (SA), suspended for 120 mins 
(120’ SUSP) and re-adherent on fibronectin for 15 mins (15’ FN).  The graph represents 
mean ± SE from four independent experiments.  
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4.2.4 Cell matrix adhesion dependent Arf1 activation controls Golgi organization. 

To test if this drop in active Arf1 levels has a role in mediating Golgi disorganization it  was 

disrupted the same by expressing GFP tagged constitutively active Arf1 (Q71L) in WT-MEFs 

(Figure 4.7 a) and found it prevents disorganization of the trans-Golgi (Galtase-RFP) in 

suspended cells (Figure 4.7 d).  GFP-WT-Arf1 expressing MEFs behave like un-transfected 

control cells, with a distinctly disorganized Golgi phenotype. This is further reflected in a 

significant decrease in the number of trans-Golgi objects per cell in suspended Q71L Arf1 

expressing cells relative to WT Arf1 and control (Figure 4.7 e).   

 

The distribution profile of organized versus disorganized phenotype in suspended and re-

adherent WT-Arf1 and Q71L-Arf1 expressing cell populations further confirm this regulation 

(Figure 4.7 b, c).   

 

In order to strengthen the observation, the same experiments to probe restoration of cis-Golgi 

(GM130) was repeated. HA-tagged constitutively active Arf1 (Q71L) in WT-MEFs (Figure 

4.8 a, b) was expressed and likewise, the cis-Golgi organization was also restored in 

suspended cells (Figure 4.8 c).  Untransfected CNT cells and HA-WT-Arf1 expressing MEFs 

exhibited disorganized Golgi phenotype. This is further reflected in a significant decrease in 

the number of cis-Golgi objects per cell in suspended Q71L Arf1 expressing cells relative to 

WT Arf1 and control (Figure 4.8 d).   

 

The result is in agreement with earlier published data that inactivation of Arf1 leads to Golgi 

fragmentation during mitotic Golgi disassembly and expression of active Arf1 mutant blocked 
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this phenotype and along with arrested cells in mitotic phase of cell cycle (Altan-Bonnet et 

al., 2003). 

 

Based on our finding that cell-matrix re-adhesion (to fibronectin) activates Arf1, and an active 

mutant of Arf1 restores Golgi organization in suspended cells, next question was what 

happens during re-adhesion if Arf1 activation gets blocked. This was tested by inhibiting Arf1 

using a dominant negative mutant GFP tagged T31N-Arf1 (Figure 4.7 a) and HA-tagged 

T31N-Arf1 (Figure 4.8 a). Localization of the constructs revealed the cytosolic presence of 

T31N-Arf1 (both GFP and HA-tagged), as reported in the literature (Vasudevan et al., 1998). 

Presence of this mutant does not allow Arf1 to become active, “GTP bound” form. In 

suspension, there was no significant change in disorganization of cis-Golgi (GM130) or trans-

Golgi (Galtase) as evident in the images and quantitation for the number of objects (Figure 

4.9). Re-organization of both cis and trans-Golgi was completely abrogated in 5’FN time 

points. There was no effect on cell attachment (5’FN) in cells expressing T31N-Arf1 mutant, 

suggesting early adhesion events did trigger, but it failed to drive re-organize Golgi as active 

Arf1 was not present. This is evidently reflected in Golgi object numbers in re-adherent cells 

being comparable to those seen in suspended cells (Figure 4.9 b, d). These results provide 

evidence that Arf1 activation is a part of the molecular machinery that is downstream of 

adhesion in regulating Golgi organization.  

 

In order to further establish the role of Arf1 downstream of adhesion, fibronectin-coated bead 

experiments were performed in the background of inhibited Arf1. Binding of fibronectin-
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coated beads to suspended BFA treated cells (BFA+FN-Bead) failed to restore Golgi 

organization unlike untreated cells bound to FN beads (Figure 4.10 c, d).   

Golgi object numbers accordingly stayed significantly high in BFA+ FN-Bead treated cells 

(Figure 4.10 d). The distribution profile of the organized versus disorganized phenotype in 

FN-Bead vs BFA+ FN-Bead treated cells further confirming this (Figure 4.10 a, b). Taken 

together, these studies clearly demonstrate that cell-matrix adhesion regulates Small GTPase 

Arf1 activity to control Golgi organization. Loss of adhesion leads to inactivation of Arf1 and 

re-adhesion strongly activate Arf1.  

 

With known overlap in regulation and function of Arf family members and the known 

regulation of Arf6 by cell adhesion, it was tested if Arf6 can have an effect on the “adhesion-

Golgi pathway”. Towards this end, HA-tagged fast cycling mutant Arf6 (HA-T157A-Arf6) 

and constitutively active Arf1 (HA-Q71L-Arf1) in WT-MEFs were expressed. Western 

blotting shows relative expression of both the mutants were comparable in the cells (Figure 

4.11 a). As expected, active Arf1 expressing suspended cells (middle panel) could block cis-

Golgi (GM130) disorganization.  On the contrary active Arf6 (T157A) expressing suspended 

cells (rightmost panel) did not have this effect and displayed Golgi their Golgi to be 

disorganized like CNT cells (Figure 4.11 b). This further confirmed that adhesion uses Arf1 

specifically to regulate Golgi organization.  
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Figure 4.7 Adhesion-dependent Arf1 activation regulates trans-Golgi organization. (a) 
Localization of GFP tagged wild-type (WT-Arf1), constitutively active Arf1 (Q71L Arf1) and 
dominant negative Arf1 (T31N Arf1) in serum-starved stable adherent WTMEFs (top panel). 
These cells along with un-transfected control (CNT) were lysed and whole cell lysates probed 
with anti-GFP (WB: GFP), anti Arf1 antibody (WB: Arf1) to detect the endogenous Arf1 
(Endogenous Arf1) and overexpressed Arf1 (GFP tagged Arf1) and compared to tubulin (WB: 
tubulin). (b) The percentage distribution of cells with organized and disorganized Golgi 
phenotypes in WT-MEFs expressing GalTase RFP and GFP tagged wild-type Arf1 (WT-
Arf1) or active Arf1 (Q71L Arf1) suspended for 120 mins (WT-SUSP, Q71L-SUSP) and re-
adherent on fibronectin for 5 mins (WT-FN, Q71L-FN) was determined.  Representative 
surface rendered cross section images for the organized and disorganized phenotype for each 
treatment.  (c) The graph represents percentage distribution for each phenotype in one of two 
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comparable but independent experiments.  100 cells were counted for each time point in an 
experiment. Statistical analysis comparing the change in distribution profile was done using 
the Chi-Square test, two-tailed (*** p-value < 0.0001). (d) Serum-starved WT-MEFs 
transfected with GalTase RFP alone (CNT) or along with GFP wild-type Arf1 (WT-Arf1) or 
active Arf1 (Q71L Arf1) were detached, held in suspension for 120 mins (120’ SUSP) and re-
plated on fibronectin for 5 mins (5’FN). Confocal Z stack images were deconvoluted, 
represented as maximum intensity projections (MIP) (top panel) and surface rendered images 
zoomed 1.5X for clarity (bottom panel for each cell).  (e) Discontinuous Golgi objects per cell 
determined using Huygens is represented in the graph as mean ± SE from a minimum of 19 
and maximum of 20 cells from two independent experiments.  Statistical analysis was done 
using the Mann Whitney’s test (**** p-value <0.0001). Scale bar in the images is set at 4 µm. 
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Figure 4.8 Adhesion-dependent Arf1 activation regulates cis Golgi organization. (a) 
Localization of HA-tagged wild-type (WT-Arf1), constitutively active Arf1 (Q71L Arf1) and 
dominant negative Arf1 (T31N Arf1) in serum-starved stable adherent WT-MEFs (left panel). 
(b) These cells along with un-transfected control (CNT) were lysed and whole cell lysates 
probed with an anti Arf1 antibody (WB: Arf1), anti-HA (WB: HA), and compared to tubulin 
(WB: tubulin).  (c) Serum-starved untransfected WT-MEFs (CNT) or along with HA wild-
type Arf1 (WT-Arf1), active Arf1 (Q71L Arf1) were detached, held in suspension for 120 mins 
(120’ SUSP) and re-plated on fibronectin for 5 mins (5’FN).  In all of the above confocal Z 
stacks were deconvoluted and representative maximum intensity projection (MIP) and 
surface rendered the zoomed image (1.5X) are shown.  (d) Discontinuous Golgi objects per 
cell determined using Huygens is represented in the graph as mean ± SE from a minimum of 
13 and maximum of 30 cells from three independent experiments. Statistical analysis was 
done using the Mann Whitney’s test (**** p-value <0.0001). Scale bar in all images is set at 4 
µm. 
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Figure 4.9 Active Arf1 is necessary for the adhesion-dependent Golgi organization. (a) 
Serum-starved untransfected WT-MEFs (CNT) or with HA dominant negative Arf1 (T31N-
Arf1), were detached, held in suspension for 120 mins (120’ SUSP) and re-plated on 
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fibronectin for 5 mins (5’FN). Cells were fixed and immunostained with anti-GM130 
antibody to detect cis-Golgi. (c) Serum-starved WT-MEFs transfected with GalTase RFP 
alone (CNT) or along with GFP dominant negative Arf1 (T31N Arf1) were detached, held in 
suspension for 120 mins (120’ SUSP) and re-plated on fibronectin for 5 mins (5’FN). In all of 
the above confocal Z stacks were deconvoluted and representative maximum intensity 
projection (MIP) and surface rendered zoomed image (2.5X for GM130 and 1.5X for 
GalTase) are shown. Discontinuous Golgi objects per cell determined for (b) GM130 and (d) 
GalTase using Huygens.  The graph represents mean ± SE from a minimum of 13 cells and 
maximum of 30 cells (as indicated in each bar) from (b) three and (d) two independent 
experiments respectively.  Statistical analysis comparing was done using the Mann Whitney’s 
test (**** p-value <0.0001). Scale bar in all images is set at 4 µm.  
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Figure 4.10 Active Arf1 is necessary for integrin activation mediated restoration of Golgi 
organization. Control and BFA treated suspended cells (30 mins) incubated with beads 
coated with fibronectin (FN-Bead) and (BFA+FN-Bead) for 15 mins or MeOH as mock 
(CNT). (a) The percentage distribution of cells with organized and disorganized Golgi 
phenotypes in WT-MEFs expressing GalTase RFP without a bead (CNT), incubated with 
fibronectin-coated (FN-Bead) or fibronectin bead in presence of BFA (BFA+FN-Bead) was 
determined.  The left panel shows representative surface rendered cross section images for the 
organized and disorganized phenotype at each treatment. (b) The graph represents percentage 
distribution for each phenotype in one of two comparable independent experiments.  50 cells 
were counted for each time point in an experiment.  Statistical analysis comparing the change 
in distribution profile was done using the Chi-Square test, two-tailed (*** p-value < 0.0001). 
(c) In all of the above confocal Z stacks were deconvoluted and representative maximum 
intensity projection (MIP) and surface rendered the zoomed image (1.5X) are shown. (d) 
Discontinuous Golgi objects per cell determined using Huygens is represented in the graph as 
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mean ± SE from a minimum of 15 and maximum of 29 cells from two independent 
experiments.  Statistical analysis comparing object numbers was done using the Mann 
Whitney’s test (*** p-value <0.0001).  All scale bars in images are set at 4 µm. 
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Figure 4.11 Adhesion specifically uses Arf1, and not Arf6 to regulate Golgi organization. 
(a) Western blot detection for expression of untransfected serum starved stable adherent WT-
MEFs (CNT), HA-tagged constitutively active Arf1 (HA-Q71L-Arf1) and HA-tagged fast 
cycling Arf6 (HA-T157A-Arf6). These cells were lysed and whole cell lysates probed with 
anti-HA (WB: HA) and tubulin (WB: tubulin). (b) Serum-starved untransfected WT-MEFs 
(CNT) or transfected with HA-Arf1 Q71L), and HA-Arf6-T157A were detached, held in 
suspension for 120 mins (120’ SUSP) and re-plated on fibronectin for 5 mins (5’FN). These 
cells were immunostained with anti GM130 antibody and imaged. In all of the above confocal 
Z stacks were deconvoluted and representative maximum intensity projection (MIP) and 
surface rendered the zoomed image (1.5X) are shown.  Scale bar in all images is set at 4 µm. 
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4.2.5 BIG1/2 is the predominant Arf1 specific GEF downstream adhesion mediated Golgi 

organization. 

