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Abstract of dissertation 
Re-evaluating the Functional Significance of Golgi 
Ribbon Structure and Pericentrosomal Positioning 

By 
Kati Tormanen 

Doctor of Philosophy in Biological 
Sciences, University of California, Irvine  

Professor Christine Sütterlin, Chair 
 

  
This study examines the significance of Golgi ribbon structure and 

pericentrosomal positioning for microtubule organization and higher cellular functions 

such as protein transport, directional migration and primary cilia formation. Because the 

centrosome and Golgi are both microtubule organizing centers (MTOCs), and the 

structure and protein composition of both organelles is dependent on microtubules, it 

has been challenging to determine the exact role of each organelle. We took two 

approaches to dissect the relationship between microtubules and Golgi ribbon structure 

and positioning. In the first approach we attempted to determine if Golgi ribbon structure 

is necessary for microtubule organization and function by disrupting the Golgi ribbon. 

This work identified a novel component in the microtubule nucleation and organization 

pathway. In the second approach, we selectively disconnected the close association 

between the Golgi and the centrosome without disrupting Golgi or microtubule 

organization to determine the significance of this unique association in mammalian 

cells. We found that cells with a loss of Golgi-centrosome proximity had apparently 

normal microtubule organization, were able migrate directionally and form a primary 

cilium. This suggests that Golgi-centrosome proximity is not necessary for cell 

homeostasis.  
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Chapter 1: Background and Introduction 
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Chapter 1. Abstract 

 A striking feature of many mammalian cells is the close positioning of two 

structurally very different organelles, the centrosome and the Golgi Apparatus, at the 

cell center. These two organelles have important functions, including maintaining 

organelle positioning and directional transport, that are thought to depend on this close 

proximity. Additionally, the centrosome and the Golgi are interdependent on each other 

for their structure 1–4. However, because of this interdependence, it has been 

challenging to tease out individual contributions of each organelle. In this introduction, I 

will review the structure and function of the centrosome and the Golgi.  

 

Chapter 1.1. The Centrosome  

1.1.A Centrosome Structure and function  

The centrosome is a non-membrane bound organelle with important functions 

throughout the cell cycle. This organelle, which is positioned in the cell center near the 

nucleus and Golgi, is composed of two orthogonally positioned centrioles and 

pericentriolar matrix (PCM) during most stages of the cell cycle. The centrioles are 

made up of nine microtubule triplets arranged to form a hollow tube approximately 

0.2µm in diameter and 0.5µm in length. The PCM is a highly ordered lattice of various 

proteins and contains the microtubule nucleation machinery 5–7 (Figure 1.1.a).  
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Figure 1.1. The centrosome consists of two orthogonally arranged centrioles 
and the PCM.  A. The older, mother centriole is modified by the addition of distal and 
subdistal appendages. PCM contains the microtubule nucleation machinery. B. 
Centrosome duplication occurs in a semi-conservative manner during G1/S phase of 
the cell cycle. 
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The centrosome is considered the major microtubule organizing center (MTOC) 

in animal cells. During interphase, it arranges a radial array of microtubules that function 

in organelle assembly and positioning, and contributes to the maintenance of cell shape 

and motility. For example, centrosomal microtubules are necessary for proper assembly 

of the Golgi apparatus, which will be discussed in more detail in chapters 3 and 4 4. The 

mechanism of microtubule nucleation and stabilization will be discussed later in section 

1.2. of this chapter. During mitosis, the centrosome organizes the mitotic spindle. Upon 

exit from the cell cycle, the mother centriole of the centrosome is converted into the 

basal body from which the important signaling organelle primary cilium emerges 8,9. For 

the remainder of this thesis, I will mostly focus on the function of microtubules in 

interphase cells.  

Because of its important functions in mitosis, centrosome number is tightly 

controlled. It is duplicated only once during the cell cycle in S-phase, in parallel to DNA 

replication (Figure 1.1.b). Each centriole acts as a template for assembly of one new 

centriole, called daughter centriole 10,11. During centrosome maturation, the older, 

“mother” centriole is modified with the addition of distal and sub-distal appendages that 

are necessary basal body docking during ciliogenesis 12,13.  

1.1.B Centrosomes and Disease  

Perturbations in centrosome structure or function are linked with human disease. 

For example, amplified centrosomes are found in many solid tumors, including breast, 

colon, pancreatic, prostrate and ovarian cancers 8,9. Typically, amplified centrosomes 

cluster and form a bipolar spindle despite the extra centrosomes. However, centrosome 



 

5  

clustering is not error proof, and a single kinetochore may be captured by microtubules 

from multiple spindle poles. This type of defect is not detected by the spindle assembly 

checkpoint and can lead to increased frequency of lagging chromosomes and 

segregation errors 9.  Although rare, centrosome overamplification can also lead to 

multipolar spindles and severe aneuploidy 9. However, it is still controversial whether 

centrosome amplification can initiate cancer. For example, transplantation of brain 

neuroblasts with supernumerary centrosomes into abdomens of host flies resulted in 

tumor formation and metastasis 14. In contrast, induction of centrosome amplification in 

mammals resulted in severe aneuploidy and apoptosis 15.  
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Chapter 1.2. The Golgi Apparatus 

1.2.A Golgi structure 

The mammalian Golgi apparatus is a complex organelle that localizes in the cell 

center. Between 2-8 flattened membrane sacs of the Golgi, termed cisternae, are 

arranged into stacks, that are connected laterally to form a continuous ribbon structure 

16 (Figure 1.2). In mammalian cells, the Golgi ribbon is actively maintained in the cell 

center, and this specific localization is dependent on microtubules and dynein-mediated 

transport 17–19. Interestingly, the Golgi ribbon structure and pericentrosomal localization 

is not conserved in all eukaryotes. For example, S2 cells from Drosophila melanogaster 

contain unconnected ministacks 20 (Figure 1.2). Even more strikingly, in Saccharomyces 

cerevisiae Golgi membranes are not even stacked so that individual cisternae are 

scattered in the cytoplasm 21. The lack of conserved ribbon structure raises the question 

about its significance for mammalian cells. This issue will be studied in more detail in 

Chapter 4 of this thesis. The Golgi ribbon has an inherent polarity. Proteins entering the 

Golgi arrive at the cis-cisternae, progress through the medial-Golgi and finally exit at the 

trans-Golgi 22 (Figure 1.3). Each of these compartments can be identified by the 

presence of specific resident proteins 16. 
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Figure 1.2. Golgi ribbon and pericentrosomal positioning is not conserved in all 
eukaryotic cells. In mammalian cells, polarized Golgi ministacks are fused laterally 
to form a continuous ribbon structure that is maintained in the cell center. In 
Drosophila S2 cells, and the yeast P. Pastoris, Golgi ministacks are not connected 
into a ribbon so that these Golgi ministacks are dispersed throughout the cytosol. S. 
cerevisiae lack both stacking and ribbon structure. In these cartoons, Golgi is shown 
in red, while green cylinders represent the centrosome or spindle pole body in yeast. 
Red lines indicate Golgi-nucleated microtubules, green lines are centrosomal 
microtubules and N refers to the nucleus.  
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Figure 1.3. Mammalian Golgi is a polarized structure. Golgi receives COPII-
coated vesicles from the ER, which fuse with the cis-Golgi membranes. The cargo is 
then modified as is progresses through the Golgi (red arrows). This anterograde 
protein transport through the Golgi is proposed to be mediated by the cisternal 
transport mechanism (Reviewed 20). In contrast, retrograde transport of membranes 
and Golgi enzymes is mediated by vesicular transport (blue arrows), which helps 
maintain the polarized organization of the Golgi.  
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1.2.B Golgi proteins 

Golgi membranes and enzymes are supported by a salt and detergent resistant 

Golgi matrix 23,24. This Golgi matrix contains Golgi Reassembly Stacking Proteins 

(GRASPs) and a family of proteins with coiled-coil domains called golgins. GRASPs, 

which include GRASP55 and GRASP65 are highly conserved myristoylated proteins 

that function in Golgi stacking 25. Depletion of either protein alone resulted in reduced 

number of cisternae per stack, while simultaneous depletion of both proteins severely 

reduced stacking, suggesting the proteins can at least partially compensate for each 

other 23,26,27. The Golgin family of proteins includes at least 11 members, several of 

which are recruited to the cytoplasmic face of the Golgi via interactions with the Arf, Arl 

or Rab families of small GTPases 24. These proteins function in vesicle and cytoskeleton 

tethering and in maintaining Golgi structure 24. For example, the transmembrane protein 

Golgin-84 (Figure 1.4.A) interacts with the Conserved Oligomeric Golgi-complex (COG) 

subunit-7 (COG-7) to facilitate intra-Golgi retrograde transport 28. Additionally, 

microinjection of Golgin-84 specific antibodies into Normal Rat Kidney cells (NRK) or 

treatment of HeLa cells with Golgin-84 siRNA resulted in Golgi fragmentation and 

dispersal 29,30. 

Possibly one of the best characterized members of the golgin family is the cis-

Golgi protein GM130 (Figure 1.4.B). This protein has various functions including the 

control of vesicle tethering via binding with the vesicle transport factor p115, Golgi 

structure maintenance via interaction with GRASP65, centrosome organization, cell 

migration via Cdc42 and microtubule nucleation at the Golgi via recruitment of the large 

scaffolding protein AKAP450 (A Kinase Anchoring Protein 9, CG-NAP, AKAP9,  
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Figure 1.4. The golgins Golgin-84 and GM130 are characterized by presence of 
coiled coil domains. A. Golgin-84 is a transmembrane protein that interacts with 
Rab1 and COG-7. B. GM130 is localized to the Golgi via its C-terminal domain.  
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AKAP350) 2,31–33. Some of these functions will be discussed in more detail in later 

sections of this thesis.  

1.2.C Golgi function  

The Golgi has important functions in protein modification, sorting and lipid 

synthesis. Most proteins that are destined for secretion or intracellular compartments 

are transported through and modified at the Golgi 16. Post-translational modifications 

(PTMs) that typically occur in the Golgi are glycosylation, phosphorylation and 

proteolytic cleavage. Proteins are transported from the ER to the cis-Golgi in COPII-

coated vesicles and are modified as they pass through the individual cisternae of the 

Golgi. The step-wise modification of sugar-groups at the Golgi is dependent on correct 

localization of Golgi enzymes to specific sub-compartments of the Golgi 16. In addition to 

post-translationally modifying proteins, the Golgi functions in sphingo- and glycolipid 

synthesis 34. 

1.2.D Microtubule-dependent regulation of Golgi structure 

The Golgi has been recognized as a microtubule nucleation site in some cell 

types. Chabin-Brion first identified the Golgi as a microtubule nucleation center in the 

hepatic WIF-B cell culture line17. In this study, microtubules were first depolymerized 

with the drug nocodazole, which also causes Golgi fragmentation. Microtubule regrowth 

was then observed after nocodazole washout, and a portion of microtubules were 

observed to re-grow from Golgi membranes. In addition, purified Golgi membranes were 

found to nucleate microtubules in vitro. In a separate study, Ori-McKinney et al. used 

Drosophila dendrites because they lack centrosomal microtubules. In these cells the 
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authors were able to observe microtubule growth from Golgi outposts, which was 

dependent on AKAP450 and γ- tubulin 35. To date, the Golgi has been found to nucleate 

and/or organize microtubules in pancreatic β-cells and myotubes, Drosophila sensory 

neurons 36, and various cell lines such as Retinal pigmented epithelial cells (RPE-1, 3,37) 

Madin-Darby Canine Kidney (MDCK) cell line and LLC-PK1 (pig renal epithelial cell line) 

37. These Golgi microtubules are necessary for polarized secretion, migration and 

ciliogenesis 3,18,37,38. 

Golgi ribbon structure and its pericentrosomal positioning is dependent on 

cooperation between centrosomal and Golgi microtubules 3,4. Microtubule 

depolymerization by nocodazole results in reversible fragmentation and dispersal of the 

Golgi complex into ministacks (reviewed in 39,40). Interestingly, this process is dependent 

on the microtubule plus-end directed motor protein kinesin because injection of kinesin 

antibodies prevented nocodazole-induced Golgi dispersal 41. Live-imaging experiments 

from the Kaverina lab showed that Golgi reassembly after nocodazole wash out occurs 

in two stages 3. Golgi-nucleated microtubules are necessary for the clustering of Golgi 

ministacks in the cell periphery and promote their fusion. These sequential steps of 

Golgi assembly, which occur in the cell periphery, were observed as Golgi particles that 

increased in size (Figure 1.5). In the second stage, centrosomal microtubules pull the 

Golgi ribbon towards the cell center. Both stages were shown to require the microtubule 

minus end-directed motor protein dynein because inhibition of dynein activity by 

expressing a dominant negative form of the dynactin subunit p150Glued prevented fusion 

of Golgi ministacks in the cell periphery 3. A similar two stage process was shown to 

occur during reassembly of Golgi after mitosis 3,4. Although the structural integrity of the  
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Figure 1.5. Two-stage Golgi re-assembly requires concerted efforts of Golgi and 
centrosome MTs. First, Golgi MTs function to cluster Golgi ministacks together to 
allow membrane fusion (left panel). In the second stage, the Golgi ribbon is pulled 
towards the cell center by centrosomal MT (right panel).  
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Golgi is dependent on centrosomal and Golgi microtubules, it is less clear if microtubule 

organization is dependent on intact Golgi ribbon structure, and more importantly, if 

microtubules that are nucleated from a fragmented Golgi can support directional 

transport.  

1.2.E Microtubule structure and nucleation 

Microtubules are dynamic cytoskeletal filaments with inherent polarity. 

microtubules are formed from GTP bound α- and β-tubulin heterodimers that are 

assembled end to end, resulting in the formation of a polar protofilament where the α-

tubulin is at the minus end and β-tubulin towards plus end (Figure 1.6). In most 

eukaryotic cells, 13 protofilaments associate laterally to form a hollow tube. GTP in β-

tubulin hydrolyzes during microtubule elongation, resulting in a conformational change 

and curving of the protofilament. This curving destabilizes the filament and can result in 

catastrophe. However, due to a slight delay between subunit addition and GTP 

hydrolysis during fast growth, a GTP “cap” forms at the plus end, stabilizing the filament 

(Reviewed in 42,43).  

MTs dynamics are tightly regulated by accessory proteins. microtubules can 

polymerize spontaneously in vitro, but rate of polymerization is increased by the 

presence of a template or nucleation center in cells 33, 34. In most eukaryotic cells, the γ-

TuRC acts as the template for microtubule nucleation. The large scaffolding protein 

AKAP450 has emerged as a master regulator of microtubule nucleation at the Golgi, 

because siRNA depleted or CRISPR mediated AKAP450 knockout cells do not form 

Golgi microtubules 33,44. AKAP450 is a large coiled-coil protein that localizes to the  
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Figure 1.6.  Microtubules are polar filaments assembled from α- and β-tubulin 
heterodimers. GTP bound subunits are added end to end to form protofilaments, 
which then assemble laterally to form a hollow tube. Delayed GTP hydrolysis results 
in accumulation of GTP bound subunits at the plus end of the MT, resulting in 
stabilization of the end. GTP hydrolysis causes a conformational change and curving 
of the protofilaments, resulting in catastrophe.  
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centrosome via its C-terminal pericentrin-AKAP450 centrosomal targeting (PACT) 

domain45 and to the Golgi by an N-terminal domain that is also necessary for binding 

GM13033 (Figure 1.7). AKAP450 was recently shown to function in migration in T-cells 

via activating PKA 46. AKAP450 likely mediates microtubule nucleation via recruitment 

and anchoring of several components of the microtubule nucleation machinery, 

including γ-tubulin, and the γ-TuRC activator proteins CDK5RAP2 and myomegalin 

42,47–50. Remarkably, Rivero and colleagues reported that AKAP450 can support 

microtubule nucleation after BFA induced Golgi re-distribution to ER-exit sites (ERES) 

33. Soon following nucleation, microtubules are stabilized at the plus ends by CLIP-

Associated Proteins (CLASPs) and the end-binding proteins EB1 and EB3, or by 

Calmodulin-Regulated Spectrin-Associated Proteins (CAMSAPs) at the minus ends 

36,42,51. Additionally, microtubules can be stabilized along their length by Microtubule 

Associated Proteins (MAPs) such as MAP4 and Tau. Finally, proteins such as katanin 

and spastin regulate microtubule dynamics by severing the microtubules 36,42.  

1.2.F Golgi and Disease 

Golgi dysfunction is associated with severe pathology. Diseases associated with 

abnormal Golgi function can be loosely categorized based on phenotype, such as 

defects in protein modification, secretion or Golgi organization. For example, defects in 

protein modification such as glycosylation can lead to a broad range of syndromes, 

which are often fatal 52. These syndromes, referred to as Congenital Disorders of 

Glycosylation, are usually caused by a loss of function mutation in one or more sugar 

transporters or glycosyltransferases. However, defects in the Conserved Oligomeric 

Golgi (COG)-complex proteins, which function in vesicle tethering, have also been  
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Figure 1.7. AKAP450 is a large scaffolding protein with multiple known 
interactors. AKAP450 N-terminal domain was found to bind GM130, which is 
necessary for its Golgi localization 33. AKAP450 anchors PKA regulatory subunit II to 
the Golgi, and mediates its kinase activities 46. The conserved C-terminal PACT 
domain of AKAP450 is necessary for its centrosome localization 45. 
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observed to lead to problems with glycosylation 52. Diseases associated with defective 

secretion include spinal muscular atrophy, which is characterized by granule 

accumulation at the Golgi, and loss of transport of the survival of motor neuron-protein 

(SMN1) to neurites 52. Finally, neurodegenerative diseases, such as Alzheimer’s’ 

disease, Amyotrophic Lateral Sclerosis (ALS) and Parkinson’s are associated with Golgi 

fragmentation, although it is not fully clear if Golgi fragmentation is a cause or a 

consequence of the disease. For example, in Parkinson’s disease Golgi fragmentation 

and block in ER to Golgi transport may precede other hallmarks of the disease, such as 

accumulation of α-synuclein 52. Some evidence also suggests that Golgi fragmentation 

precedes the characteristic neurofibrillary tangles seen in Alzheimer’s disease. Golgi 

fragmentation was shown to lead to hyperphosphorylation of the microtubule binding 

protein Tau, which in turn is a component in intracellular neurofibrillary tangles 53.  
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Chapter 2: Materials and Methods  
 
Cell culture  

RPE, HFF, HeLa and U2OS cells were maintained in DMEM (GIBCO) supplemented 

with 10% FBS (HyClone). HUVEC cells were cultured in EBM2 media supplemented 

with EGM2 plus SingleQuots (Lonza). The RPE-1 cell line stably expressing ManII-

mCherry has been described in 54. 

 

Molecular biology and generation of stable cell lines 

Stable cell lines were generated using the Piggy-Bac system, and the plasmid PB-EF1-

MCS-IRES-Neo (PB533A-2, Systems Biosciences), which allows expression from 

constitutively active EF1 promotor. Xtremegene9 (Roche) was used to deliver DNA into 

RPE cells. G418 (Gold Biotechnology) was used at a concentration of 10µg/ml for 

selection.  

The constructs were generated as follows:  

PB-Myc-BirA: Myc-BirA was amplified by PCR from pcDNA3.1 mycBioID (Addgene # 

35700), followed by cloning of the PCR product into PB-EF1-MCS-IRES-Neo using 

NheI and BamHI.  

siRNA resistant GFP-Golgin-84:  si-RNA resistant Golgin-84 was amplified from 

pcDNA3.1-GFP-Golgin-84-TEV with primers containing four silent mutations: 5’ AA GTt 

GGt TCT CGt ACg CCA G3’, digested with EcoRI and XbaI and inserted into eGFP-C2 

using the same cut sites.  

pcDNA3.1-mycBioID-Golgin-84: siRNA resistant Golgin-84 was amplified from siRNA 

resistant GFP-Golgin-84 and inserted into pcDNA3.1-mycBioID (Addgene # 35700), 
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using EcoRI and BamHI sites.  

PB-EF1-Myc-BirA-Golgin-84: Full length Golgin-84 cDNA was PCR amplified from 

pcDNA3.1-mycBioID-Golgin-84 and cloned into the PB-EF1-MCS-IRES-Neo vector 

using NheI and BamHI.  

PB-EF1-mApple-CAMSAP2-IRES-Neo: CAMSAP2 was amplified from pFasBac-GFP-

CAMSAP2 (Addgene) and inserted into XhoI and BamHI sites of PB-EF1-mApple-IRES-

Neo 54. 

PB-EF1-myc-CAMSAP2-IRES-Neo: mApple was removed from PB-EF1-mApple-

CAMSAP2-IRES-Neo using AgeI and BamHI and Myc was ligated into the same sites.   

PB-Myc-Golgin-84:  siRNA resistant GFP-Golgin-84 was digested with XhoI and BamHI 

to release siRNA resistant Golgin-84.  PB-EF1-myc-CAMSAP2-IRES-Neo was digested 

with the same restriction enzymes to release CAMSAP2, and siRNA resistant Golgin-84 

was ligated in its place. 

PB-Myc-BirA-GM130: GM130 (cDNA available in the Suetterlin lab) was cloned 

between EcoRI and SacI of PB-Myc-BirA multiple cloning site.  
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RNAi 

For siRNA-mediated knockdowns, siRNAs were transfected into cells using 

Oligofectamine (Invitrogen) according to manufacturer’s recommendation. siRNA were 

obtained from Invitrogen, unless otherwise stated. The following siRNA sequences were 

used:  

Target Sequence, 5' to 3' Source 

Golgin-84 AAGUAGGAUCUCGGACACCAG 29 

Golgin160 CCUGCAACCAAAACGAGAC 55 Ambion 

GM130 AAGTTAGAGAGATGACGGAACTC 32 

GMAP210 AAGAAUGUCUUGCUGGUAACAUU Dharmacon 

GCC185 GGAGUUGGAACAAUCACA  56 

Control AAACTAAACTGAGGCAATGCC 57 

 

The following short hairpin sequences were cloned into pLKO.1 (Addgene #17920) 

between the AgeI and EcoRI restriction sites:  

Target Short hairpin sequence, 5' to 3' Source/catalog 

Golgin-84 GAGAACAGTGCACAAGATTAT 58 

CAMSAP2 CGAGGAATCACTCGTTCTATT Sigma TRCN0000168227 
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CRISPR-Cas9 

Knockout cell lines in this study were established using the Alt-R® CRISPR-Cas9 

System (Integrated DNA Technologies), following the manufacturer’s instructions.  