 
In exploring further the adhesion-Arf1-Golgi pathway, it was asked how is Arf1 activated 

downstream of cell-matrix adhesion.  Arf1 activation downstream of multiple stimuli is 

regulated by specific Arf1 GEFs (Guanine exchange factors), that accelerate the conversion 

of inactive to the active form of Arf1. The large ARF-GEFs Golgi-specific BFA resistance 

factor 1 (GBF1) and BFA-inhibited GEFs (BIGs) localize to the Golgi but show a very limited 

overlap with each other. GBF1 primarily localizes at cis-Golgi whereas BIGs at trans-Golgi 

compartment (Zhao et al., 2002).  

 

Brefeldin-A (BFA) which is a non-competitive inhibitor of Arf1 GEF, BIG1/2 and GBF1 and 

Golgicide-A (GCA) as an inhibitor of GBF1 (Golgi-specific Brefeldin A-resistance factor 1) 

were used.  While BFA blocked Golgi reorganization dramatically GCA only had a minor 

effect on the same, reflected in their distribution profiles (Figure 4.12 a, b). Confocal z-stacks 

also revealed the Golgi organization in BFA treated cells to be completely disorganized as 

opposed to CNT or GCA, where it was observed to be organized (figure 4.12 c).  This suggests 

BIG1/2 is the prominent GEF working downstream of adhesion to regulate Arf1 activation 

and Golgi organization. This also provides an explanation of the difference in the extent of 

disorganization between cis vs trans-Golgi by adhesion. Cell-matrix adhesion prominently 

affects BIGs, thereby inactivating Arf1 at trans-Golgi and hence more disorganization than 

cis-Golgi. 
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Figure 4.12 BIG1/2 is the predominant Arf1 specific GEF downstream adhesion mediated 
Golgi organization. (a) Cells expressing GalTase-RFP held in suspension for 90 mins and 
treated with DMSO (mock) brefeldin A (BFA, 10 µg/ml) or Golgicide-A (GCA, 10 µM in 
DMSO) for additional 30 mins (120’ SUSP) were re-plated on fibronectin for 5 mins (5’FN) 
without drug (CNT FN-5’) or with BFA (BFA FN-5’) or with GCA (GCA FN-5’). Percentage 
distribution of cells with organized and disorganized Golgi phenotypes determined and 
representative surface rendered cross section images shown. (b) The graph represents mean ± 
SE from 3 independent experiments. Statistical analysis was done using the two-tailed Chi-
Square test (*** p-value <0.0001). (c) In all of the above confocal Z stacks were deconvoluted 
and representative maximum intensity projection (MIP) and surface rendered the zoomed 
image (1.5X) are shown.  All scale bars in images are set at 4 µm. 
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4.2.6 Microtubule depolymerization does not affect Arf1 activity to block adhesion-

mediated Golgi re-organization. 

 

As cell-matrix adhesion regulate Arf1 activation and also require intact microtubule to control 

Golgi organization, it was further investigated if microtubule depolymerization affects Arf1 

activity.  In this regard, Total Arf1 levels and Arf1 activity in control and Nocodazole treated 

suspended cells were evaluated. Nocodazole treatment did not affect net Arf1 levels (Figure 

4.13 a) nor did it altered Arf1 activation status in suspended cells.  

 

During re-adhesion, where microtubule depolymerization inhibited Golgi re-organization 

(Figure 4.3 e-h), there could be a possibility if this effect is because depolymerization is 

hindering Arf1 activation. Total Arf1 levels did not differ between control and Nocodazole 

treated FN re-adherent cells (Figure 4.13 c). Very interestingly, there were not any significant 

difference Arf1 activity on nocodazole treatment in re-adherent cells. This confirms that in 

these cells in response to re-adhesion, Arf1 is getting activated like control cells, but because 

of lack of intact microtubule network Golgi re-organization was blocked. This confirms that 

nocodazole-induced microtubule depolymerization does not alter Arf1 activity to block Golgi 

reorganization on re-adhesion. 

 

These studies provide evidence that cell-matrix adhesion regulates Arf1 activation and require 

intact microtubule network for maintaining Golgi organization in anchorage-dependent cells.  

 
 



!
158 

 



!
159 

Figure 4.13 Microtubule depolymerization does not affect Arf1 activity to block adhesion-
mediated Golgi re-organization. (a) Western blot detection of total Arf1 and Actin in whole 
cell lysate (WCL) of serum-starved WT-MEFs suspended for 120 mins with DMSO (CNT) 
or 10µM Nocodazole (NOC).  The ratio of the densitometric measurement of band intensities 
of Total Arf1/Actin is represented in the Graph (mean ± SE) from four independent 
experiments. (b) Western blot detection of active Arf1 in GST-GGA3 pulldown (GGA3 PD) 
serum starved WT-MEFs suspended for 120 mins either treated with DMSO (CNT) or 10 µM 
Nocodazole (NOC).  Graph (mean ± SE) from four independent experiments. (c) Western 
blot detection of total Arf1 and Actin in whole cell lysate (WCL) of serum-starved WT-MEFs 
re-adherent on fibronectin for 15 mins either in presence of DMSO (CNT) or 10µM 
Nocodazole (NOC). The ratio of the densitometric measurement of band intensities of Total 
Arf1/Actin is represented in the Graph (mean ± SE) from four independent experiments. (d) 
Western blot detection of active Arf1 in GST-GGA3 pulldown (GGA3 PD) serum starved 
WT-MEFs re-adherent on fibronectin for 15 mins either in presence of DMSO (CNT) or 
10µM Nocodazole (NOC).  Graph (mean ± SE) from four independent experiments. 
Statistical analysis was done using the one sample t-test and p-values “ns” denotes not 
significant. 
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4.2.7 Adhesion-dependent activation of Arf1 recruits motor protein dynein for Golgi 

organization. 

 

Activation of Arf1 is seen to be dependent on its localization at the Golgi, which could, in 

turn, mediate recruitment of the minus end motor protein dynein (Yadav et al., 2012).  It was 

hence tested if differential Arf1 activation could regulate its binding and recruitment of the 

dynein in suspended vs re-adherent cells driving the observed Golgi phenotype.  It was 

observed that pull down of active Arf1 with GST-GGA3 beads does bring down dynein with 

it (Figure 4.14 a), and further inhibition of Arf1 with BFA affects the same (Figure 4.14 b).  

As clear from the western blot result in total Arf1 or dynein levels did not change in control 

and BFA treated adherent cells. This suggests that active Arf1 present in cells controls the 

amount of dynein recruited/bound to it.  

Next, it was tested if there is a differential dynein binding to active Arf1 levels as a result of 

loss/gain of adhesion. Remarkably, loss of adhesion mediated drop in active Arf1 (Figure 

4.14 c) also significantly reduces the amount of dynein that is brought down with it, re-

adhesion restoring active Arf1 and bound dynein levels (Figure 4.14 d).  This suggests 

adhesion-dependent Arf1 activation can differentially recruit dynein to drive Golgi 

reorganization.   

Based on two of the observations, (1) Cell-matrix re-adhesion activates Arf1 and (2) this 

activated Arf1 recruits Dynein to drive movement of disorganized Golgi towards minus end 

of the cell, which results in Golgi organization, the role of inhibiting dynein function on Golgi 

organization was explored. Accordingly, ciliobrevin-D (CB) mediated inhibition of dynein 
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without affecting suspended cells, blocks re-adhesion mediated Golgi organization as 

reflected in the distribution profile (Figure 4.15 a, b). Next comparison of confocal z-stacks 

and observed Golgi object numbers to be significantly high in ciliobrevin treated re-adherent 

cells relative to control (Figure 4.15 c). Furthermore, Ciliobrevin-D did not affect adhesion-

dependent Arf1 activation (relative to untreated control) (Figure 4.15 e) or Arf1 levels (Figure 

4.15 d), suggesting the inhibition of dynein downstream of Arf1 is what affects Golgi 

reorganization here.   

Taken together this reveals the presence of an adhesion-Arf1-Dynein-Microtubule pathway 

mediating Golgi organization in anchorage-dependent cells. 
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Figure 4.14 Adhesion-dependent activation of Arf1 recruits dynein for Golgi organization. 
(a) Western blot detection of active Arf1 and (b) dynein (right panel) in GST-GGA3 pulldown 
(GGA3 PD) and total Arf1 & dynein in whole cell lysate (WCL) of serum-starved WT-MEFs 
stable adherent (SA), suspended for 120 mins (120’ SUSP) and re-adherent on fibronectin for 
15 mins (15’ FN).  The ratio of densitometric band intensities of Arf1 and dynein in pulldown 
relative to their levels in the WCL are represented in the graph as mean ± SE from three 
independent experiments. (c) Western blot detection of active Arf1 (WB: Arf1) and dynein 
(WB: Dynein) in GST-GGA3 pulldown (GGA3 PD) and total Arf1 in whole cell lysate 
(WCL) of serum-starved WT-MEFs stable adherent treated with DMSO (CNT) or 10 µg/mL 
BFA (BFA). The graph is representative of one of three comparable independent experiments. 
Statistical analysis was done using one sample t-test (*** p-value <0.0001). 
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Figure 4.15 Inhibition of Dynein activity hinders adhesion mediated Golgi re-
organization. Cells expressing GalTase RFP were held in suspension for 90 mins (CNT) and 
treated with Ciliobrevin-D (CB, 20 µM in DMSO) for additional 30 mins and re-plated on 
fibronectin for 5 mins without (5’FN+CNT) or with CB (5’FN+CB). (a) The percentage 
distribution of re-adherent cells on fibronectin for 5 mins with organized and disorganized 
Golgi phenotypes in WT-MEFs expressing GalTase RFP with DMSO (CNT-FN) or 
incubated with Ciliobrevin (CB-FN) was determined.  Representative surface rendered cross 
section images for the organized and disorganized phenotype at each treatment are shown.  
100 cells were counted for each time point in an experiment. (b) The graph represents mean 
± SE of percentage distribution for each phenotype from 3 independent experiments. 
Statistical analysis comparing the change in distribution profile was done using the Chi-
Square test, two-tailed (*** p-value < 0.0001). (c) Representative (5’FN+CNT) or (5’FN+CB) 
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Confocal Z stacks deconvoluted and representative maximum intensity projection (MIP) and 
surface rendered zoomed image (1.5X) shown.  Discontinuous Golgi objects per cell 
determined using Huygens represented in the graph. Mean ± SE from three independent 
experiments. Statistical analysis comparing object numbers was done using the Mann 
Whitney’s test (*** p-value <0.0001).  All scale bars in images are set at 4 µm. (d) Western 
blot detection of active Arf1 using GST-GGA3 pulldown (GGA3 PD) and total Arf1 in whole 
cell lysate (WCL) of serum-starved WT-MEFs suspended for 120 mins and re-adherent on 
fibronectin for 15 mins (FN 15’) without (CNT) or with ciliobrevin (CB).  The ratio of 
densitometric band intensities of Arf1 in the pulldown relative to their levels in the WCL is 
represented in the graph as mean ± SE from five independent experiments. (e) Western blot 
detection of total Arf1 (WB: Arf1) and Actin (WB: Actin) in whole cell lysate (WCL) of 
serum-starved WT-MEFs suspended for 120 mins and re-adherent on fibronectin for 15 mins 
(15’ FN) with DMSO (CNT) or Ciliobrevin (CB).  The ratio of densitometric band intensities 
of Total Arf1/Actin is represented in the Graph (mean ± SE) from five independent 
experiments. 
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4.3 SUMMARY. 
 
Having established the role of cell-matrix adhesion in regulating Golgi organization, next it 

was explored how adhesion could be regulating this pathway in mouse embryonic fibroblasts. 

It was observed that cytoskeletal elements are structurally intact and functional at suspended 

and re-adherent cells when their Golgi organization was seen to be distinctly different.  This 

does rule out the possibility that disorganization of Golgi is a result of cytoskeletal elements 

being structurally de-polymerized on the loss of adhesion. Next it was confirmed that presence 

of intact microtubule network is essential for adhesion-mediated Golgi re-organization. This 

regulation is interestingly independent of an intact actin network.  Further it has been 

demonstrated that cell-matrix adhesion regulates small GTPase Arf1 activation, which could 

contribute to Golgi organization. It was indeed found that adhesion-dependent Arf1 

activation is necessary to maintain Golgi organization. It was also observed that downstream 

of cell-matrix adhesion, BIG1/2 (Arf1 specific GEF) to be the prominent GEF working along 

this pathway. Loss of adhesion mediated decrease in Arf1 activation, which results in reduced 

binding of motor protein dynein to it, controls Golgi disorganization. On re-adhesion to 

fibronectin, Arf1 becomes active, recruiting the minus end motor protein dynein to drive re-

organization of the Golgi along an intact microtubule network.   

 
4.4 CONCLUSION. 
 
Cell-matrix adhesion activates Arf1, which recruits motor protein dynein to drive Golgi 

organization along microtubule network in anchorage-dependent mouse embryonic 

fibroblast cells.  

!
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Chapter 5 
 

Compare loss of adhesion mediated 
Golgi disorganization to  

Golgi fragmentation. 
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5.1 RATIONALE. 

 

In a mitotic mammalian cell, the fate of Golgi apparatus had been an area of debate for many 

years concerning the nature of Golgi (structurally and functionally) and the mechanism of 

secretory protein transport. The forward flow of cargo from ER to Golgi (anterograde 

transport) is balanced by recycling of components back to Golgi and ER (retrograde transport. 

This balance is lost in a dividing cell as ER and Golgi undergo structural re-arrangements. 

One of the question in this debate has been centered whether Golgi retains its own identity 

with enzymes rapidly recycling to and fro from ER or collapse into ER. 

 

In recent years, many of these questions have been addressed by the use of advanced 

fluorescence microscopic techniques that led detection of Golgi enzymes in a live cell. Various 

studies have commented on the quantitative measurements for Golgi enzyme localization, 

the rate of anterograde and retrograde traffic between ER and Golgi, and also their diffusion 

rates between these compartments. Based on this researchers have come to a consensus that 

during mitosis, Golgi is partially absorbed into ER, which is primarily dependent on Arf1 

activity (Pecot and Malhotra, 2004; Villeneuve et al., 2017), and expression of dominant 

negative Sar1 GTPase or treatment with BFA (to inhibit Arf1 GTPase) caused the Golgi to 

completely collapse into ER membranes (Fujiwara et al., 1988; Lippincott-Schwartz et al., 

1989). This led us to ask in the observed “cell-matrix adhesion-Golgi” pathway if on the loss 

of adhesion the disorganized Golgi falls back into the ER to mimic fragmentation?  
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5.2 RESULT. 

 

5.2.1 Cell-matrix mediated disorganized Golgi remains separate from Endoplasmic 

reticulum. 

 

It was observed that on the loss of adhesion the disorganized cis Golgi (GM130) did not show 

any significant overlap with the ER (KDEL-RFP) in WT-MEFs. Interestingly, this overlap 

did not decrease in re-adherent cells as shown by Pearson's coefficient values measured from 

the confocal z-stacks for the entire imaged frame (Figure 5.1 a, b). Analysis of line 

fluorescence intensity profile for cis-Golgi and ER marker also confirms that there is negligible 

overlap in these two compartments in suspended or re-adherent cells (Figure 5.1 c). This 

suggests that the disorganized Golgi in non-adherent cells did not fall back into ER and 

making the cell-matrix regulated Golgi “disorganization” phenotype distinct from known 

Golgi “fragmentation”. This could be mediated by their relative active Arf1 status. 
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Figure 5.1 Disorganized Golgi remains separate from the endoplasmic reticulum in WT-
MEFs. (a) Representative images of serum-starved WT-MEFs expressing ER marker KDEL 
(KDEL-RFP) were stable adherent (SA), held in suspension for 120 mins (120’ SUSP), re-
plated on fibronectin for 5 mins (5’ FN) and cis Golgi stained with the anti GM130 antibody 
(GM130). (b) Co-localization for ER (KDEL-RFP) and Golgi (GM130) in the entire confocal 
cross-sections were determined with Huygens software and Pearsons coefficient represented 
in graph (mean ± SE) (c) Colocalization was also assessed in a representative 120’ SUSP and 
5’ FN re-adherent cell, using a line plot across the cell (marked by arrow) for each marker 
using Huygens image analysis software.  Fluorescence intensity measurements obtained were 
plotted for both the markers and their profiles compared.  Scale bars in images are set at 4 µm.  
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5.2.2 BFA mediated Arf1 inhibition results in fragmentation of Golgi, which is 

structurally distinct from Golgi disorganization. 

 

Next, Arf1 was completely inhibited using Brefeldin-A (BFA) in order to find what happens 

to adhesion mediated disorganized Golgi. BFA mediated inhibition of Arf1 in earlier studies 

has been shown to cause βCOPI mediated fall back of the cis/medial Golgi membrane to the 

ER, leading to Golgi fragmentation.  

 

Next, quantitative changes in the number of Golgi objects upon BFA treatment on 

cis/medial-Golgi in both suspended and re-adherent mouse embryonic fibroblast cells were 

determined. BFA treatment in suspended cells did cause the cis-medial Golgi, Man II GFP, 

(Figure 5.2 a, b) to fragment completely.  Cis/medial Golgi upon BFA treatment seems to 

appear to have fallen back into ER. This suggests cell-matrix adhesion could be regulating 

cis/medial and trans-Golgi differently, as evident from the extent of disorganization. This 

observation could be coming as result of 40% Arf1 remaining in “active form”, suggesting 

bound to the Golgi. BFA inhibits Arf1 further in the suspended cell over the loss of adhesion 

effect, triggering now the complete fragmentation of cis/medial Golgi. Active Arf1 levels in 

suspended cells accordingly drop from ~40% to ~15% on BFA treatment.  Quantitation show 

that BFA does not affect the total Arf1 levels in suspended (Figure 5.3 a) vs re-adherent cells 

(Figure 5.3 c), but affects only its activation status (Figure 5.3 b, d). 

 

Similar results were observed with cis/medial-Golgi on BFA treatment in Human endothelial 

cells (Figure 5.4) and human foreskin fibroblast (Figure 5.5). Inhibition of Arf1 by BFA has a 
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similar effect on cis-Golgi (GM130) in normal breast epithelial cells (Figure 5.6). Here again, 

cis Golgi was completely fragmented on BFA addition in suspended MCF10A cells, and 

abrogated the Golgi re-organization on re-adhesion to fibronectin.  
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Figure 5.2 BFA mediated inactivation of Arf1 causes fragmentation of disorganized Golgi 
phenotype in WT-MEFs. (a) Serum-starved WT-MEFs expressing cis-medial (Man II) 
marker were suspended for 60 mins (60’ SUSP) and an additional 30 mins without treatment 
(+30’ CNT) or treated with Brefeldin A (+30’BFA) and (c) re-plated on fibronectin for 5 mins 
without drug (5’FN+CNT) or with Brefeldin A (5’FN+BFA).  Confocal Z stack images were 
deconvoluted, represented as maximum intensity projections (MIP) (top panel) and surface 
rendered images zoomed 1.5X for clarity (bottom panel for each cell). (b, d) Discontinuous 
Golgi objects per cell for Man II and GalTase were determined using the Huygens image 
analysis software.  The graph represents mean ± SE (19-29 cells from three independent 
experiments.  Statistical analysis was done using the Mann Whitney’s test (*** p-value 
<0.0001). Scale bar in the images is set at 4 µm. 
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Figure 5.3 BFA inhibits Arf1 activity in suspended and re-adherent WT-MEFs (a) Western 
blot detection of total Arf1 and Actin in whole cell lysate (WCL) of serum-starved WT-MEFs 
suspended for 60 mins and additional 30 mins with DMSO (CNT) or 10 µg/mL Brefeldin-A 
(BFA).  The ratio of densitometric measurement of band intensities of Total Arf1/Actin are 
represented in the Graph represents mean ± SE from four independent experiments. (b) 
Western blot detection of active Arf1 in GST-GGA3 pulldown (GGA3 PD) serum starved 
WT-MEFs suspended for 90 (60+30) mins either treated with DMSO (CNT) or 10 µg/mL 
Brefeldin A (BFA).  The graph represents mean ± SE from four independent experiments. (c) 
Western blot detection of total Arf1 and Actin in whole cell lysate (WCL) of serum-starved 
WT-MEFs re-adherent on fibronectin for 15 mins either in presence of DMSO (CNT-FN) or 
10 µg/mL Brefeldin A (BFA-FN). The ratio of the densitometric measurement of band 
intensities of Total Arf1/Actin is represented in the Graph (mean ± SE) from three 
independent experiments. (d) Western blot detection of active Arf1 in GST-GGA3 pulldown 
(GGA3 PD) serum starved WT-MEFs re-adherent on fibronectin for 15 mins either in 
presence of DMSO (CNT) or Brefeldin-A (BFA).  Graph (mean ± SE) from three independent 
experiments. Statistical analysis was done using the one sample t-test (*** p-value <0.0001, ns 

p = not significant). 
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Figure 5.4 BFA mediated inactivation of Arf1 causes fragmentation of disorganized Golgi 
phenotype in Human endothelial cells (EA.hy926). (a) Serum-starved endothelial cells 
expressing cis-medial (Man II) marker were suspended for 60 mins (60’ SUSP) and an 
additional 30 mins without treatment (+30’ CNT) or treated with Brefeldin A (+30’BFA) and 
(c) re-plated on fibronectin for 5 mins without drug (5’FN+CNT) or with Brefeldin A 
(5’FN+BFA).  Confocal Z stack images were deconvoluted, represented as maximum 
intensity projections (MIP) (top panel) and surface rendered images zoomed 1.5X for clarity 
(bottom panel for each cell). (b, d) Discontinuous Golgi objects per cell for Man II and 
GalTase were determined using the Huygens image analysis software. The graph represents 
mean ± SE from 12-18 cells from three independent experiments.  Statistical analysis was 
done using the Mann Whitney’s test (*** p-value <0.0001). Scale bar in the images is set at 4 
µm. 
 
 
 
 



!
176 

 
 
Figure 5.5 BFA mediated inactivation of Arf1 causes fragmentation of disorganized Golgi 
phenotype in human breast epithelial cells (MCF10A). Untransfected MCF10A cells were 
(a) suspended for 60 mins (60’ SUSP) and an additional 30 mins without treatment (+30’ 
CNT) or treated with Brefeldin A (+30’BFA) and (b) re-plated on fibronectin for 5 mins 
without drug (5’FN+CNT) or with Brefeldin A (5’FN+BFA). Cells were immunostained 
with anti-GM130 antibody and Confocal Z stack images were deconvoluted, represented as 
maximum intensity projections (MIP) (top panel) and surface rendered images zoomed 1.5X 
for clarity (bottom panel for each cell). (c, d) Discontinuous Golgi objects per cell for GM130 
were determined using the Huygens image analysis software.  The graph represents mean ± 
SE from 10 cells from two independent experiments.  Statistical analysis were done using the 
Mann Whitney’s test (* p-value <0.01, *** p-value <0.0001). Scale bar in the images is set at 
4 µm. 
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5.2.3 BFA inhibited Arf1 in suspended cells causes the disorganized Golgi to fall back into 

Endoplasmic reticulum. 