The following guide RNAs were used to establish GM130 and Golgin-84 knockout cell 

lines: GM130: four guide RNA’s were designed, two to target the intron between exons 

three and four, and two between exons four and five.   

 

Target Sequence, 5'/AltR1/ to 3'/AltR2/  

GM130 Intron 

3-4 

rArCrA rUrGrC rUrArG rGrArG rCrCrA rCrUrC rArGrG rUrUrU rUrArG 

rArGrC rUrArU 

GM130 Intron 

3-4 

rArArC rCrArA rUrCrC rArCrA rCrCrC rCrUrG rArGrG rUrUrU rUrArG 

rArGrC rUrArU rGrCrU 

GM130 Intron 

4-5 

rUrCrG rGrUrU rGrArU rGrArG rArArA rGrUrC rCrUrG rUrUrU rUrArG 

rArGrC rUrArU rGrCrU 

GM130 Intron 

4-5 

rCrUrG rUrUrG rGrGrG rCrArG rCrArG rUrCrU rCrUrG rUrUrU rUrArG 

rArGrC rUrArU rGrCrU 

Golgin-84 

Exon 1 

rUrUrU rUrArA rArCrC rGrArG rUrUrG rArUrC rArArG rUrUrU rUrArG 

rArGrC rUrArU rGrCrU  

 
In brief, each RNA oligo was annealed to a CRISPR-Cas9 tracrRNA at equimolar ratios, 

incubated at 95oC for 5minutes and then allowed to cool to room temperature. The 

oligos were then mixed with the Cas9 enzyme at equimolar ratios. Lipofectamine 

RNAiMax Transfection Reagent (2µl, Invitrogen) was used to deliver 10nM of the 

ribonucleoprotein complexes to 4x104 RPE cells in a 96-well plate using reverse 
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transfection. Forty-eight hours after transfection, cells were plated for individual clones. 

Approximately 130 knockout clones were screened by immunofluorescence, and two 

clones were selected for further verification by western blotting and genomic PCR 

followed by sequencing. 

 

Immunofluorescence and microscopy 

Cells were grown on glass coverslips and fixed with ice-cold methanol (JT Baker) for 7 

minutes or 4% paraformaldehyde (TedPella) at room temperature for 10minutes.  

Cells were blocked and permeabilized with 2% blocking buffer (2% FBS, 0.01% TritonX-

100, and 1 X PBS), stained with primary antibodies for 1 hour at room temperature 

followed by staining with secondary antibodies (Lifetechnologies) for 1 hour. Coverslips 

were mounted with Fluoromount-G with DAPI (Southern Biotech).  

Microscopic analysis was performed using an Axiovert 200M microscope with 

Axiovision software (Zeiss). Live cell imaging was performed using Zeiss LSM780 laser 

scanning microscope equipped with an incubation chamber and Plan-Apochromat 

20x/0.8 M27 objective (Zeiss). 
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Antibodies  

Antigen Species 

Fixative 

(IF) 

Dilution, 

IF 

Dilution, 

WB Source 

Biotin  Goat 4% PFA 1:5,000 1:10,000 ThermoFisher 

CAMSAP2 Rabbit MeOH 1:1,000 1:2,500 Proteintech 

CAMSAP3 Rabbit N/A N/A 1:1,000 Abgent 

Centrin Mouse MeOH 1:500 N/A Millipore 

CG-NAP 

(AKAP450) Rabbit 4% PFA 1:1,000 1:1,000 Dr. Mikiko Takahashi 

CLASP Rabbit MeOH 1:300 1:500 Dr. Irina Kaverina 

EB1 Mouse MeOH 1:400 N/A BD Biosciences 

Flag-M2 Mouse MeOH 1:1,000 1:2,000 Sigma Aldrich 

GAPDH  Mouse N/A N/A 1:10,000 Santa Cruz 

GCC185 Rabbit MeOH 1:500 1:5,000 Bethyl Laboratories 

Giantin Mouse 4% PFA 1:1,500 N/A Dr. Vivek Malhotra 

GM130 (C-term) Mouse 4% PFA 1:2,000 N/A BD Transduction laboratories 

GM130 (C-term) Rabbit 4% PFA 1:5,000 1:5,000 Sigma Aldrich 

GM130 (N-term) Rabbit 4% PFA 1:1,000 1:1,000 Abcam 

GMAP210  Mouse MeOH 1:250 1:250 BD Biosciences 

Golgin-84 Sheep 4% PFA 1:5,000 1:5,000 Dr. Martin Lowe 

Golgin-84  Mouse N/A N/A 1:500 BD Transduction Laboratories 

Golgin-84  Rabbit 4% PFA 1:5,000 1:100 Sigma Aldrich 
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Golgin-97 Mouse 4% PFA 1:5,000 1:5,000 Invitrogen 

Golgin 160 (1-

393)  Rabbit 4% PFA 1:2,500 N/A Dr. Machamer 

Golgin160 (C-

term) Rabbit N/A N/A 1:10,000 Dr. Machamer 

GRASP65 Rabbit 4% PFA 1:5,000 1:5,000 Dr. Sütterlin 

Kendrin Rabbit MeOH 1:1,000 N/A Dr. Mikiko Takahashi 

MAP4  Rabbit MeOH 1:500 1:2,000 Santa Cruz Biotechnology 

Mannosidase II Rabbit 4% PFA 1:1,000 N/A Dr. Kelley Moreman 

Myc Clone 9E10  Mouse 4% PFA 1:1,000 1mg/µl Calbiochem 

Myomegalin 

/PDE4DIP Rabbit 4% PFA 4µg/µl 1:250 Abcam 

Par6γ Rabbit MeOH 1:1,000 1:500 Sigma Aldrich 

α- tubulin  Mouse MeOH 1:8,000 1:10,000 Sigma Aldrich 

α- tubulin  Rabbit MeOH 1:1,000 1:1,000 Abcam 

γ-tubulin  Rabbit MeOH 1:1,000 N/A Abcam 

γ-tubulin  Mouse MeOH 1:1,000 N/A Sigma 

Polyglutamylated 

tubulin Mouse MeOH 1:1,000 N/A Adipogen 

 

Microtubule recovery assay59 

Cells were incubated on ice for 40min in cell culture media supplemented with 25mM 

HEPES, then allowed to warm at room temperature for 4, 8 or 20min. Cells were rinsed 
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for 40 sec with microtubule buffer, pH 6.9 (60mM PIPES, 25mM Hepes, 10mM EGTA, 

2mM MgCl2, 0.25nM Nocodazole, 0.25nM Paclitaxel,) then fixed with ice cold MeOH for 

7 min.  

 

Microtubule pelleting assay60 

Cells were lysed in lysis buffer (80mM PIPES, 1mM EGTA, 1mM MgCl2, 1µM Paclitaxel, 

0.5% NP40, Aprotinin, Leupeptin and Pepstatin A). Soluble and polymerized tubulin 

were separated by centrifugation at 17,500 xg for 15 min. Supernatant (soluble tubulin 

fraction) was transferred to a new tube, and pellet was washed with lysis buffer without 

NP40 and re-pelleted by centrifugation. Pellet was resuspended with equal amount of 

lysis buffer, and equal amounts of supernatant and pellet were loaded for western blot 

analysis.  

 

Immunoprecipitations 

Cells were lysed on ice with lysis buffer (150mM NaCl, 50mM Tris pH 7.4, 1% NP-40 

supplemented with Aprotinin, Leupeptin and Pepstatin A) for 15 min. Lysates were 

clarified by centrifuging at 16,000 x g for 10min at 4oC and incubated with appropriate 

antibodies for 3h at 4oC. Protein G-Sepharose beads (Millipore) were blocked for 1h 

with 1% BSA, then added to lysate and incubated 1h. Beads were washed 5 times with 

lysis buffer and eluted with Laemmli sample buffer.  
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Bio-ID and mass spectrometry 61 

Cells were incubated for 24 hours in 10% FBS (Hyclone) DMEM (Invitrogen) 

supplemented with biotin at final concentration of 50µM. They were then lysed (50mM 

Tris, 500mM NaCl, 0.2% SDS, 1mM DTT, supplemented with Aprotinin, Leupeptin and 

Pepstatin A) and sonicated. Dynabeads (MyOne Streptavidin C1, Life Technologies) 

were used to capture biotinylated proteins. After 4 hours of incubation at 4oC, the beads 

were washed, resuspended in SDS-PAGE sample buffer (50mM Tris, 12% sucrose, 

2%SDS, 0.004% bromophenol blue, 20mM DTT) and sent for mass spectrometric 

analysis (Taplin, Harvard).  

 

In Situ Proximity Ligation Assay (PLA, Sigma Aldrich) 

Cells grown on glass coverslips were fixed in ice cold methanol or 4% 

paraformaldehyde as described above and blocked in 2% FBS blocking buffer. Samples 

were incubated with primary antibodies for 1h, then rinsed three times with PBS. 

Incubations with PLA probes, ligase and polymerase were performed for the 

recommended times (1hour, 30 minutes, 140 minutes, respectively) at 37oC. The 

coverslips were mounted and visualized by microscopy, and the number of cells with a 

perinuclear signal were counted. 

 

Wound healing assay 

Confluent cell monolayers were wounded using a micropipette tip. Cell migration was 

recorded every 30 min for 12 hr using Zeiss LSM 780 as described earlier.  Wound 

closure was measured using Axiovision software (Zeiss)  
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Image analysis 

Wound measurements and centrosome Golgi proximity measurements were made 

using Axiovision software (Zeiss).  

 

VSVG-GFP transport assay 

GM130 knockout and control RPE cells were transiently transfected with VSVGts045-

GFP (Gift from Dr. Jennifer Lippincott- Schwartz, National Institute of Health) (Cole et 

al., 1998). Eighteen hours post transfection, cell culture media was replaced with fresh 

10% DMEM supplemented with 25mM HEPES (HyClone) and cells were transferred 

into a 41oC incubator supplemented with 5% CO2 to allow VSVG accumulation in the 

ER. Five hours later, the cells were transferred to permissive temperature (32oC) and 

incubated for 30min, 1h and 2h. Cells were then fixed with 4% paraformaldehyde and 

processed for immunofluorescence.  