 

Further, it was asked what is the fate of disorganized Golgi (in suspended cells) if the Arf1 

activity is inhibited by brefeldin A (BFA). It was observed that cis/medial Golgi (Man II 

GFP) showed very less colocalization (Pearson's coefficient) with ER (KDEL-RFP) in 

suspended cells (Figure 5.6 a). Microtubule depolymerization by Nocodazole, which does not 

affect Arf1 activity (as discussed in Chapter 4, Figure 4.13), but fragments the cis-medial 

disorganized Golgi further, did not cause it fall back into ER (Figure 5.6 b). However, BFA 

mediated inhibition of Arf1 in suspended cells caused cis/medial Golgi to completely 

fragment now showing a strong co-localization with the endoplasmic reticulum (Figure 5.6 

c).  This is reflected in a significant increase in their co-localization along line plots (Figure 

5.7 a) and in cellular Pearson’s coefficient of entire z-stacks (Figure 5.7 b).  While on the loss 

of adhesion Arf1 activity drops by ~60% (relative to stable adherent cells) (Figure 4.6 b), BFA 

treatment of suspended cells reduces it further by ~60% (Figure 5.7 c), causing a net ~85% 

drop (relative to stable adherent cells). These data suggest the differential effect on Arf1 

activation likely makes the loss of adhesion mediated Golgi disorganization distinctly 

different from BFA mediated Golgi fragmentation. This led us to ask if the loss of adhesion 

does affect Golgi function and how BFA treatment impacts the same, and this is discussed in 

Chapter 6.  
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Figure 5.6 BFA mediated Arf1 inactivation causes fragmentation of disorganized Golgi 
and into collapses to the endoplasmic reticulum in WT-MEFs. Serum-starved WT-MEFs 
expressing ER marker KDEL (KDEL-RFP) and Golgi marker Mannosidase GFP (Man II 
GFP) were suspended for 60 mins plus additional 30 mins without (a) (SUSP 90’ CNT) or 
with (b) Nocodazole (SUSP 90’+NOC) and (c) brefeldin A (SUSP 90’+BFA) and. Confocal 
Z stack images were deconvoluted and represented as maximum intensity projections (MIP) 
for ER, Golgi and merged image. Data is representative of 30 cells from three independent 
experiments. Scale bars in images are set at 4 µm. 
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Figure 5.7 Colocalization analysis of disorganized and fragmented Golgi with ER in WT-
MEFs. (a)  The colocalization between ER (KDEL RFP) and cis-medial Golgi (ManII GFP) 
in WT-MEFs held in suspension for 90 mins without drug (CNT) and with Brefeldin (+BFA) 
or Nocodazole (+NOC) were compared using a line plot across the cell for each marker using 
Huygens image analysis software.  Fluorescence intensity measurements obtained were 
plotted for ManII GFP (green line) and KDEL RFP (red line) and their profiles compared to 
CNT vs BFA /NOC treated cells.  (b) Cells expressing KDEL-RFP and Mannosidase GFP 
(Man II GFP) were suspended for 60 mins (60’ SUSP) plus 30 mins without (+30’CNT) or 
with brefeldin A (+30’BFA). Co-localization in confocal z-stack determined with Huygens 
software and Pearson's coefficient represented in the graph (mean ± SE) (30 cells from three 
independent experiments. Statistical analysis was done using the Mann Whitney’s test (*** 
p-value <0.0001). Scale bar in all images are set at 4 µm. (c) Active Arf1 from suspended 
CNT, BFA, and NOC treated suspended cells pulled down by GST-GGA3 (GGA3 PD), 
equated to total Arf1 in whole cell lysate (WCL) and normalized to CNT. The graph 
represents mean ± SE from four independent experiments. Statistical analysis was done using 
the one sample t-test (** p-value <0.001).  
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5.3 SUMMARY. 
 
Cell-matrix adhesion regulated disorganized Golgi remains segregated from endoplasmic 

reticulum as a minimal overlap observed between these two compartments were observed. 

This is evident from quantitative measurements showing the extent of colocalization 

(Pearson’s coefficient) and line intensity profile of cis/medial-Golgi vs. ER of suspended and 

re-adherent cells. Additionally, inhibition of Arf1 activity in suspended cells by BFA robustly 

fragments the disorganized and increases the colocalization of Golgi with ER. Also, further 

inhibition of Arf1 activity with BFA in suspended WT-MEF results in fragmentation of 

cis/medial Golgi (Man II GFP). A similar result with human foreskin fibroblast, human 

endothelial cells, and human epithelial cells was observed, strengthening the observation. 

BFA inhibited Arf1 resulted in cis-medial Golgi to fall back into endoplasmic reticulum in 

Mouse embryonic fibroblast cells. 

 

Results from earlier chapters demonstrate that cis/cis-medial Golgi is partially disorganized 

as opposed to trans-Golgi which undergoes complete disorganization. One explanation for 

differential regulation by cell-matrix adhesion on “cis/cis-medial” and “trans’ Golgi 

compartment could be because cell-adhesion regulates BIG1/2 Arf1 GEF prominently which 

localizes to trans-Golgi, hence inactivating Arf1 more at trans than cis-medial allowing 

differences in disorganization. This is supported by the fact that BFA inhibition of suspended 

cells (which results in almost ~85% inactivation of Arf1) caused cis-medial Golgi to 

completely disorganize and collapse into ER. However, more evidence is needed in support 

of this speculation. This further led us to ask if “disorganized Golgi” is functionally similar or 

dissimilar than a “fragmented Golgi” and that is discussed in the next chapter. 
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5.4 CONCLUSION. 
 

Cell-matrix adhesion regulated Golgi disorganization is different from BFA mediated 

Golgi fragmentation phenotype and remains separate from the endoplasmic reticulum.  
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Chapter 6 
 

Study the effect of adhesion-dependent 
Golgi disorganization on  

Golgi function. 
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6.1 RATIONALE. 

 

A major post-translational modification of proteins and lipids that occurs in the Golgi is their 

Glycosylation (Wilson et al., 2011). Accurate glycosylation of proteins and lipids are vital for 

many cellular functions such as correct protein folding, cell signaling, immunological 

recognition and defense, cell adhesion and motility (Stanley, 2011). Golgi compartments host 

a variety of enzymes, such as glycosyltransferases, glycosidases, which carry out the transfer 

of glycan molecules to proteins and lipids, in an ordered manner, which eventually exits trans-

Golgi network to its destination. Various reports have documented multiple factors that 

regulate glycosylation including the luminal Golgi environment (Golgi pH) (Kellokumpu et 

al., 2002; Maeda and Kinoshita, 2010), Golgi organization (Koreishi et al., 2013), expression 

and correct functioning of enzymes catalyzing glycosylation (Freeze and Schachter, 2009) 

and proteins of  conserved oligomeric Golgi (COG) complex (which act as a scaffold for Golgi 

membrane structure and tethering of retrograde vesicles) (Pokrovskaya et al., 2011). 

Additionally, in many cancer types, Golgi is distinctly fragmented (Egea et al., 1993; Migita 

and Inoue, 2012; Petrosyan, 2015) and accompanied by altered glycosylation (increased 

sialytion and decreased sulfation) on the cell surface (shorter and less branched carbohydrate 

chains) (Petrosyan, 2015).  

 

In summary, Golgi sorts and traffic several proteins and lipid cargoes glycosylate them and 

regulate their correct pick-up and delivery to different destinations within the cell, including 

the plasma membrane. Any change in Golgi organization due to mutation/depletion/non-
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functioning of Golgi proteins in disease conditions or physiological changes like cell division 

affects glycosylation levels and patterns.  

 

This study so far was focused on elucidating the role and regulation of cell-matrix adhesion-

dependent Golgi organization in anchorage-dependent cell lines. With known association 

between Golgi organization and its function it was checked if changes in adhesion and 

resulting Golgi organization can affect cell surface glycosylation (known to be a direct 

reflection of Golgi function).  Using fluorescently tagged lectin markers that bind glycosylated 

residues changes in cell surface glycosylation levels in non-adherent WT-MEFs by flow 

cytometry was examined. Using active Arf1 (that restores Golgi organization in suspended 

cells) it was also tested how changes in Golgi organization in non-adherent cells contribute to 

changes in glycosylation observed in these cells.  
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6.1 RESULTS. 

 

6.2.1 Loss of cell-matrix adhesion increases global cell surface glycosylation in WT-MEFs. 

 

Four classes of lectins were selected which display different specificity towards glycan 

modification on proteins such as mannose, Galactose, Sialic acid, and fucose to investigate 

the effect of adhesion in regulating cell surface glycosylation. Figure 6.1 a lists the 

fluorescently tagged lectins used in the study and their glycan specificity Concanavalin A 

(ConA) (mannose-binding), wheat germ agglutinin (WGA) (Galactose/N-

acetylgalactosamine binding), peanut agglutinin (PNA) (N-acetylglucosamine binding) and 

Ulex europaeus agglutinin (UEA) (Fucose binding).  

 

It was validated that treatment with accutase also results in similar adhesion mediated Golgi 

disorganization for both ManII and GalTase marker (Figure 6.1a) Cells held in suspension 

for 120 mins (Blue color histogram) show a significant increase in cell surface binding of all 

four lectins as indicated with a right shift of fluorescence intensity histograms when compared 

to just detached cells 5’ SUSP (red color histogram) (Figure 6.1 c). This change was also 

quantitated and plotted as average median fluorescence intensity (black bars) relative to their 

basal levels when detached and normalized to 100% (grey bars) (Figure 6.1 d).  An increase 

in surface glycosylation was observed post 120 mins suspension (~ 45% for WGA/UEA and 

~100% fold for ConA and PNA. It is to this effect that a time kinetics profile of changes in 

ConA surface binding was compared over increasing suspension time points (5mins to 120 

mins). Interestingly, on the loss of adhesion, there is subtle, but steady increase in surface 
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ConA binding, which peaks around 120 mins suspension (Figure 6.1 e, f). Cells treated with 

cycloheximide (thereby blocking protein synthesis) also showed the similar increase in ConA 

surface levels in 120 mins (Figure 6.1 g). This suggests a loss of adhesion promotes Golgi 

processing and/or trafficking to increase membrane glycosylation levels.  Typically, a cargo 

like VSVG could take around 10-15 mins to reach plasma membrane and 150-200 mins to 

complete trafficking from ER to PM (Hirschberg et al., 1998). As an increase in glycosylation 

as early as 20 mins in suspension and also when synthesis of new proteins were blocked, it is 

speculated that this change is mostly coming through an increased rate of trafficking to the 

cell surface. Studies have shown synthesis in the ER, post-translational modification and 

delivery to the cell surface of a protein could take around 2 hours (Hirschberg et al., 1998). 
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Figure 6.1 Loss of adhesion results in an increase in cell surface glycosylation. (a) WT-
MEFs transiently expressing (top panel) Man II GFP and (bottom panel) GalTase-RFP were 
either serum starved with 0.2% FBS for 12 hours or cultured with 5% FBS. Stable adherent 
cells (SA) were detached with Accutase (5’) and held in suspension for 120 mins (120’), and 
re-plated on fibronectin for 5 mins (5’ FN). Cross sections of deconvoluted MIP and surface 
rendered images which were zoomed for clarity (3X for SA, 1.5X for other time points for 
Man II and GalTase) (right panel in each time point) are represented from three independent 
experiments. Stable adherent cells are represented by a MIP image.  Scale bar in the images 
is 4 µm and 10 µm for stable adherent cells. (b) List of fluorescently tagged lectin probes with 
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their carbohydrate specificity. Serum-starved WT-MEFs detached with Accutase (5’ SUSP) 
and held in suspension for 120 mins (120’ SUSP), labeled with Alexa-488 conjugated ConA, 
WGA, PNA and FITC-UEA lectin.  (c) Cell surface-bound lectin fluorescence was measured 
by flow cytometry and represented as histograms. (d) The median fluorescence intensity of 
120’ SUSP cells (black bar) was normalized to their respective 5’ SUSP cells (equated to 100 
and represented as a grey bar).  The graph represents mean ± SE from 6 independent 
experiments. Statistical analysis was done using the one sample t-test (** p-value <0.001).  (e) 
Serum-starved WT-MEFs were detached and labeled with ConA-Alexa-488 at 5, 10, 20, 30, 
60, 90 and 120 mins. Representative histogram of flow cytometry measurements of all time 
points is shown. (f) Median fluorescence intensity is represented in the graph (mean ± SE) 
from three independent experiments. Statistical analysis was done using the two-tailed Mann 
Whitney’s test (* p-value <0.01). (g) Serum-starved WT-MEFs untreated (CNT) or treated 
with cycloheximide (CHX) were detached and labeled with ConA-Alexa-488 at 5 and120 
mins. Median fluorescence intensity is represented in the graph (mean ± SE) from five 
independent experiments. Statistical analysis was done using the column statistics (*** p-
value <0.0001).  
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6.2.2 Restoration of Golgi organization in non-adherent cells abolishes the increase in 

surface glycosylation. 

 

To confirm if the increase in surface glycosylation is indeed the result of the disorganized 

Golgi phenotype on the loss of adhesion it was tested if active Arf1 mediated restoration of 

Golgi organization in suspended cells could prevent this glycosylation change.  Cherry tagged 

wild-type (WT-Arf1) and active (Q71L-Arf1) Arf1 expressing cells (Figure 6.2 a) showed 

comparable Arf1 expression (Figure 6.2 b)  and only a modest change in basal cell surface 

ConA (Figure 6.2 c) and UEA (Figure 6.2 d) binding when detached (5’ SUSP). This data 

confirms that on a similar amount of wild-type or active Arf1 exogenous expression, there is 

very modest, but insignificant increase in basal cell surface glycosylation (i.e., 5’ SUSP). 

 

Suspended cells with active Arf1 expression did block the increase in cell surface glycosylation 

observed in untransfected control and WT-Arf1 expressing cells.  This was seen for ConA 

(Figure 6.3 a-d) and UEA labeling (Figure 6.3 e-h). This strongly suggests cell-matrix 

adhesion-dependent regulation of Arf1 and resulting Golgi disorganization indeed affects 

Golgi function and net surface glycosylation levels. 
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Figure 6.2 Exogenous expression of Cherry tagged Arf1 does not affect basal ConA and 
UEA cell surface levels. (a)  The localization of Cherry tagged wild-type Arf1 (WT-Arf1) or 
active Arf1 (Q71L Arf1) in serum-starved WT-MEFs was confirmed. Scale bar in images set 
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at 10 µm.  (b) The fluorescence intensity and hence expression of both cherry constructs in 
cells was analyzed by flow cytometry and average median fluorescence intensity represented 
as arbitrary units (A.U.) in the graph (mean ± SE) from six independent experiments. (c, d) 
Serum-starved WT-MEFs expressing Cherry tagged wild-type Arf1 (WT-Arf1) or active Arf1 
(Q71L Arf1) were detached using Accutase and surface labeled with (c) ConA-Alexa 488 or 
(d) UEA-FITC lectin.  Fluorescence intensity of cell surface bound lectins were measured by 
flow cytometry in population gated for cherry tagged Arf1 expression and average median 
fluorescence intensity represented in the graph (mean ± SE). Data from six independent 
experiments.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



!
193 

 
 
 
Figure 6.3 Active Arf1 rescues loss of adhesion regulated increase in cell surface 
glycosylation. WT-MEFs expressing (a, e) cherry-N1 (CNT), (b, f) wild-type Arf1-Cherry-
N1 (WT-Arf1) or (c, g) active Arf1-Cherry-N1 (Q71L Arf1) were detached (5’ SUSP) and 
held in suspension (120’ SUSP) and labelled with (a-d) ConA-Alexa488 and (e-h) UEA-
FITC. Surface-bound lectin fluorescence in cell population gated for cherry tagged Arf1 
expression was measured by flow cytometry and median fluorescence intensity at 120’ SUSP 
(black bar) normalized to their respective 5’ SUSP cells (equated to 100 and represented as a 
grey bar). The graph represents mean ± SE of 6 independent experiments. Statistical analysis 
was done using the one sample t-test (* p-value <0.01, ** p-value <0.001, *** p-value 
<0.0001).  
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6.2.3 Golgi disorganization is functionally different from Golgi fragmentation. 

 

As described in chapter 5, cell-matrix adhesion regulated Golgi disorganization does seem to 

be structurally different from BFA or Nocodazole mediated Golgi breakup.  It was hence 

asked if there is a functional difference between these as well. This was determined by treating 

suspended cells with BFA or Nocodazole and comparing cell surface ConA binding in these 

cells. 

 

Serum-starved WT-MEFs were held in suspension for 90 mins and then either treated with 

DMSO (CNT) or with 10 µM Nocodazole (NOC) or with 10 µg/ml Brefeldin-A (BFA) for 

additional 30 mins. A right shift in histogram was observed between for 120’ SUSP (Blue 

color histogram) relative to 5’ SUSP (Red color histogram) in control (Figure 6.4 a). Control 

suspended cells for 90 mins (which showed increase in ConA surface levels relative to 5 mins) 

were treated with Nocodazole or BFA (after cells are held in suspension for 90 mins) resulted 

in reversal of increase in cell surface glycosylation.  Quantitative measurement as average 

median fluorescence intensity displays the same observation (Figure 6.4 b).  

 

Both BFA and NOC treatment did not freeze the cell surface glycosylation levels at what was 

observed after cells are suspended for 90 mins, but instead reversed the increment.  This likely 

reflects a combined effect of the change in trafficking to the cell membrane with the rate at 

which surface glycosylated proteins and lipids are removed from the cell surface, possibly by 

their endocytosis.  Loss of adhesion is known to dramatically affect endocytosis rates of 

plasma membrane lipids in earlier studies (Balasubramanian et al., 2007).   



!
195 

BFA mediated Golgi fragmentation affects Golgi trafficking (Lippincott-Schwartz et al., 

1990) and hence will disrupt the delivery of glycosylated cargo to cell surface.  Interestingly, 

BFA does not affect loss of adhesion mediated endocytosis in our studies (unpublished data). 

Thus a combined effect of disrupting exocytosis with continuing endocytosis could cause a 

drop in net surface glycosylation levels in BFA treated cells.  Since both endocytosis and 

exocytosis are dependent on microtubule network, Nocodazole treatment will similarly 

disrupt exocytosis.  Endocytosis from the plasma membrane does however continue in the 

presence of nocadazole, though this cargo stays trapped in the actin cortex (Balasubramanian 

et al., 2007) but is lost from the plasma membrane.  This will hence (similar to BFA mediated 

disruption of trafficking) affect exocytosis without changing cell surface endocytosis causing 

a net drop in surface glycosylation levels.  

 

Together this data does support the increase in cell surface glycosylation on the loss of 

adhesion to mostly likely be the result of an increase in possible rate of trafficking of cargoes 

to the plasma membrane and only marginally affected by an increase in actual glycosylation 

rates in the Golgi.   
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Figure 6.4 Effect of BFA and Nocodazole on non-adherent cell surface glycosylation. (a) 
Serum-starved WT-MEFs detached (5’ SUSP) and suspended for 90 mins plus 30 mins 
without (90’SUSP+30’CNT) or with BFA (90’SUSP+30’BFA) or with NOC 
(90’SUSP+30’NOC) were labeled with ConA-Alexa 488. Representative histogram of flow 
cytometry measurements of all treatments. (b) Median fluorescence intensity is represented 
in the graph (mean ± SE) from four independent experiments. Statistical analysis was done 
using the two-tailed Mann Whitney’s test (** p-value <0.01, *** p-value <0.001). 
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6.3 SUMMARY. 
 
In this chapter, it was tested how the loss of adhesion mediated Golgi disorganization 

regulates Golgi function, reflected in glycosylation changes.  Adherent cells when detached 

have a basal level of surface glycosylation (detected by surface lectin binding), which increases 

as cells are held in suspension. This does suggest that this is not likely to be a result of the new 

synthesis of proteins, as on an average synthesis of protein from ER to final delivery to plasma 

membrane could take ~ 2 hours in a cell (Hirschberg et al., 1998).  A gradual increase in cell 

surface glycosylation and similar increase when new synthesis of proteins were blocked could 

be attributed to disorganized Golgi in suspended cells triggering accelerated rate of trafficking 

of glycosylated proteins to the cell surface.  

 

To gain further insights into this regulation, it was tested if active Arf1 mediated restoration 

of Golgi organization could influence the elevated surface glycosylation observed on the loss 

of adhesion. Indeed active Arf1 expressing cells with an organized Golgi when suspended did 

not show the increase in surface glycosylation observed in wild-type Arf1 expressing cells with 

a disorganized Golgi. This suggests elevated surface glycosylation to be a result of the 

disorganized Golgi, which could possibly be reversed by the restoration of Golgi integrity. 

 

Next, it was demonstrated that BFA and Nocodazole mediated fragmented Golgi functions 

differently than a loss of adhesion disorganized Golgi.  This is reflected by their ability to 

reverse the increase in surface glycosylation. BFA mediated inhibition of Arf1 disrupts the 

trafficking between Golgi-ER and leading to its restoration to the ER. This suggests 

disorganized or fragmented Golgi could have a differential function in the cell as 
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demonstrated by differences in surface glycosylation. Trafficking of cargoes will dramatically 

slow down if microtubule network is absent in a cell, and hence Nocodazole-treated cells 

display less surface glycosylation. As both BFA and NOC treatment resulted in a reversal of 

the increased glycosylation from the cell surface, it strongly suggests that loss of cell-matrix 

adhesion triggers exocytosis to the cell surface. This could further be supported by the 

dramatic endocytosis that loss of adhesion is known to support (del Pozo et al., 2005) which 

is not affected by microtubule disruption  (Balasubramanian et al., 2007) or BFA treatment 

(unpublished data). Results from Chapter 5 and 6 hence do provide evidence that adhesion 

mediated Golgi disorganization is structurally and functionally different from BFA mediated 

Golgi fragmentation 

 

6.4 CONCLUSION. 
 

Loss of adhesion mediated Golgi disorganization affects cell surface Golgi glycosylation. 

 

!

 

!
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Chapter 7 
 

Study Adhesion dependent regulation of 
Golgi organization in anchorage-

independent cancer cells. 
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7.1 RATIONALE. 

 

Cultured cancer cells exhibit anchorage-independent growth, and can proliferate in the 

absence of adhesion to extracellular matrix (Schwartz, 1997). The colony forming capacity in 

the semi-solid medium of cancer cells have been linked to in vivo tumorigenic and metastatic 

potential and is utilized as a marker for in vitro transformation (Mori et al., 2009). Among 

other variety of ways, anchorage-independent activation of specific pathways is employed by 

cancer cells to proliferate in an anchorage-independent manner (Freedman and Shin, 1974). 

Furthermore, reports from our lab have shown that cell-matrix adhesion regulates Arf6 and 

RalA/B signaling pathways in anchorage-dependent mouse fibroblast, that is deregulated in 

bladder cancer cells T24 to regulate Erk signaling and attaining anchorage-independence 

(Pawar et al., 2016).  

 

Furthermore, Golgi fragmentation has been reported during many physiological and 

pathological conditions, although the exact mechanism and significance of this breakup 

remains particularly unclear in disease conditions (Machamer, 2003; Nakagomi et al., 2008; 

Petrosyan, 2015). Presence of a fragmented Golgi was reported quite some time back in 

electron microscopic images of cultured mucin-producing colon cancer cells (Egea et al., 

1993). Furthermore, in cancer cells fragmentation of Golgi has also been correlated with 

mislocalization of the glycosyltransferase, thus, leading to the formation of cancer-specific 

epitopes (Petrosyan et al., 2014).  
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Having established the presence of an adhesion-Arf1-Golgi pathway in normal mouse 

fibroblasts that controls Golgi function, next it was investigated if adhesion-Arf1 pathways 

exist/de-regulated in cancer cells and if it has any role in Golgi organization. 