 

Statistical analysis 

Student’s t-test was used where indicated. 
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Chapter 3: Identification of a novel regulator of 

microtubule nucleation at the Golgi 

 

Contributions 

I designed and performed the experiments, analyzed data and made the figures. Dr. 
Christine Sütterlin provided guidance and helped design and interpret experiments. 
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Abstract 
 

In this study we describe a novel component of the MT nucleation pathway at the 

Golgi. Transient depletion of Golgin-84 resulted in severe defects in MT nucleation, 

stabilization and organization, which were hypothesized to be due to mispositioning of 

the MT nucleation factors AKAP450 and myomegalin. However, additional experiments 

using an independent approach suggested that the MT disorganization defect was 

caused by off-target effects of siRNA. Despite this issue, the study suggests the 

involvement of a novel and as yet unidentified protein as component of the MT 

nucleation pathway at the Golgi. Importantly, it re-emphasizes the need for rigorous, 

well-controlled, and independent experimental approaches when testing a hypothesis. 

 

Introduction 

Although the centrosome is commonly thought of as the major microtubule 

organizing center (MTOC) of the cell, the Golgi has been shown to organize 

microtubules in several different cell types, including RPE-1 cells, in which the Golgi 

microtubule population makes up approximately 50% of cellular microtubules 37,62. Golgi 

and centrosomal microtubules have different, but overlapping functions. For example, 

Golgi microtubules are necessary for directional transport and migration 3,37. 

Centrosomal microtubules, on the other hand, function in organelle positioning in 

interphase and form the mitotic spindle during mitosis. Interestingly, recent studies have 

shown that both centrosomal and Golgi microtubules function together to establish and 

maintain the pericentrosomal ribbon of the Golgi 3,55. While Golgi microtubules help 

cluster Golgi ministacks together in the cell periphery, centrosomal microtubules are 
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needed to transport these interconnected Golgi stacks towards the cell center.   

Several proteins that function in microtubule nucleation and organization at the 

centrosome can also be found at the Golgi. For example, AKAP450 localizes to the 

centrosome via its carboxy-terminal (C-terminal) PACT-domain, but it also associates 

with the Golgi, where it is necessary for γ-TuRC recruitment 47. The γ-TuRC activators 

CDK5RAP2 and myomegalin are also found at the centrosome and Golgi and are 

similarly required for microtubule nucleation at both organelles 26,48–50.  

Inhibition of either centrosomal or Golgi MTs results in altered Golgi organization. 

For example, treatment of cells with the Plk4 inhibitor centrinone prevents centrosome 

duplication and eventually results in PCM reduction and loss of MT nucleation at the 

centrosome 63. In a separate study, Wu and colleagues demonstrated that centrinone-

treated cells has elongated Golgi stacks 44. Loss of Golgi MTs, on the other hand, via 

knockout of either AKAP450 or myomegalin, caused fragmented Golgi ministacks to 

accumulate around the centrosome 44. These studies indicate that MT organization is 

required for normal Golgi structure. However, whether Golgi organization into a 

connected ribbon structure is necessary for Golgi MT organization is less well 

understood. For example, MT nucleation from Golgi remnants can still take place when 

Golgi is dispersed by Brefeldin A (BFA) treatment 38 but it is not known if these MT are 

organized properly and if they are functional. To address if an intact Golgi ribbon is 

necessary for MT organization and function, we sought to disrupt the Golgi ribbon using 

a method that does not affect the MT nucleation machinery that is known to function at 

the Golgi.  

Golgin-84 is an integral membrane protein at the cis-Golgi that is necessary for 
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maintenance of the intact Golgi ribbon. It was first identified in purified rat Golgi 

membrane extracts 64. Golgin-84 is a typical golgin in that it has three predicted coiled-

coil domains (Figure 1.4). It is anchored to the Golgi via a transmembrane domain in its 

extreme C-terminus, while its N-terminus and most of the protein project into the 

cytoplasm 64. Either depletion of Golgin-84 by RNAi or inhibition of its function by 

microinjection of anti-Golgin-84 antibodies resulted in Golgi fragmentation in NRK and 

Hela cells 29,30. In contrast, overexpression of Golgin-84 was shown to protect Golgi 

membranes from BFA-induced Golgi disassembly 30. To establish if an intact Golgi 

ribbon is important for proper MT nucleation and anchoring at the Golgi, we chose to 

deplete Golgin-84 because its depletion was shown to disrupt the Golgi ribbon 29,30. 

However, loss of Golgin-84 it has not been linked to the regulation of MT organization in 

prior studies.  

In this study examined the association between the Golgi ribbon and MT 

nucleation and anchoring from the Golgi. While depletion of Golgin-84 had no effect on 

Golgi structure, it produced severe MT organization defects in RPE-1, suggesting a 

novel role for Golgin-84 in MT organization. Unfortunately, further experiments showed 

that the MT disorganization phenotype was likely caused by off-target effects of the 

siRNA because CRISPR-Cas9-mediated Golgin-84 knockout cells did not recapitulate 

this phenotype. If we can identify this additional protein that is affected by Golgin-84 

siRNA, we may be able to describe a novel component of MT nucleation pathway at the 

Golgi. Overall, this work demonstrates the challenges of using RNAi mediated protein 

depletion and the importance of thoroughly controlled experimental approaches.  
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Results 
 
Golgin-84 is necessary for microtubule organization in several different cell types.  

 To investigate if Golgi organization into an interconnected ribbon is necessary for 

microtubule nucleation and organization we depleted Golgin-84 using a previously 

published siRNA 29. We chose to deplete this protein because its depletion results in 

Golgi ribbon fragmentation, but unlike many other Golgi structural proteins, it has not 

been reported to function in microtubule nucleation or organization 30. We first verified 

protein depletion by western blotting, which showed approximately 80% reduction in 

Golgin-84 levels four days after siRNA treatment (Figure 3.1.A). We also confirmed 

knockdown by immunofluorescence analysis (Figure 3.1.B). 

 Staining of control and Golgin-84 depleted cells with an antibody to the 

microtubule marker MAP4 revealed a severe reduction in the number of perinuclear 

microtubules in Golgin-84 depleted cells (I will be referring to this as reduced 

microtubule density throughout this dissertation, Figure 3.1.B).  Additionally, whereas 

microtubules in control cells were fairly linear, microtubules in siGolgin-84 treated cells 

were bent and disorganized. Similar results were obtained in HUVEC, HFF and U2OS 

cells, which were transduced with a previously described Golgin-84 specific shRNA that 

targets a different sequence in the Golgin-84 transcript 58 (data not shown).  
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Figure 3.1. Golgin-84 controls microtubule organization. A. Lysates from control 
and Golgin-84 depleted cells were analyzed by western blotting using an antibody to 
Golgin-84. B. Cells treated with either the control and or the Golgin-84 siRNA were 
stained with antibodies to Golgin-84 to verify protein knockdown, and to the MT-
associated protein MAP4 to visualize microtubule organization. Scale 10µm. C. 
Quantification of the percentage of cells with a dense perinuclear microtubule 
network.  
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Golgin-84 functions in MT nucleation at the centrosome and the Golgi.  

 We next determined whether loss of Golgin-84 affects the populations of MTs that 

are nucleated either at the centrosome or the Golgi. To do so, we first depolymerized all 

MTs by incubating the cells on ice for 45 min. We then shifted the cells to room 

temperature to allow MT regrowth and fixed them at various time points thereafter. This 

method allows separation of Golgi and centrosome-nucleated MTs 3,59. Cells were fixed 

immediately after 45 min on ice, at which point no polymerized tubulin is present. Eight 

min after rewarming, a prominent MT aster, which colocalized with the centrosome, was 

seen in 90% of control cells. Furthermore, approximately 40% of control cells showed 

MT nucleation at sites that co-stained with Golgin-84 supporting their identity as Golgi-

nucleated MTs (Figure 3.2). In contrast, in the absence of Golgin-84, the MTs that were 

nucleated at the centrosome and at non-centrosomal sites were both shorter and 

reduced in number. These results suggested that Golgin-84 functions in MT nucleation 

at the centrosome and at the Golgi. Stable expression of non-silenceable Golgin-84 

rescued the MT nucleation defect in Golgin-84-depleted cells (Figure 3.2). 

 

Golgin-84 organizes microtubules via recruitment of AKAP450 to the Golgi. 

 To establish the mechanism of Golgin-84-mediated microtubule nucleation, we 

investigated three Golgi proteins GM130, AKAP450 and myomegalin, which have been 

implicated in microtubule nucleation at the Golgi 33,44,49,50. In the current model for 

microtubule nucleation at the Golgi, AKAP450 is recruited to the Golgi by GM130. 

AKAP450 then functions in recruitment of the γ-TuRC complex, and co-operates with 

myomegalin to recruit CAMSAP2 to the Golgi, where it helps to stabilize Golgi nucleated  
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Figure 3.2. Golgin-84 functions in microtubule nucleation at the centrosome 
and the Golgi. A.Microtubules of control and Golgin-84-depleted cells were 
depolymerized on ice. microtubule regrowth was observed 8 minutes after rewarming 
these cells, which were stained with antibodies to Golgin-84 to detect protein 
knockdown and EB1 to visualize growing microtubule ends.  B. In a separate 
experiment microtubule regrowth assay was performed in control and Golgin-84 
depleted cells (top panels) and in cells stably expressing non-silenceable Golgin-84 
(Bottom panels). C. Cells stably expressing non-silenceable Myc-Golgin-84 were 
treated with control of Golgin-84 specific siRNA. 96 hours after transfection, cell 
lysates were harvested and subjected to western blotting. Scale bar 10µm. 
  



 

37  

  



 

38  

  



 

39  

 
microtubule 44. While AKAP450 is proposed to be necessary for microtubule nucleation, 

CAMSAP2 stabilizes emerging microtubules, but is not necessary for their nucleation 44.  

 Immunofluorescence analysis revealed that Golgin-84 is necessary for 

recruitment of AKAP450 and myomegalin, but not GM130, to the Golgi. Staining with 

antibodies against GM130 showed a characteristic perinuclear Golgi ribbon in control 

cells. This staining was identical in Golgin-84-depleted cells, suggesting that Golgin-84 

is not necessary for its recruitment (Figure 3.3.A). The AKAP450 signal in the 

perinuclear region was less compact in Golgin-84 knockdown cells when compared to 

control cells. However, centrosomal localization of AKAP450 was not affected by 

Golgin-84 depletion (Figure 3.3.B). In addition, myomegalin signal was reduced at the 

Golgi in Golgin-84 depleted cells (Figure 3.3.C). 

 We also examined the microtubule binding proteins CAMSAP2 and CLASPs, 

which are known to bind microtubules at their (-) or (+) ends, respectively, and to 

stabilize microtubules at the Golgi 37,44. While CAMSAP2 stretches were completely 

absent in Golgin-84 depleted cells (Figure 3.3.D) CLASPs were largely unaffected by 

Golgin-84 depletion (data not shown).  Finally, western blotting showed that protein 

levels of GM130, AKAP450, myomegalin, CASAP2 and CLASPs were not altered in 

cells depleted of Golgin-84 (Figure 3.3.E-H and data not shown). Together, these 

results suggest that Golgin-84 is necessary for the recruitment of AKAP450, CAMSAP2 

and myomegalin but not CLASPs, to the Golgi.  
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Figure 3.3.  Golgin-84 may organize microtubules via recruitment of AKAP450 
and myomegalin to the Golgi. Control and Golgin-84-depleted cells were stained for 
Golgin-84 and either A. GM130, B. AKAP450, C. Myomegalin or D. CAMSAP2 and 
analyzed by immunofluorescence microscopy. E-H. Control and Golgin-84 depleted 
cells were analyzed by western blotting for the levels of GM130, AKAP450, 
myomegalin, and CAMSAP2. No differences were noted in protein levels between 
control and Golgin-84 depleted cells.  
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CAMSAP2 loss is not responsible for microtubule disorganization in Golgin-84 depleted 

cells. 