 

To test this Golgi organization in cancer cell lines of different origin were screened. pancreatic 

cancer cell lines Mia-PaCa-2 and CFPAC-1, fibrosarcoma cell line HT-1080 and bladder 

cancer cell line T-24 were used for the studies. Golgi organization was visualized with a trans-

Golgi marker and all the studies were done in presence of serum growth factors.  
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7.2 RESULTS. 

7.2.1 Golgi organization in cancer cell lines. 

In adherent conditions pancreatic cancer cell lines Mia-PaCa-2 and CFPAC-1, fibrosarcoma 

cell line HT-1080 cancer cell lines showed a fragmented Golgi which is completely dispersed 

throughout the cell (Figure 7.1 top 3 panels). However, one of the cancer cell line tested, 

bladder cancer cell line (T24), displayed an organized Golgi (Figure 7.1 bottom panel).  This 

led us to ask if the adhesion-dependent regulation of the Golgi observed in mouse fibroblasts 

exists or it is deregulated in these cells. In non-adherent conditions, the disrupted Golgi 

phenotype in Mia-PaCa-2 and CFPAC-1, fibrosarcoma cell line HT-1080 cancer cell lines 

was retained (Figure 7.2).  T24 cells which interestingly had an organized Golgi when 

adherent, failed to disorganize their Golgi when detached and held in suspension.   The data 

in MEFs had revealed cell-adhesion regulates Arf1 activity to control Golgi organization 

(Refer chapter 4). Additionally, it’s reported from our lab that in T24 cells Arf6 is activated in 

an anchorage-independent manner (Pawar et al., 2016) which is regulated by cell-matrix 

adhesion in MEFs (Balasubramanian et al., 2007). These led us to test if the activation status 

of Arf1 in adherent vs non-adherent T24 cells is deregulated to achieve its anchorage 

independent Golgi phenotype. 
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Figure 7.1 Golgi organization in adherent cancer cell lines. Three Representative images 
demonstrating organization of Golgi by expressing GalTase-RFP in pancreatic cancer cell lines Mia-
PaCa-2 and CFPAC-1, fibrosarcoma cell line HT-1080 and bladder cancer cell line T-24.  Scale bar 
in all the images is set to 10 µm. 
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Figure 7.2 Golgi organization is anchorage-independent in cancer cell lines. Representative 
images demonstrating organization of Golgi in adherent and non-adherent cells by expressing 
GalTase-RFP in pancreatic cancer cell lines Mia-PaCa-2 and CFPAC-1, fibrosarcoma cell line HT-
1080 and bladder cancer cell line T-24.  Scale bar in all the images is set to 10 µm for adherent 
and 4 µm for non-adherent. 
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7.2.2 Anchorage-independent activation of Arf1 retains an organized Golgi in non-

adherent T24 cells. 

 

Anchorage-independent activation of Arf1 in T24 cells was detected, as pulled down active 

Arf1 did not show any change when the cells were held in suspension (Figure 7.3 a). Further 

examination of 3D reconstitutions demonstrating organization of Golgi in non-adherent T24 

cells was done and it was observed that Golgi remains organized. This was unaffected when 

the cells were re-plated on fibronectin (Figure 7.3 b). Based on our observation in MEFs and 

T24 cells it’s a speculation that anchorage independence of Arf1 activation in T24 cells is the 

cause of Golgi retaining its structural identity in non-adherent cells.  

 

In order to elucidate the role of Arf1 in the anchorage-independent Golgi organization, Arf1 

activity was inhibited by Brefeldin-A (BFA) and Golgicide-A (GCA). Remarkably, inhibition 

of Arf1 by both BFA (Figure 7.4 b) and GCA (Figure 7.4 c) activity indeed resulted in Golgi 

to disorganize in the anchorage-independent T24 cells. Also, the effect of these inhibitors was 

similar (Figure 7.4 d, e), shifting the distribution profile to ~90 % of the cell population with 

disorganized Golgi in non-adherent T24 cells. As there was similar extent of change in 

distribution profile with BFA and GCA, both BIG1/2 and GBF1 plays a role in keeping Arf1 

active in an anchorage-independent manner in T24 cells. 

 

Arf1 was also inhibited by expressing GFP tagged dominant negative Arf1 mutant (T31N-

Arf1-GFP) and found that cells expressing this mutant have a disorganized Golgi, while 

untransfected cells in the same frame retain organized Golgi in non-adherent T24 cells (Figure 

7.5 a, b).  
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Figure 7.3 Anchorage-independent activation of Arf1 retains an organized Golgi in non-
adherent T24 cells. (a) Western blot detection of active Arf1 in GST-GGA3 pulldown 
(GGA3 PD) and total Arf1 in whole cell lysate (WCL) of T24 stable adherent (SA) and 
suspended for 120 mins (SUSP).  Graph represents mean ± SE from four independent 
experiments. (b) T24 cells transfected with GalTase-RFP were detached and held in 
suspension for 120 mins (120’ SUSP) and re-plated on fibronectin for 15 mins (15’ FN) or 4 
hours as stable adherent (SA).  Their trans-Golgi was detected using the GalTase RFP 
localization (GalTase).  Maximum intensity projections (MIP) of de-convoluted confocal 
images for three representative cells for GalTase for each time point are shown (left panel in 
each time point).  De-convoluted confocal Z stacks were surface rendered and zoomed for 
clarity (2X) (right panel in each time point).  All scale bars in images are set at 4 µm. 
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Figure 7.4 Brefeldin-A or Golgicide-A mediated Arf1 inactivation causes Golgi 
disorganization in the non-adherent T24 cell line. T24 cells expressing trans Golgi 
(GalTase) marker were suspended for 90 mins (60’ SUSP) and an additional 30 mins without 
treatment (a) (90’ SUSP+30’ CNT) or treated with Brefeldin A (b) (90’ SUSP+30’BFA) or (c) 
Golgicide A (90’ SUSP+30’GCA). Confocal Z stack images were deconvoluted, represented 
as maximum intensity projections (MIP) and surface rendered images zoomed 1.5X for clarity 
(only for CNT). (d) The percentage distribution of cells with organized and disorganized 
Golgi phenotypes in T24 cells expressing GalTase RFP suspended for 90 mins and an 
additional 30 mins without (CNT) or with brefeldin A (+BFA) or Golgicide A (+GCA). 
Representative surface rendered cross section images for the organized and disorganized 
phenotype at each treatment are shown. (e) 100 cells were counted for each time point in an 
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experiment. Graph represents mean percentage distribution for each phenotype of one of the 
two comparable independent experiments. Statistical analysis comparing the change in 
distribution profile was done using the Chi-Square test, two-tailed (*** p-value < 0.0001). 
Scale bar in all images are set at 4 µm. 
 
 
 
 

 
 
Figure 7.5 Dominant negative T31N-Arf1-GFP causes Golgi disorganization in the non-
adherent T24 cell line. T24 cells expressing trans-Golgi (GalTase-RFP) and GFP tagged 
dominant negative Arf1 mutant (T31N-Arf1-GFP) were suspended for 120 mins. (a) 
Arrowheads highlight non-adherent T24 cells with organized Golgi phenotype present in 
untransfected cells; Asterisk indicates the disorganized Golgi morphology present in T31N-
Arf1-GFP transfected cells. Scale bars in the images are set at 10 µm. (b) Confocal Z stack 
images were deconvoluted, represented as maximum intensity projections (MIP) and surface 
rendered images for Golgi (GalTase-RFP). T31N-Arf1-GFP expression in the same cells is 
also shown. Images are representative of 30 cells from three independent experiments. Scale 
bar in all images are set at 4 µm. 
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7.3 SUMMARY. 
 
Cancer cells have the ability to grow and proliferate in an anchorage-independent manner, 

and thereby keep many pathways active even when the cells are not adherent. This property 

is utilized by cancer cells during tumorigenesis and metastasis.  Furthermore, many cancer 

cells display a fragmented Golgi, although the mechanism remains largely unexplored. 

Knowing the existence of an adhesion-Arf1-Golgi pathway in anchorage-dependent mouse 

embryonic fibroblasts, it was then asked if this regulatory pathway exists in cancer cells and 

whether it is de-regulated. It was observed that MiA-PaCa-2, CFPAC-1, and HT-1080 cancer 

cells have a fragmented Golgi in adherent state and also retain this organization when non-

adherent.  However, in T24 bladder cancer cells, the Golgi is seen to be organized when 

adherent and non-adherent suggesting it is able to bypass the anchorage-dependent regulation 

of the Golgi seen in normal WTMEFs.  Anchorage-independent activation of Arf1 is 

responsible for this Golgi phenotype in non-adherent T24 cells.  This further supports the 

adhesion-Arf1-golgi pathway, by highlighting how a cancer cell is able to use anchorage 

independent Arf1 activation to bypass this regulation.  Understanding how cancer cells 

mediate this activation of Arf1 and the functional significance of this deregulation is an open 

question the lab is now trying to address. 

 

7.4 CONCLUSION. 
 

Stable adherent T24 cells with an organized Golgi use anchorage-independent active Arf1 

to overcome the loss of adhesion mediated Golgi disorganization.  

 

!
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The work presented in this thesis discusses a novel regulation by cell-matrix adhesion in 

regulating Golgi organization and function, in anchorage-dependent mouse embryonic 

fibroblast cells. These findings will have implications for the regulation of Golgi organization 

in various cellular events, such as mitosis, as well as in disease conditions like cancer. 

 
8.1. A novel regulation of Golgi organization by cell-matrix adhesion. 
 
Extracellular matrix (ECM) is a complex mixture of glycoproteins (fibronectin, collagen, 

laminins etc.) and non-matrix protein that include growth factors present in all tissues and 

organs (Hynes, 2004). Integrins are the primary cell-matrix adhesion receptors that mediate 

signal transduction and thereby controls cell attachment, spreading, proliferation, cytoskeletal 

organization, membrane trafficking (endocytosis and exocytosis), and also plasma membrane 

order (Balasubramanian et al., 2007b; Caswell et al., 2009; Huttenlocher and Horwitz, 2011). 

Cell-matrix has been implicated in regulating many cellular events like cell division 

(LaFlamme et al., 2008a), apoptosis (Meredith and Schwartz, 1997), and pathological 

conditions like cancer (Desgrosellier and Cheresh, 2010) and neurodegeneration (Wu and 

Reddy, 2012). Interestingly, in these cellular processes changes in Golgi organization leading 

to its fragmentation is observed and thought to contribute to its regulation and function.  This 

regulation of Golgi organization is at times reversible or irreversible.  

 

This thesis discusses a regulatory crosstalk between cell-matrix adhesion and Golgi 

organization and its functional consequence in normal mouse embryonic fibroblasts and other 

anchorage-dependent cell lines.  
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Detachment of serum-starved anchorage-dependent mouse embryonic fibroblast cells from 

the extracellular matrix results in rapid disorganization of Golgi (cis, cis-medial and trans-

Golgi). This regulation was also observed in human fibroblast, human endothelial, human 

breast epithelial cells. This process was found to be reversed rapidly, 5-10 mins of re-adhesion 

to ECM, driving Golgi re-organization. The rapid nature of this regulation on re-adhesion of 

suspended cells to fibronectin in the absence of serum growth factors supports a role for 

integrin-mediated adhesion in mediating the same. Furthermore, a small of amount of 

integrin clustering/activation by fibronectin-coated beads (and not poly-L-Lysine coated 

beads) on non-adherent MEFs also rescues Golgi integrity, establishing this regulation.  

Although extreme end points of adhesion, loss of adhesion and re-adhesion was studied to 

establish the phenotype, this pathway could be controlled by the extent of adhesion and the 

effect this could have on Golgi organization. While this remains to be tested but could mean 

that changes in adhesion may reflect on Golgi organization status and hence function. 

 

Integrin-ligand binding has been classified into different groups, based on the type of 

molecular interaction (RGD, Collagen, Laminin-binding integrins). Fibronectin bind to 

following integrins (α2β1, α3β1, α4β1, α4β7, α5β1, α8β1, αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, 

αIIbβ3) to mediate signaling downstream of the cell (Hynes, 1987; Plow et al., 2000). It will 

be important to study which integrin(s) play a significant role in the adhesion-Golgi pathway. 

Furthermore, investigating how other extra-cellular matrix proteins regulates Golgi 

organization becomes an interesting open question.  
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So far the hypothesis was tested in in 2-dimensional (2D) cell cultures, however, in physiology 

cells experience 3-dimensional microenvironment. Additionally, integrin engagement and 

downstream signaling pathways are known to be different in cells which are embedded in a 

3D matrix as compared to a 2D microenvironment (Baker and Chen, 2012). Hence, 

comparing 2D and 3D micro-environment on the role of adhesion in regulating Golgi 

organization remains will provide an important insight into how this pathway and its role in 

vivo.  

 

In physiology indeed many cellular responses affect the organization of the Golgi, but cell-

adhesion to extracellular matrix being able to regulate an organelle like the Golgi could have 

implications for various secretory and trafficking pathways involved in physiological 

processes that are particularly regulated by adhesion. Cell division is one such cellular event 

where Golgi fragmentation has been studied in detail (Colanzi and Corda, 2007; Colanzi et 

al., 2003) and is also seen to be affected by cell adhesion (LaFlamme et al., 2008b). Mitotic 

Golgi fragmentation is a reversible stepwise disassembly-reassembly process which enables 

its inheritance into newly formed daughter cells and also acts as a checkpoint for cell-cycle 

progression (Corda et al., 2012). Independent researchers have contributed to finding the 

regulators that drive Golgi fragmentation during mitosis, which includes Membrane fission 

molecules (CtBP/BARS), kinases (Cdk1, MEK1, ERK, and Plk1) (Preisinger et al., 2005), 

which act on Golgi structural proteins like (GRASP-55/65) (Tang et al., 2010) and GM130 

(Marra et al., 2001). Small GTPase Arf1 has been implicated in dissociation of Golgi matrix 

proteins leading up to disassembly of Golgi stack (Altan-Bonnet et al., 2003). Furthermore, 

dividing adherent cells undergo “mitotic cell rounding” in which a flat interphase cell adopts 
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a spherical shape during mitosis. De-adhesion (loosening of cell-substrate connection) and 

increase in RhoA (GTPase) activity results in cell cortex retraction and rigidity leading up to 

actin re-arrangement in the cell when it enters a mitotic phase (Maddox and Burridge, 2003; 

Théry and Bornens, 2008).  

 

Taken together cell rounding precede Golgi fragmentation during cell division. This study 

that adhesion regulates Golgi organization when considered with the observation of mitotic 

cell-rounding and Golgi fragmentation during mitosis, supports the possibility that changing 

cell-matrix adhesion that controls rounding of cells could support Golgi disorganization to 

leading eventually to Golgi fragmentation. In future, investigating role and regulation of 

different classes of integrins (and their ligand) during cell division in regulating Golgi 

organization becomes an open question in the field. 

 

8.2 Adhesion-dependent differential regulation of the cis vs trans-Golgi. 

The major criterion for differentiating Golgi compartments into cis, cis-medial and trans has 

been the polarized distribution of Golgi processing enzymes residing at a specific location 

within a stack (Stanley, 2011). Further, differences in morphological and protein/lipid 

composition between cis vs. medial vs. trans-Golgi-compartment has been demonstrated 

(Klumperman, 2011). Small GTPase and their regulators also show differences in their cis vs 

trans Golgi localization (Baschieri and Farhan, 2012). Although dynamic intra-Golgi traffic 

is noted, little is known about the differential regulation of these compartments.  A challenge 

in studying this crosstalk in live cells has been the proximity in which these compartments sit 

in live cells. 
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While establishing the regulatory role of adhesion on Golgi organization, a differential effect 

on the cis/cis-medial and trans-Golgi was observed. In response to the loss of adhesion, trans-

Golgi seems to disorganize significantly more than cis or cis-medial Golgi. Earlier reports 

with BFA induced Golgi fragmentation in adherent cells (Alcalde et al., 1992) describes trans-

compartment takes more time to completely fragment, while the presence of re-assembled 

cis/medial structure was necessary for trans-Golgi to start re-constructing on the removal of 

BFA (Alcalde et al., 1992)s. These studies indicate that cis/medial compartment could act as 

a template for reassembly of a trans-compartment. However, the presence and reason for such 

differential regulation in a cellular context remain unexplored.  

 

While such a regulation by a physiological cue remains largely unknown, our observations 

reveal cell-matrix adhesion by differentially affecting the cis/cis-medial and trans-Golgi could 

hence provide a system to visualize them as distinct compartments by diffraction limited 

confocal imaging. This could hence allow us now to study differential role cis vs trans-Golgi 

compartments could play in trafficking and processing in a cell. Reorganization of both cis 

and trans-Golgi on re-adhesion occur rapidly, however, there is a subtle difference in their 

kinetics of re-organization.  

 

Cis, medial and Trans-Golgi maintains polarity which is necessary for stepwise trafficking 

and processing of cargo through these sub-compartments for efficient delivery and sorting 

(Glick and Luini, 2011; Rios and Bornens, 2003; Rodriguez-Boulan and Müsch, 2005; 

Stanley, 2011). An important question then such differentially disorganized Golgi 
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compartments raises would be, if and how their functional polarity is affected by this 

disorganization in non-adherent cells? 

 

Cell-matrix adhesion (through integrins) controls cell migration in normal and disease 

condition through a continuous formation and disassembly of focal adhesion complexes and 

cytoskeletal rearrangements (Huttenlocher and Horwitz, 2011). Furthermore, the positioning 

of Golgi near centrosome-based microtubule organizing center (MTOC) is a dynamic process 

which is regulated during the process of cell migration (Yadav and Linstedt, 2011). This study 

do raise the question if adhesion-Golgi pathway could contribute to regulating the Golgi 

organization and possibly function in a migrating cell.  

 

8.3 Regulators of the adhesion-dependent Golgi organization. 

As discussed previously different class of proteins is required for maintaining Golgi 

organization which includes cytoskeleton, associated motor proteins, Golgi matrix proteins, 

and Small GTPases.  After establishing the rapid and reversible regulation cell-matrix 

adhesion have on the Golgi organization, regulation of this pathway was investigated. As a 

first step, it was probed and found that no significant differences in the structural arrangement 

of the microtubule, actin networks, and centrosome between suspended and re-adherent cells. 

Furthermore, studies involving depolymerization of microtubule revealed that adhesion-

Golgi pathway works along with an intact microtubule network. However, an intact actin 

network is not a necessary requirement for this regulation. It was also noticed that in the 

absence of intact microtubule network, cis/cis-medial Golgi opened up further in a suspended 
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cell. On re-adhesion to fibronectin, both cis-medial and trans-Golgi re-organization was not 

supported in the absence of microtubule network.   

 

As adhesion controls Golgi organization very rapidly it suggests that these Golgi objects likely 

stay associated with the microtubule network and hence disorganize and re-organize quickly. 

Additionally, there could also be a possibility that there exists a differential active regulation 

by microtubule network through motor proteins of the cis/medial vs trans-Golgi 

compartment, resulting in a difference in their extent of disorganization.  

 

Depolymerization of actin and suppression of associated proteins (m-Dia1, cortactin, 

Myosin18A) causes Golgi compaction (Gurel et al., 2014). It has been speculated that actin 

and associated protein provide a tensile force and help expand Golgi, hence depolymerization 

results in compaction of the organelle. Also, Arp2/3 and myosin II play a role in transport 

and sorting of vesicles from TGN, which gets affected by actin-disrupting agent (Gurel et al., 

2014). Our findings are in agreement with the previously reported role of depolymerization 

of microtubule (fragmentation of Golgi) (Sandoval et al., 1984) and actin network 

(compaction of Golgi) (Egea et al., 2006; Valderrama et al., 1998) in maintaining Golgi 

organization. Rapid nature of disorganization and re-organization as a result of loss/gain of 

adhesion indicates that disorganized Golgi objects are actively regulated by microtubules.  

 

Next, the molecule that could be working downstream of cell-matrix adhesion was explored. 

Arf1, Class I small GTPase, localized on Golgi membranes when in active GTP bound state, 

is an important regulator of Golgi organization during mitosis and in retrograde trafficking 
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(D’Souza-Schorey and Chavrier, 2006; Donaldson et al., 2005). There is evidence describing 

inactivation of Arf1 and hence dissociating from Golgi membranes leads to mitotic Golgi 

fragmentation (Altan-Bonnet et al., 2003). Based on this literature and also on the fact that 

adhesion does regulate the activity of a member of Arf superfamily, Arf6 (Balasubramanian 

et al., 2007b), the possibility of Arf1 working downstream of cell-matrix adhesion in 

controlling Golgi organization was explored.   

 

It was found that cell-matrix adhesion indeed does regulate Arf1 activity in serum-starved 

WT-MEFs. Loss of adhesion results in a decrease of cellular Arf1-GTP levels (without 

affecting total Arf1 (GDP + GTP) levels), which re-adhesion to fibronectin could restore. 

Presence of a constitutively active Arf1 mutant (Q71L-Arf1) could override loss of adhesion 

phenotype, suggesting Arf1-GTP form is necessary downstream of cell-matrix adhesion. Role 

of Arf1 was also confirmed in re-adhesion time point, and it was noticed that in spite of re-

adhesion to fibronectin, which results in integrin activation, the absence of Arf1-GTP in the 

cells completely abolishes the Golgi re-organization. Similarly, integrin clustering/activation 

in non-adherent cells by addition of fibronectin-coated bead, could not restore Golgi integrity 

when Arf1 activation is blocked. This study provides a preliminary evidence that BIG1/2 is 

the prominent Arf1 specific GEF (and GBF1 has a minor role) regulated downstream of 

adhesion to control Arf1 activity in regulating rapid re-organization of Golgi. Arf1 GEF 

BIG1/2 which predominantly localizes to trans-Golgi compartment and is also used by cell-

matrix adhesion to regulate Arf1 activity. This provides a possible explanation for the 

differential extent of cis vs trans-Golgi compartment. Loss of cell-matrix adhesion could 

potentially be re-localizing BIG1/2 resulting more Arf1 inactivation at trans-Golgi than cis-
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Golgi, and hence complete disorganization of trans as opposed to cis Golgi.  Does that mean 

Arf1 activation could indeed be different in Golgi compartments depending on the stimulus 

the cells remains an open question to be tested?  With no Arf1 activity sensor being available, 

being able to visualize the activation of Arf1 in a cell and the Golgi real-time remains a 

challenge.  Such a sensor could allow for us to track Arf1 activation in non-adherent cells to 

test the above hypothesis.  

 

How cell adhesion regulates Arf1 GEFs remains unexplored and will be an open question for 

future investigation. Integrins engagement with ECM triggers an increase in cytosolic Ca2+ 

levels in several cell types (Balasubramanian et al., 2007a; Sjaastad and Nelson, 1997). 

Integrin-induced calcium signaling requires focal adhesion proteins paxillin, talin, Src, and 

FAK and intact cytoskeletal elements, microtubules and Actin (Clark and Brugge, 1995; Wu 

et al., 2001). Also, calcium acts as a fundamental regulator of membrane fusion events in a 

cell (Hay, 2007).  This coupled with the fact that calcium signal can be dissipated rapidly 

through the cell and calcium does modulate Arf1 function via calcium sensor (NCS1) (Haynes 

et al., 2005) raises the possibility that cell-adhesion mediated regulation of calcium signaling 

could contribute to the regulation of Arf1 dependent Golgi organization and function. 