 Depletion of CAMSAP2 was shown to lead to loss of Golgi microtubules 53,60. 

Therefore, it is possible that Golgin-84 functions in microtubule nucleation at the Golgi 

via recruitment of CAMSAP2. To test this idea, we depleted CAMSAP2 and observed 

the microtubule phenotype by immunofluorescence microscopy. If the microtubule 

phenotype in Golgin-84 knockdown cells is caused by the loss of CAMSAP2, then 

depletion of CAMSAP2 should phenocopy this defect. However, efficient depletion of 

CAMSAP2 by siRNA had minimal effect on microtubule organization, and did not 

reduce the overall microtubule density in the perinuclear area (Figure 3.4). 

As CAMSAP3 is reported to compensate for loss of CAMSAP2 in Caco2 cells 60, 

we examined if co-depletion of CAMSAP2 and CAMSAP3 produces a more severe 

defect in microtubule organization. We observed a more prominent array of centrosomal 

microtubules in CAMSAP3-depleted cells than in either control or CAMSAP2-depleted 

cells, which is an indication of loss of Golgi-nucleated microtubules 53,60. Co-depletion of 

both CAMSAPs resulted in an even more pronounced centrosomal array (Figure 3.4), 

suggesting that the two proteins have overlapping functions. The phenotype produced 

by loss of either CAMSAP2, CAMSAP3 or both did not resemble the observed loss of 

perinuclear microtubule density in Golgin-84 knockdown cells. suggesting that loss of 

CAMSAPs is not solely responsible for the microtubule phenotype seen in Golgin-84 

depleted cells. 

 

 



 

44  

  

Figure 3.4. CAMSAP2 mislocalization from the Golgi is not responsible for the 
microtubule disorganization phenotype in Golgin-84-depleted cells. Control cells 
or cells depleted of CAMSAP2, CAMSAP3 or both were stained with antibodies to 
CAMSAP2 and α-tubulin. Scale bar 10µm.  
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Golgin-84 works independently of GM130 to organize microtubules 

 Because GM130 has been proposed to function in the regulation of microtubule 

organization in U2OS cells 2, we tested whether Golgin-84 and GM130 work in the 

same pathway for microtubule organization in RPE cells. We first tested if Golgin-84 

localization depends on GM130 and vice versa. As described earlier, depletion of 

Golgin-84 did not affect GM130 localization, suggesting that Golgin-84 is not necessary 

for GM130 anchoring at the Golgi (Figure 3.3.A). Similarly, Golgin-84 localization to the 

Golgi was independent of GM130 because GM130 depletion did not affect Golgin-84 

localization (Figure 3.5.A).  

We next compared the microtubule phenotypes observed in cells that are either 

depleted of GM130 or Golgin-84 alone, or in combination. Similar to previously 

published data 2, microtubules in GM130 knockdown cells were disorganized, but the 

perinuclear microtubule density, which is mainly due to Golgi-nucleated microtubules, 

appeared unaffected (Figure 3.5.B). Furthermore, microtubule regrowth after cold 

depolymerization was similar in GM130-depleted and control cells (data not shown). In 

addition, although displaced from the Golgi, CAMSAP2 stretches were still present in 

GM130-depleted cells (Figure 3.5.C). As these experiments identified significant 

differences in the microtubule phenotypes of Golgin-84 and GM130-depleted cells, we 

conclude that Golgin-84 is unlikely to function in the same microtubule nucleation 

pathway as GM130. 
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Figure 3.5. Golgin-84 works independently of GM130 to organize microtubules. 
Control and GM130-depleted cells were stained with antibodies to GM130 to verify 
protein knockdown and to A. Golgin-84, B. CAMSAP2 and C. the microtubule binding 
protein MAP4 to observe localization of Golgin-84 and CAMSAP2 and organization of 
microtubules.  
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Golgin-160 and GMAP210 are possible Golgin-84 interactors 

 To understand the mechanism of Golgin-84-mediated microtubule regulation, we 

used a Bio-ID experimental approach to identify novel Golgin-84 interacting proteins. In 

this assay, the bait protein (i.e. Golgin-84) is fused to the promiscuous biotin ligase 

BirA*, which, in the presence of biotin, will attach biotin to any proteins within a radius of 

about 10nm61. The biotinylated proteins can then be isolated by biotin affinity capture 

and identified by mass spectrometry (Figure 3.6.A). We established stable cell lines 

expressing low levels of Golgin-84-BirA* fusion protein. These cells were 

morphologically identical to WT cells and did not show any abnormalities in Golgi 

structure or microtubule organization (Figure 3.6.B and data not shown). As a negative 

control for our assay, we used a cell line expressing the well-characterized golgi-protein 

GM130 fused to BirA*. We allowed BirA*-dependent biotinylation by supplementing cells 

with biotin overnight, and then purified biotinylated proteins as described 61. The purified 

proteins were separated by SDS-PAGE and subjected to mass spectrometric analysis, 

which identified several attractive candidate interactors (Table 3.1). For example, there 

were other Golgi proteins, such as GM130, which are known to localize to the cis-Golgi, 

or COG1, a component of an ER-Golgi vesicle tether that is known to bind to Golgin-84 

28. However, we focused our efforts on the two Golgi proteins Golgin-160 and GMAP210 

because they have previously been implicated in the regulation of the microtubule 

cytoskeleton 55,65,66, although neither has been shown previously to interact with Golgin-

84. Golgin-160 was previously shown to anchor dynein to the Golgi, with loss of Golgin-

160 resulting in Golgi fragmentation and dispersal of ministacks 55. We tested the role of 

Golgin-160 in Golgin-84-mediated microtubule regulation with the prediction that if  
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Figure 3.6. Biotin ligase assay to identify potential Golgin-84 interactors. A. 
Schematic of BioID assay. B. Myc-Golgin-84 expressing cells were supplemented 
with biotin for 24hours and stained with antibodies against myc and biotin.  
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Table 3.1. Bio-ID followed by mass spectrometry identifies both known Golgin-
84 interactors as well as potential novel interactors 
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Golgin-160 and Golgin-84 function in the same pathway, depletion of Golgin-160 would 

phenocopy the microtubule disorganization seen in cells depleted of Golgin-84. 

However, RNAi-mediated depletion of Golgin-160 did not affect microtubule 

organization (data not shown), indicating that while Golgin-84 and Golgin-160 may 

interact (or be in physical proximity), this interaction is not necessary for microtubule 

organization.  

 We next focused on GMAP210 because it was shown to recruit γ-TuRC to the 

Golgi 66. Depletion of GMAP210 produced defects in microtubule organization that were 

reminiscent of those seen in the absence of Golgin-84 (Figure 3.7). Furthermore, 

GMAP210 depletion phenocopied Golgin-84 knockdown in regards to AKAP450 

dispersal and the loss of CAMSAP2 stretches. These results suggest that GMAP210 

may work in the same pathway as Golgin-84.  Unfortunately, we were not able to 

efficiently deplete both proteins at the same time, possibly due to lethality.  

We also tested if the Golgi association of GMAP210 required Golgin-84, and vice versa. 

Knockdown of Golgin-84 did not affect the localization of GMAP210 at the Golgi. 

Similarly, Golgin-84 localization was unaffected in GMAP210-depleted cells. These 

results suggest that these two proteins may work in parallel, rather than sequentially.  

 We next attempted to examine the potential interaction between GMAP210 and 

Golgin-84 in a co-immunoprecipitation experiment. Unfortunately, GMAP210 

precipitated with both, the control antibody as well as with the Golgin-84-specifc 

antibody, indicating non-specific binding (data not shown). We also tried reciprocal 

approach by using GMAP210 antibody for IP, with similar results, indicating that 

GMAP210 binding is non-specific.  
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Figure 3.7. GMAP210 functions in microtubule organization. A. Control, 
GMAP210-depleted and Golgin-84-depleted cells were stained with antibodies to 
Golgin-84 (green) and GMAP210 (red) to determine if one of the proteins is 
necessary for the recruitment of the other.  Because depletion of one did not affect 
the localization of the other, I conclude that they localize to the Golgi independently of 
another. B. Control and GMAP210-depleted cells were stained with antibodies against 
B. GMAP210 to verify knockdown and MAP4 to visualize microtubules or C. 
GMAP210 and CAMSAP2 to determine if CAMSAP2 is localized to the microtubules 
in the absence of GMAP210. Scale bar 10µm.  
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 As a complementary approach to examine the potential interaction between 

GMAP210 and Golgin-84, we used the in situ proximity ligation assay 67. In this assay, 

the proximity of two proteins is detected by incubating cells with antibodies conjugated 

to DNA probes. These DNA probes are then amplified by rolling circle PCR and 

detected by fluorescence microscopy. The Incubation of cells with GMAP210 and 

Golgin-84 antibodies in such a proximity ligation reaction resulted in a specific signal at 

the Golgi. This signal was absent from negative control samples, in which we incubated 

cells with antibodies against Golgin-84 and the ER-Golgi intermediate compartment 

protein 53 (ERGIC 53) because it is not known to interaction with Golgin-84 and 

localizes to a different organelle (Figure 3.8). These results provide further support for a 

possible physical interaction between Golgin-84 and GMAP210. 

 

Golgin-84 knockout cells do not recapitulate the microtubule phenotype of Golgin-84-

depleted cells.  

 As an independent experimental approach, we also examined the microtubule 

phenotype in Golgin-84 knockout (as opposed to knockdown) cells.  We established 

Golgin-84 knockout RPE cell lines using CRISPR-Cas9.  We attempted to disrupt the 

Golgin-84 locus with two independent sets of gRNAs. We targeted the first exon with a 

single gRNA. In a separate experiment, we targeted exon 4 with four guide RNAs 

(gRNA). Either the single gRNA or all four gRNAs were transfected into RPE-1 cells.  