 

8.4 Arf1 activation-dependent regulation of Golgi disorganization and fragmentation. 
 

There has been a disagreement for a long time regarding the identity of Golgi as a separate 

independent organelle in a cell. It was proposed that Golgi emerges from the endoplasmic 

reticulum (ER), and structurally/functionally dependent on the ER status in a cell (Altan-

Bonnet et al., 2006; Miles et al., 2001; Ward et al., 2001). However, many reports have 
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confirmed that indeed there is the dynamic transport of cargoes and enzymes between Golgi 

and ER, only a fraction of Golgi is collapsed into ER during the onset of mitosis and remains 

segregated otherwise (Pecot and Malhotra, 2004, 2006; Villeneuve et al., 2017). However, 

BFA mediated fragmentation of Golgi, which occurs because of complete inhibition of Arf1 

activity, affects COPI mediated retrograde transport and eventually results in absorption of 

Golgi into ER (Fujiwara et al., 1988; Lippincott-Schwartz et al., 1989; Storrie et al., 1998). 

This led us to investigate if the disorganized Golgi in suspended cells also falls back into ER. 

In this study there was no significant overlap between Golgi and ER in non-adherent cells as 

the Golgi disorganizes. This suggests, on the loss of adhesion disorganized Golgi remains 

separate from the endoplasmic reticulum.  This is indeed distinctly different from Golgi 

fragmentation observed also on BFA mediated inhibition of Arf1 activation.  Could this be 

the result of how the loss of adhesion and BFA affect Arf1 activation?  

 

It was hence asked if BFA further inhibits Arf1 activity in suspended cells (which is around ~ 

40 %), and would it now lead to complete fragmentation of Golgi? Indeed further 60 % 

decrease of Arf1 in suspended cells by addition of BFA, caused cis-medial Golgi (Man II) to 

display a complete disorganized phenotype, in suspended cell. Correspondingly, BFA 

mediated inhibition of Arf1 activation during re-adhesion of cells could completely block the 

re-organization of both cis-medial-Golgi. This data suggest that depending on active Arf1 

levels in a cell, which mostly represents a fraction of Arf1 associated with Golgi, the 

organization and hence function of the Golgi could be regulated. These results raise further 

interesting questions such if “adhesion mediated disorganization” could act as an 

intermediary to “mitotic or BFA mediated fragmentation”?   
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8.5 Role microtubule-associated motor protein dynein in the adhesion-dependent Golgi 

organization. 

Despite the importance of the role of motor proteins in Golgi positioning in a cell, mechanism 

describing this phenomenon has now begun to unravel. Earlier studies have shown active 

Arf1 to recruit the minus-end motor protein dynein through Golgin-160 to the Golgi to 

control its organization (Yadav et al., 2012).  It was hence asked if dynein is involved in the 

adhesion-Arf1-Golgi pathway that was explored so far. Consistent with the speculation, 

adhesion regulates the amount of dynein bound to active Arf1, thereby regulating Golgi 

organization. Loss of adhesion mediated drop in active Arf1 levels and active Arf1 bound 

dynein from the Golgi causes it to now walk away from the MTOC acquiring the disorganized 

phenotype.  This coupled with the fact that on re-adhesion inhibiting dynein function affects 

re-organization of Golgi does confirm a role for dynein along this pathway.  The fact that on 

the loss of active Arf1 bound dynein the Golgi fragments do walk away towards the plus ends 

of the microtubule network does suggest that a plus end kinesin motor proteins (like kinesin 

KIFC-3) could also be actively bound and regulate Golgi organization.  A possible 

competition between kinesin and dynein motors could hence mediate the relative position of 

the Golgi in non-adherent cells.  Does that mean the cis/cis-medial and trans-Golgi 

differentially bind plus and minus end motor proteins that mediate their differential 

localization downstream of adhesion remains an open question?  

 
 
8.6 Adhesion mediated Golgi Disorganization affects Golgi function. 
 

The effect of loss of adhesion mediated Golgi disorganization on Golgi function was tested. 

Golgi performs several functions in a cell, primary being post-translational modification, 
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(glycosylation). In literature, various reports link the Golgi organization to function, in terms 

of fragmentation of Golgi and its effect on trafficking of a particular cargo (Reynders et al., 

2011). To begin with, changes in total cell surface glycosylation was explored, which could 

be narrowed it down to the regulation of one or more cell surface proteins in future. 

Quantitative flow cytometric measurements of fluorescently tagged lectin probes reveal a 

gradual increase in cell surface glycosylation of non-adherent cells, where Golgi 

disorganization was observed earlier. Furthermore, the possibility that increase in surface 

glycosylation is indeed a result of the loss of adhesion mediated disorganized Golgi was 

explored. It was found that active Arf1 expressing cells that have an organized Golgi could 

inhibit the increase in cell surface glycosylation confirming this regulation to be adhesion-

Golgi mediated (Figure 8.1).  

 

The elevation on the loss of adhesion could be a result of the elevated rate of trafficking of 

glycosylated cargo to the cell surface, and/or increased rate of post-translational modification 

in a disorganized Golgi.  A gradual increase in surface glycosylation could be more likely be 

coming from the faster delivery of processed cargo to the cell surface with the possible 

contribution of the change in the processing machinery over time. Studies have shown 

synthesis, post-translational modification and delivery to the cell surface of a protein could 

take around 2 hours (Hirschberg et al., 1998). Additionally, similar increase in cell surface 

glycosylation was observed when new protein synthesis was blocked. This suggest increased 

cell surface glycosylation is most likely a result  of accelerated rate of trafficking. 
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As it was previously demonstrated in thesis “disorganized” Golgi in non-adherent cells to be 

structurally different from BFA inhibited “fragmented” Golgi, in terms of their organization 

and association with ER membranes, it was hence asked if there is a functional difference as 

well. It was observed that cells with fragmented Golgi (BFA or NOC) reverses the increased 

levels of glycosylation as seen in control cells with disorganized Golgi (loss of adhesion). It is 

possible that in suspended cells there is a balance between adhesion-triggered endocytosis + 

accelerated rate of trafficking to the cell surface, resulting in more cell surface glycosylation 

being observed. On BFA treatment, the rate of endocytosis is not affected (unpublished 

studies) but it could affect exocytosis and hence net surface glycosylation levels.  The fact that 

nocodazole similarly affects net surface glycosylation also supports the possibility that 

disrupting trafficking to the cell membrane can indeed affect the same.  It will, however, be 

important to establish the reason why a suspended cell display more surface protein/lipids 

with glycosylation?  If and how net proteins cell surface levels are affected by the loss of 

adhesion also remains to be confirmed. How adhesion mediated Golgi disorganization in 

physiological cellular events like cell-division and migration affects cell surface glycosylation 

is an open question. 

 

Eukaryotic cells display an array of glycosylated proteins and lipids, which also are 

components of the extracellular matrix and secreted soluble molecules (Varki et al., 2009). 

Glycosylation is important for protein structure, function and stability and protein-protein 

interaction such as seen in receptor-ligand interaction (J., 2012). Hence regulation of 

glycosylation is vital in determining the cellular response by extra-cellular cues. It is possible 

that an organized Golgi (in adherent cells) ensures regulated delivery of glycosylated cargo at 
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the cell surface in a way that is distinctly different from that seen when the Golgi is 

disorganized.  This could be mediated by the regulation of trafficking and sorting of these 

cargoes.  On loss of adhesion, such a change in glycosylation could affect proteins to support 

cell-matrix adhesion and restore anchorage-dependent signaling and function. This 

speculation could be tested by evaluating anchorage-dependent signaling in non-adherent 

cells with an intact Golgi like it has been seen in some cancers.   

 

 
 
 
Figure 8.1 Schematic of the proposed model of cell-matrix adhesion regulation on Golgi 
organization and function. Schematic represents regulation by cell-matrix adhesion on Arf1 
through BIG1/2, that allows for the recruitment of dynein which along the microtubule 
network regulates Golgi organization and function in (a) Non-adherent MEFs (b) Re-
adherent MEFs 
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8.7 Deregulation of adhesion dependent Golgi organization in cancer cells. 
 
In literature, reports do suggest that in many cancer cell types, Golgi is fragmented (Petrosyan, 

2015). Cancer cells also show distinct changes in surface glycosylation that is thought to 

contribute to their function (Schultz et al., 2012). Having established the adhesion-Arf1-Golgi 

pathway and its effect on glycosylation in normal fibroblast cells, it made looking at the 

regulation of this pathway in cancers and the contribution this could have on glycosylation 

changes of much interest. While cancer cells tested mostly carried a broken up Golgi, there 

were cancer cells like T24 cells where the Golgi was intact and did not undergo loss of 

adhesion mediated Golgi disorganization.  The fact that anchorage-independent activation of 

Arf1 in T24 cells sustains the Golgi phenotype further supports the role this pathway has in 

cells. How does it affect glycosylation and functioning of T24 cells is something that remains 

to be explored?  It is also of much interest to determine if the broken up Golgi in cancer cells 

mimic changes loss of adhesion mediated Golgi disorganization. 

 

Potential mechanism of integrin mediated adhesion regulation of Golgi organization. 

The rapid and spatially independent nature of cell-matrix adhesion dependent Golgi 

reorganization suggests a role for a secondary messenger like calcium (Ca2+) downstream of 

integrins.  Integrins engagement with ECM triggers an increase in cytosolic Ca2+ levels in 

several cell types (Jude et al., 2008; Sjaastad and Nelson, 1997). Integrin-induced calcium 

signaling requires focal adhesion proteins paxillin, talin, Src, and FAK (Clark and Brugge, 

1995; Wu et al., 2001) and intact cytoskeletal elements, microtubules and Actin 

(Balasubramanian et al., 2007; Maniotis et al., 1997; Wu et al., 2001). FN-Bead attachment 

in renal vascular smooth muscle sparks cytosolic Ca2+, which gets inhibited on microtubule 
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or actin depolymerization (Balasubramanian et al., 2007). Intracellular Ca2+ which acts as a 

second messenger in the cell, regulates various processes. One of the many its functions 

involves regulating vesicle targeting and fusion of endo-membranes in a cell. An increase in 

cytosolic calcium triggers the fusion of secretory granules and synaptic vesicles with the 

plasma membrane (Hay, 2007). A regulatory role for Ca2+ is also seen in constitutive 

trafficking from endoplasmic reticulum (ER)-to-Golgi, intra-Golgi transport, endosome and 

lysosome fusion (Hay, 2007).   

 

Arf1 (Class I Arf), is associated with Golgi and its active form is an important regulator of 

mitotic Golgi fragmentation (Donaldson and Jackson, 2011). Arf1 protein has been shown to 

interact with a novel calcium sensor protein, Neuronal calcium sensor-1 (NCS-1, expressed 

in many cell types), both localize to Golgi and interact in a Ca2+ dependent manner.  The 

NCS-1-ARF1 interaction provides evidence for functional cross-talk between Ca2+ dependent 

and ARF-dependent pathways in TGN to plasma membrane traffic and Golgi structure 

(Haynes et al., 2005).  Also, ddownstream of integrins calcium could regulate the recruitment 

of a Arf1-GEF BIG2, as seen in TNFR1 exosome-like vesicles (Islam et al., 2008).   

 

These literature and adhesion-Golgi pathway studied in this thesis led us to speculate the 

possible role of calcium downstream of integrins in regulating Arf1-GEF, Arf1 activation and 

thereby Golgi organization. This remains an open question and need to be investigated. 
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CONCLUSION. 

The work presented in this thesis demonstrate the existence of a cell-matrix adhesion-

Golgi pathway regulated by the adhesion-dependent regulation of small GTPase Arf1.  

Further, active Arf1 controls recruitment of the microtubule minus-end motor protein 

Dynein to regulate this pathway in normal mouse embryonic fibroblasts. This thesis also 

provide insight into the functional consequence such a regulation has on Golgi trafficking 

and/or processing to affect cell surface membrane glycosylation. This thesis hence raises 

the possibility that such a regulatory pathway could have a role in Golgi dependent cellular 

function in normal and disease conditions.  
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