Four independent clones were verified for Golgin-84 knockout by immunofluorescence, 

western blotting and genome sequencing (Figure 3.9.A and data not shown). Two 

confirmed knockout clones were used in all further experiments. Strikingly, Golgin-84  
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Figure 3.8. In situ proximity ligation assay suggests GMAP210 interacts with 
Golgin-84. A. Confluent monolayers of wild type RPE cells was subjected to In Situ 
Proximity ligation assay (PLA) using either antibodies against Golgin-84 and 
GMAP210 (left panel), Golgin-84 and ERGIC as negative control (middle panel) or 
GM130 and GRASP65 as positive control (right panel). Bottom panel shows 
enlargement of the boxed area. B. Percent of cells with positive perinuclear PLA 
signal was determined. Error bars denote standard error of the mean.   
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Figure 3.9. Golgin-84 stable knockout does not recapitulate siRNA-mediated 
microtubule disorganization. Golgin-84 stable knockout cells were generated using 
CRISPR technology. A. Western blotting of wild type and Golgin-84 lysates with 
Golgin-84 antibody. B. Wild type and Golgin-84 knockout cells were analyzed with 
antibodies against α-tubulin and CAMSAP2 or C. GM130 and Mannosidase II. D. 
Golgin-84 knockout cells were treated with either control siRNA (siSCR) or Golgin-84 
siRNA. Four days after transfection, cells were fixed and stained for α-tubulin and 
CAMSAP2.  
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knockout clones did not recapitulate the severe microtubule phenotype seen in Golgin-

84 knockdown cells, with microtubule density being only slightly reduced in knockout 

cells when compared to WT cells (Figure 3.9.B). Furthermore, AKAP450 and CAMSAP2 

localization were unaffected in these cells (Figure 3.9.B and data not shown). This 

surprising result suggested either that the siRNA that we had used for all our 

experiments had off-target effects or that the knockout cell lines had compensated for 

the loss of Golgin-84. To test the first theory, we treated Golgin-84 knockout cell lines 

with the Golgin-84 siRNA. Golgin-84 knockout cells transfected with control siRNA 

displayed a normal microtubule organization. However, Golgin-84 knockout cells that 

were transfected with Golgin-84 siRNA showed microtubule disorganization and 

reduced density in the perinuclear region (Figure 3.9.D). This result suggests that the 

microtubule phenotype is at least partly caused by an off-target effect and is not caused 

by loss of Golgin-84. also indicates that an as yet unidentified protein(s) is/are required 

for proper MT nucleation at the Golgi and the centrosome.  

 We attempted to identify the protein(s) whose levels are also reduced after 

transfection with the Golgin-84 siRNA by blasting the siRNA sequence against the 

human genome. Sequence alignment analysis suggested PlexinA2 as a possible 

candidate because a stretch of 14 bases of the Golgin-84 siRNA perfectly aligned with 

PlexinA2 sequence, and this protein was shown to bind the microtubule end binding 

proteins EB1, EB2 and EB3 68. To test whether PlexinA2 is affected by treatment with 

Golgin-84 siRNA, we looked at PlexinA2 levels by western blotting. SiGolgin-84 treated 

and control cells had similar levels of PlexinA2 (data not shown), suggesting that 

PlexinA2 is unlikely to be the alternative target protein of Golgin-84 siRNA.   
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Discussion  

This study aimed at characterizing Golgin-84 as a novel component of the 

microtubule nucleation machinery that functions at the Golgi. Either siRNA-mediated 

knockdown of Golgin-84 in RPE, HUVEC or U2OS cells or shRNA-mediated knockdown 

in HFF cells resulted in a disorganized microtubule network. Specifically, microtubule 

density in the perinuclear area was drastically reduced in cells with reduced Golgin-84 

expression, suggesting a novel role for this structural Golgi protein in microtubule 

nucleation or stabilization. Subsequent experiments allowed us to place Golgin-84 into 

the pathway by which a complex of AKAP450 myomegalin and CAMSAP2 are able to 

nucleate microtubules at the Golgi. However, follow-up experiments using same the 

Golgin-84 siRNA in a CRISPR-CAS9-generated Golgin-84 knockout cell line 

demonstrated that the microtubule phenotype was due to off target effects of our 

siRNAs.  

 Our study utilized rigorous experimental controls commonly used in the field.  

To silence Golgin-84, we used different targeting sequences in siRNA and shRNA, both 

of which were published by others and appeared to produce a Golgi-related effect.  

Additionally, there was a clear correlation between loss of Golgin-84 and the presence 

of the phenotype. we also observed the phenotype in several different cell lines, 

although we used either siRNA or shRNA in a single cell line (i.e. siRNA in one cell line, 

shRNA in another) and were able to rescue the phenotype with a non-silenceable 

construct.  Error in analysis could have come from inability to differentiate between 

knockdown and untransfected cells because the expression level of Myc-Golgin84 was 

variable between cells (non-clonal cell line). Second, we used a published siRNA 
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sequence to deplete Golgin-84 from RPE-1 cells. For knockdown in HFF, HUVEC and 

U2OS cells, however, we expressed a published shRNA sequence in a lentiviral 

transduction system. While each of these conditions appeared to produce a similar 

effect on MTs, we never confirmed the MT phenotype in the same cell line by targeting 

two different regions in the transcript. Third, the observed microtubule phenotype is 

extremely difficult to analyze because of significant variability in microtubule 

organization even in wild type cells. Fourth, microtubules in general are extremely 

sensitive to manipulation during fixation, and this could have contributed to some of the 

effects seen in these studies.  In retrospect, use of a more quantitative measure to 

analyze microtubule organization and density might have instructed us that the 

microtubule phenotype was caused by an off-target effect, especially in analyzing the 

rescue experiment. However overall, we used well established methods and standard 

controls.  

Our attempts to identify the additional protein targeted by our siRNA were not 

successful. We compared the Golgin-84 siRNA sequence to other mRNA sequences 

and found that another protein, Plexin2, had a 50% sequence identity with our siRNA 

sequence. Plexin2 was found to bind EB1, EB2 and EB368, although the significance of 

this binding on microtubule organization is currently unknown. Western blotting of 

siGolgin-84 treated cells with an antibody against Plexin2 did not show a reduction in 

Plexin2 signal, suggesting that Plexin2 is not affected by Golgin-84 siRNA. Sequencing 

of transcripts in control and Golgin-84 siRNA treated cells could help to identify the 

additional target of the siRNA.  

I also sought to find potential Golgin-84 interactors that could function in 
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microtubule nucleation. BioID followed by mass spec identified GMAP210, which was 

shown to be necessary for Golgi microtubule nucleation by recruitment of γ-TuRC to the 

Golgi66. We were unable to demonstrate specific interaction between GMAP210 and 

Golgin-84 by co-IP experiments because GMAP210 bound to several non-specific 

antibodies, including anti-Flag and anti-Myc antibodies. However, positive signal in 

proximity ligation assay (PLA) supports possible interaction between Golgin-84 and 

GMAP210. Because the BioID and PLA approaches to identify or verify potential 

interactors are independent of Golgin-84 siRNA approach, these results are still valid 

and suggest an interaction between GMAP210 and Golgin-84 and Golgin-160 with 

Golgin-84. This study is the first to suggest an interaction between these proteins. 

However, the significance of this interaction is not yet known.   

 In summary, this study demonstrates the necessity of using rigorous methods 

and controls when studying the function of a protein. Generally, this means showing a 

phenotype with more than one siRNA sequence in more than one cell line, as well as 

expressing a rescue construct to demonstrate that the observed phenotype is caused 

by targeting the transcript of interest. We propose that permanent knockout cell lines 

should be established when possible. However, this is not feasible for proteins that are 

essential for cell survival.  

  

 

 

 

 



 

62  

Chapter 4: GM130 controls Golgi-centrosome 
proximity via Golgin-160 and AKAP450 recruitment to 
the Golgi 
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Abstract 

We established a stable GM130 KO cell line and used this to define a 

requirement for GM130 in maintaining close physical proximity between the Golgi and 

the centrosome. We show that this function of GM130 is dependent on two other Golgi 

proteins: AKAP450 and Golgin-160. Our results indicate that cells where Golgi-

centrosome proximity is lost have no overt phenotype. They appear to be duplicating 

with normal kinetics, they can migrate directionally, and they can form a primary cilium.  

Introduction 

The close physical proximity between the Golgi and the centrosome is a typical 

feature of mammalian cells. In these cells, Golgi membranes are organized as an 

interconnected ribbon in the perinuclear region of a cell, adjacent to the centrosome, the 

major microtubule organizing center. This proximity is unique to mammalian cells and 

not found in yeast, plant or Drosophila cells, all of which have lost or atypical centrioles 

20,69. The molecular mechanism that establishes and maintains Golgi-centrosome 

proximity and its functional significance remain incompletely understood. 

Golgi-centrosome proximity is disrupted by loss of Golgi organization. Extensive 

fragmentation of the Golgi, without effects on centrosome positioning, interferes with the 

physical proximity between these two organelles. This phenotype is, for example, seen 

with drugs like nocodazole, which depolymerize microtubules, or Illimaquinone, which 

induces Golgi vesiculation 70. Similarly, disruption of structural Golgi proteins, such as 

Golgin-84, Golgin-160 or GMAP210, which leads to Golgi fragmentation and results in 

the disconnection of the Golgi and the centrosome 29,30,55. Moreover, during mitosis, 

Golgi membranes are completely fragmented and dispersed (reviewed in 39,71). 
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Effects on Golgi-centrosome proximity have also been reported for the depletion of 

TBCCD1, a centrosome-associated protein that is related to tubulin co-factor C protein, 

72. TBCCD1-depleted cells displayed fragmented and dispersed Golgi membranes. 

However, in addition to this pronounced Golgi phenotype, in these cells the centrosome 

had lost its typical perinuclear position and was localized to the cell periphery. As a 

result, microtubules were disorganized, and there were defects in cell migration and 

primary cilia formation. 

Only few conditions have been found to alter Golgi-centrosome proximity without 

profoundly affecting Golgi organization. Expression of an N-terminal fragment of 

AKAP450, a large Golgi and centrosome-localized scaffolding protein induced an 

obvious separation of the Golgi and the centrosome 38. This domain associated with 

both the p150Glued subunit of the dynactin complex and the Golgi protein GM130. In 

these cells, Golgi morphology and global protein secretion appeared fairly normal. 

However, there was a significant delay in directional protein transport. Furthermore, cell 

migration as well as ciliogenesis were defective 38. 

Disrupting the Golgi protein GM130, which interacts with AKAP450, also affected 

the physical association between the Golgi and the centrosome. RNAi-mediated 

depletion of GM130 in unpolarized U2OS cells caused defects in centrosome 

organization and positioning, but Golgi membranes appeared fairly normal 1. In these 

cells’ microtubules were disorganized and cell migration was blocked. Studies with 

neurons from GM130 knockout mice further confirmed this phenotype 73. In these cells 

Golgi and centrosome were clearly separated73. While Golgi membranes remained 

mostly compact, protein transport and cell migration were disrupted 73. These studies 
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suggest that during interphase, Golgi-centrosome proximity is important for directional 

protein transport and cell migration, as well as for ciliogenesis.  

GM130 is a well-studied AKAP450-interacting protein. GM130 belongs to the 

golgin family of proteins, which contain multiple coiled coil domains and are proposed to 

function as protein scaffolds 74. GM130 localizes to the cis-Golgi, where it associates 

with a number of proteins 75. For example, it binds the vesicle tethering protein p115 to 

facilitate ER to Golgi transport 76. It anchors the Golgi stacking factor GRASP65, a 

putative Golgi stacking factor, to the membrane 32. This association with GRASP65 was 

found to promote Golgi ribbon formation 32. Moreover, GM130 binds AKAP450, which is 

proposed to localize this large scaffolding protein to the Golgi for effective nucleation of 

microtubules at the Golgi 38. 

Advances in our understanding of GM130 function come from two recent mouse 

knockout studies 73,77. Targeted knockout of GM130 resulted in a profound neurological 

phenotype 73. Global GM130 knockout caused a developmental delay, severe ataxia 

and postnatal death. A more focused analysis found that GM130 knockout neurons and 

MEFs displayed a fragmented and mispositioned Golgi and that there was a delay in 

VSV-G transport. A second study examined male fertility in the GM130 knockout mouse 

model 77. Han et al. reported male infertility in the absence of GM130, which was likely 

due to an overall absence of acrosomes, round sperm heads and aberrant arrangement 

of mitochondria.  A more careful analysis of GM130-deficient sperm cells revealed 

shortened Golgi stacks and a reduced size of the acrosome vesicle. The authors 

propose that defects in vesicle fusion may be responsible for the observed phenotype. 

These studies demonstrate that GM130 is required for normal vesicle-mediate protein 
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transport and that this protein may contribute to the maintenance of Golgi-centrosome 

proximity. 

In this study, we aimed to examine if Golgi-centrosome proximity, a conserved 

feature of vertebrate cells, is critical for cell physiology during interphase. We focused 

our study on GM130, which has been implicated in the regulation of Golgi-centrosome 

proximity through associations with AKAP450. We used CRISPR-Cas9 to generate two 

clonal retinal pigmented epithelial (hTERT-RPE1) cell lines in which the GM130 locus 

was disrupted. In these cell lines Golgi and centrosome were clearly separated. We 

used these knockout cell lines to evaluate the role of GM130 in Golgi organization and 

microtubule nucleation from the Golgi and to examine how and why these two 

organelles are positioned adjacent to each other.  

 

Results  

GM130 regulates Golgi organization and its association with the centrosome  

A CRISPR-Cas9-based knockout approach confirmed the role of GM130 in Golgi 

organization in RPE-1 cells. To examine the role of GM130 in the regulation of Golgi-

centrosome proximity, we disrupted the GM130 locus in immortalized human retinal 

pigmented epithelial (hTERT-RPE-1) cells using CRISPR-Cas9. We targeted the Cas9 

nuclease to two different regions in the gene GOLGA2, that encodes for GM130. 

Knockout clone 2 was generated by targeting exons 3 and 4 with a set of 4 guide RNAs, 

but genomic sequencing showed that a premature stop codon was created as the result 

of loss of 94 nucleotides from the intron between exons 4 and 5 and an additional 

deletion of one nucleotide from exon five (Figures. 4.1.A) Knockout clone 60, in  
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  Figure 4.1. GM130 is required for normal Golgi organization in RPE-1 cells. A. 
GM130 knockout clones were obtained by targeting Cas9 to exon 1 (clone 60) or 
Exon 5 (clone2) of GOLGA2, the gene encoding for GM130. B. Western blotting with 
GM130 antibody binding to the N-terminus (right panel) or the C-terminus (left panel) 
show absence of GM130 in knockout cell lines. GAPDH was used as a loading 
control. C. Wild-type and GM130 knockout cells were analyzed by 
immunofluorescence with antibodies to GM130 and Giantin, D. GRASP65 and 
Giantin, E. Mannosidase II and Golgin-97. Scale 10µm.  
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contrast, was generated by targeting a single guide RNA to exon 1, which produced an 

insertion of 45 base pairs in one allele and a 25 base-pair deletion in the other (Figure 

4.1.A) Complete loss of the gene product was confirmed by western blot analysis with 

antibodies to the N and C-terminus of the protein (Figure. 4.1.B) and by 

immunofluorescence microscopy (Figure. 4.1.C). 

As GM130 has been reported to function in microtubule organization in U2OS 

cells 1,2, we examined the microtubule cytoskeleton in GM130- deficient RPE-1 cells. 

We used immunofluorescence microscopy to compare microtubule organization in WT 

and GM130 knockout cells. Overall, microtubules of GM130 knockout cells looked 

normal, with the presence of centrosomal and non-centrosomal microtubules in the 

perinuclear region (Figure. 4.2.A). The microtubule intensity in the cell center of 

knockout cells was slightly reduced when compared to the parental RPE-1 cell line 

(Figure. 4.2.A, arrow). However, this minor change was unlikely caused by a specific 

loss of Golgi-nucleated microtubules because it was not accompanied by the enhanced 

centrosomal microtubule aster that is typically seen in the absence of Golgi 

microtubules 37,44. Additional staining with an antibody to the plus end binding protein 

EB1 further confirmed the similar appearance of microtubules in control and knockout 

cells (data not shown). Additionally, tubulin acetylation, a post-translational modification 

characteristic of long lived, stable microtubules, was not affected by the loss of Golgi-

centrosome proximity or GM130 (data not shown). 

The absence of GM130 led to the separation of Golgi and centrosome. As the 

GM130 binding partner AKAP450 has been implicated in linking the Golgi and 

centrosome 38, we compared Golgi and centrosome positioning in WT and GM130  
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  Figure 4.2. GM130 is not necessary for microtubule organization in RPE-

1 cells. Wild-type and GM130 knockout cells were stained for α-tubulin and 
Golgin-84 to visualize microtubule organization and Golgi structure, 
respectively. Scale bar, 10µM. 
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knockout cells by staining with antibodies to both organelles (Figure. 4.3.A). In 70% of 

WT cells, the centrosome was localized within a radius of 2.6µm from the Golgi 

(Figures. 4.3.B and C). This distance was significantly increased in about 80% of 

GM130 knockout cells (average of 5.4 and 6.2µm for knockout clone 2 and 60, 

respectively) (Figures. 4.3.A - C). This phenotype was not due to off-target effects 

because expression of full-length Flag-tagged GM130 restored the normal distance 

between these two organelles (Figures. 4.3.D and E). We conclude that GM130 

functions in the maintenance of Golgi-centrosome proximity. 

GM130 may control Golgi-centrosome proximity by recruiting known regulators 

of Golgi-centrosome proximity. 

We first assessed the localization of AKAP450 in GM130-deficient cells because 

AKAP450 is a known GM130 binding partner. As reported38, this large scaffolding 

protein was detected on both the Golgi and the centrosome of WT cells (Figure. 4.4.A). 

However, this localization was altered in GM130 knockout cells. AKAP450 was partly 

lost from the Golgi, although overall AKAP450 levels were unaffected (Figures. 4.4.A 

and C). In these cells, AKAP450 was now detected in the area between the Golgi and 

the centrosome (Figure. 4.4.A, arrow) where it showed enhanced colocalization with 

microtubules (Figure. 4.4.B). This colocalization was lost upon cold-mediated 

depolymerization of microtubules suggesting that it requires intact microtubules (data 

not shown). Based on these findings, we propose that GM130 may control the 

anchoring of AKAP450 to Golgi membranes, but is dispensable for AKAP450 

microtubule-dependent delivery to the Golgi. 

We also examined the localization of Golgin-160, a Golgi protein that has  
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  Figure 4.3. GM130 controls Golgi-centrosome proximity. A. Wild-type and GM130 
knockout cells were stained for γ-tubulin and Golgin-84 to visualize the centrosome 
and the Golgi, respectively. B. Distance between the centrosome and the nearest 
Golgi edge were measured and the average distance was plotted. Data represents 
four independent experiments, with at least 50 cells per condition. p= 0.0029 (KO2) 
and 0.0031 (KO60). C. Graph of percent cells with increased centrosome Golgi 
distance. Data represents four independent experiments, with at least 50 cells per 
condition. p= 0.006 (KO2) and 0.0014 (KO60). D. Wild-type and GM130 knockout 
cells were transfected with Flag-GM130 (full length) and stained for flag, γ-tubulin and 
Golgin-84 to visualize transfected cells, centrosome and the Golgi, respectively. E. 
Graph of percent of untransfected and transfected cells with increased Golgi -
centrosome distance. Data represents four independent experiments with at least 40 
cells per experiment. ns= not statistically significant. Scale 10µm. 
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Figure 4.4. GM130 is necessary for AKAP450 Golgi localization. A. To determine 
if GM130 is necessary for AKAP450 recruitment to the Golgi, Wild-type and GM130 
knockout cells were stained with antibodies binding to AKAP450, Golgin-84 and 
GM130 and analyzed by microscopy. B. Immunofluorescence analysis with 
antibodies against AKAP450 and tubulin reveals increased localization of AKAP450 
along microtubules. C. Western blotting of wild type and GM130 knockout lysates 
with antibodies against AKAP450. Golgin-84 was used as a loading control. D. 
Staining of wild-type and GM130 knockout cells for Golgin-160 and Golgin-97 shows 
loss of Golgin-160 from the Golgi. E. Western blotting of wild-type and GM130 
knockout lysates with Golgin-160. α- tubulin was used as a loading control. Scale 
10µm.  
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previously been linked to positioning 18,55. We identified Golgin-160 as potential GM130 

interactor proteins in a BioID approach (Table 4.1). While we were unable to confirm 

physical interaction with GM130 in biochemical approaches, this protein was mostly lost 

from the Golgi in GM130 knockout cells (Figure. 4.4.D). As seen for AKAP450, Golgin-

160 protein levels were similar in WT and knockout cells (Figure 4.4.E).  We conclude 

that GM130 may recruit these proteins to the Golgi, and that this association contributes 

to the maintenance of Golgi-centrosome proximity. 

 

Golgi-centrosome proximity is dispensable for protein transport, cell migration 

and primary cilia formation. 

As Golgi-centrosome proximity is proposed to be important for transport 38 we 

used the well-established VSV-G transport assay to examine protein transport in control 

and knockout cells. In this assay, a temperature-sensitive mutant of VSV-G (VSV-G 

tsO45), tagged with GFP, is accumulated in the ER at a non-permissive temperature of 

41oC for 5 hours. Cells are then shifted to the permissive temperature of 32oC to allow 

VSV-G to synchronously move through the secretory pathway, which can be detected 

by fluorescence microscopy. As expected, at non-permissive temperature, VSV-G-GFP 

was in the ER in WT and GM130 knockout cells, but it was rapidly transported to the 

Golgi and the plasma membrane upon shifting both cell lines at 32oC (Figure. 4.5). 

These results demonstrate that Golgi-centrosome proximity is not important for protein 

transport to the cell surface. 

We next tested if GM130 knockout cells are able to migrate in a wound-healing 

assay. For this assay, a scratch wound was introduced into a monolayer of WT or  
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Table 4.1 BioID followed by mass spectrometric analysis identifies known GM130 
interactors and potential novel interactors.   
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Figure 4.5. GM130 does not function in transport. Wild-type and GM130 knockout 
cells were transfected with tsVSVG-GFP. 18 hours post transfection cells were 
transferred to 42

o
C for 5hours to allow VSVG accumulation in the ER (top panel), and 

then shifted to the permissive temperature (32
o
C). Cells were fixed after 0min (top 

panel), 30min (middle panel) and 120min (bottom panel) post transfer. Scale 10µm.  
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knockout cells, and the cells’ ability to close this wound was monitored over time. Five 

hours after wounding, the centrosome was detected in front of the nucleus in 80% of 

WT and 70% GM130 knockout cells, suggesting a minor, but not statistically significant 

defect in the ability in centrosome reorientation (Figures. 4.6.A and C). At this same 

time point, which we chose to avoid wound closure due to cell proliferation, we 

observed similar kinetics of wound closure for WT and knockout cells. We also 

examined the role of GM130 in directional migration. Time lapse microscopy of the 

wound healing assay revealed that both WT and knockout cells were able to polarize 

and to migrate in a directional manner and to form a leading edge (Figures. 4.6.B and 

D). Furthermore, when we plated these cells sub-confluently, we observed both cells 

were able to migrate directionally and to maintain the direction over time (data not 

shown). We conclude that cell migration does not require GM130, a finding that 

contradicts our previous findings with GM130-depleted A549 cells 1. 

Finally, we assessed the ability of GM130 knockout cells to form primary cilia. As 

Golgi-centrosome proximity has been implicated in the control of ciliogenesis 38, we 

monitored ciliogenesis in serum-starved GM130 knockout cells. Primary cilia were 

observed in about 80% cells of WT and knockout cells (Figures. 4.7.A and B). Further 

analysis of only those GM130 knockout cells that showed an increased distance 

between Golgi and centrosome revealed ciliation was normal in about ~70% of cells, 

suggesting that proximity is not necessary for primary cilia formation. 
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Figure 4.6. Golgi-centrosome proximity is dispensable for migration. A. 
Confluent monolayers of wild-type or GM130 knockout cells were wounded 
using a pipet tip. Wounds were imaged at time of wounding and 5 hours after 
wounding. Scale 50µm. B. Wound width from A was measured and plotted. 
Data represents three independent experiments with at least ten 
measurements at different positions along the wound per condition. C. 
Wounded monolayers were fixed either immediately after wounding or 5 hours 
post wounding and stained for γ-tubulin and Golgin-84. Scale 10µm. D. Cells 
at the wound edge were counted as oriented if their Golgi and centrosome 
were in front of the nucleus and facing the wound. Data represents three 
independent experiments with at least 100 cells per condition. ns= not 
statistically significant. 
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Figure 4.7. GM130 and centrosome-Golgi proximity are not necessary for 
ciliogenesis.  A. Cilia formation was induced by serum withdrawal for 48 
hours. Cells were fixed and stained with antibodies against polyglutamylated 
tubulin, γ-tubulin and Golgin-84. B. Percentage of cells with cilia in cells with 
increased Golgi-centrosome distance was determined and graphed. Data is 
representative of three independent experiments with at least 50 cells per 
condition. ns= not statistically significant.  
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Discussion 
 

This study aimed at understanding the role of Golgi-centrosome proximity in 

various cellular processes. Although not present in all eukaryotes, the unique 

relationship between these two central organelles is a conserved feature of mammalian 

cells16,78. Its functional significance is incompletely understood, mainly because only few 

experimental manipulations have separated Golgi and centrosome without affecting 

either Golgi or centrosome organization and function. Here, we present our findings with 

two GM130 knockout cell lines in which the proximity between Golgi and centrosome 

was disrupted. In GM130-deficient cells, Golgi membranes were fragmented, although 

they remained in the perinuclear region of the cell, and microtubule organization was 

mostly normal. To our surprise, we found that loss of Golgi-centrosome proximity had 

no effect on protein transport, cell migration or ciliogenesis.  

GM130 controls Golgi ribbon formation but is dispensable for the nucleation of 

non-centrosomal microtubules from the perinuclear region. In our knockout cells Golgi 

membranes were fragmented as observed with markers to the cis, medial and trans-

Golgi, but not dispersed. This phenotype is consistent with the reported role of GM130 

in Golgi ribbon formation 32. Interestingly, in the absence of GM130, Golgi fragments 

remained in the perinuclear region, suggesting that centrosomal and non-centrosomal 

microtubules, which are critical for Golgi assembly and positioning, are present. As 

GM130 has previously been proposed to function in microtubule nucleation at the Golgi, 

our findings raise the question of how microtubules can be nucleated from the cell 

center in the absence of GM130. AKAP450 was previously found to recruit the 

microtubule nucleation machinery, with loss of AKAP450 leading to a dramatic loss of 
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microtubules from the perinuclear region. We show here that AKAP450 may lose its 

Golgi localization but is now found in the perinuclear region, between the Golgi and the 

centrosome. From here, it is able to nucleate microtubules, which can compensate for 

the microtubules that are normally nucleated at the Golgi.  

Our study shows that GM130 may control Golgi-centrosome proximity through 

association with AKAP450 and Golgin-160. We show that in GM130 knockout cells 

Golgi membranes are separated from the centrosome in the majority of cells. While it is 

not clear which of these two organelles is mispositioned, the distance from each other 

was increased, and this separation remained during cell polarization, when both 

organelles are moved to the leading edge of the cell. We propose that GM130 may link 

the Golgi and the centrosome through these three peripheral Golgi proteins that have 

each been implicated in the regulation of Golgi-centrosome proximity. Hurtado et al 

showed that expression of the N-terminus of AKAP450, which binds GM130 and 

p150Glued separated Golgi and centrosome in RPE-1 cells 38. We identified Golgin-160 

as a potential GM130 interactor in a BioID screen. Both proteins are reported to control 

Golgi positioning by promoting their centripetal movement towards the centrosome55. 

Our results show that the Golgi association of all three proteins is altered in the absence 

of GM130, suggesting that GM130 may function to locate them to the Golgi. However, 

as we have not been able to show direct or indirect interactions of GM130 with Golgin-

160, additional experiments are necessary to establish how these proteins contribute to 

linking these organelles together.  

What is the role of Golgi-centrosome proximity for cell homeostasis? Golgi-

centrosome proximity has been proposed to be important for higher cellular functions, 
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such as protein transport, cell migration and ciliogenesis 38. However, our studies with 

GM130 knockout cells show that Golgi-centrosome proximity is dispensable for all of 

these functions. We assessed protein transport through the established VSV-G 

transport assay 79. Although we found no difference in transport kinetics between ER 

and Golgi, and Golgi and plasma membrane, we did not directly test if GM130 knockout 

cells are able to transport directionally. We also examined cell migration in a wound 

healing assay, which depends on a cell’s ability to transport directionally and to polarize 

80. We found that GM130 knockout cells were able to fill in the wound at a similar rate as 

their control counterpart indicating that directional transport as well as cell polarization is 

unaffected. Finally, we did not detect any obvious defect in ciliogenesis after 36 hours of 

serum starvation, which induces cilia formation. We cannot, however, exclude that 

kinetics for cilia formation, cilia protein composition or cilia are impacted in GM130 

knockout cells.  

In our study, we have not examined the proposed role of Golgi-centrosome 

proximity in the regulation of mitotic entry. This checkpoint senses if the reorganization 

of Golgi membranes at the onset of mitosis, which involves extensive fragmentation and 

dispersal and that is a prerequisite for entry into mitosis, can occur normally 81. GM130 

knockout cells progressed normally through the cell cycle, and it is possible that simply 

disconnecting the Golgi ribbon, as seen in GM130-deficient cells, is sufficient to satisfy 

this checkpoint. Additional experiments are required to better understand this link 

between organelle structure, positioning and cell cycle progression. 

How can we explain the difference in results between our CRISPR knockout 

study and published reports on RNAi-mediated GM130 knockdown? Our study 
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confirmed the proposed function of GM130 in the formation of the Golgi ribbon 33. Our 

results are also consistent with a role of GM130 in microtubule nucleation at the Golgi. 

However, we did not observe a major defect in microtubule organization because the 

microtubule nucleation complex is recruited by AKAP450, whose localization ultimately 

determines the site of microtubule nucleation.  If AKAP450 is on the Golgi, microtubule 

nucleation will occur on these membranes. However, if AKAP450 cannot be recruited to 

the Golgi, as seen in GM130-deficient cells, this protein is now found in the perinuclear 

region, as a result of transport along microtubules. Therefore, GM130 knockout cells 

remain able to nucleate microtubules in the perinuclear region to support protein 

transport and cell migration. Other studies reported specific phenotypes in cells with 

disrupted Golgi-centrosome proximity. For example, Hurtado et al found that directional 

protein transport, cell migration and ciliogenesis were blocked38. These results are 

based on transient protein expression, in contrast to our approach of generating stable 

GM130 knockout cells. We cannot exclude the possibility that our experimental strategy 

selected for clones that compensated for the lack of GM130, which may be a 

shortcoming of the CRISPR-Cas9 approach. Thus, YSK1 and Cdc42, which are 

proposed to function downstream of GM130 during cell migration may be activated by 

alternative mechanisms in our GM130 knockout cells 82.  

Based on our results, and those of others 18,55,83, we propose a model for GM130 

control in maintenance of Golgi-centrosome proximity (Figure. 4.8). In wild type cells 

(left panel), AKAP450 is transported along microtubules to the Golgi, where it is 

anchored by GM130. AKAP540 functions to nucleate microtubules that are necessary 

for lateral linking of Golgi ministacks. Golgin-160, which is also anchored by GM130,  



 

85  

  

Figure 4.8 GM130 Controls Golgi-centrosome proximity via AKAP450 and 
Golgin-160. In WT cells, GM130 anchors Golgin-160 to the Golgi, where it 
can be loaded onto dynein mediated transport towards the centrosome. 
GM130 also anchors AKAP450 to the Golgi, where it can nucleate 
microtubules necessary to bring Golgi ministacks together. In the absence of 
AKAP450, microtubule nucleation at the Golgi does not occur, and ministacks 
cannot be clustered. However, Golgin-160 mediated transport is still functional, 
and ministacks are transported to the cell center. In the absence of GM130, 
AKAP450 nucleates microtubules that are necessary for Golgi ministack 
cohesion. However, Golgin-160 is not recruited to the Golgi and Golgi 
membranes are not brought towards the centrosome.  
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anchors dynein, which in turn is necessary for transport of Golgi membranes towards  

the centrosome. In cells depleted of AKAP450 (middle panel), I predict Golgin-160 may 

still be present at the Golgi, and Golgi membranes can be pulled towards the 

centrosome. This could be tested by depleting cells or AKAP450 and visualizing Golgin-

160 by immunofluorescence. However, it has been shown that in the absence of 

AKAP450 Golgi microtubules are not nucleated 33,44, and therefore directional transport 

is defective. In the absence of GM130, on the other hand, (right panel), AKAP450 is still 

transported towards the Golgi via centrosomal microtubules. However, because 

AKAP450 cannot be anchored to the Golgi in the absence of GM130, AKAP450 is 

released in the Golgi vicinity, where it can support microtubule nucleation, which in turn 

is critical for directional transport.  Additionally, because Golgin-160 is misplaced, Golgi 

membranes are not loaded onto dynein mediated transport towards the centrosome, 

resulting in loss of Golgi-centrosome proximity.  

In summary, we found that GM130 regulates Golgi-centrosome proximity via 

recruitment of AKAP450 and Golgin-160. Interestingly, the pericentrosomal Golgi 

positioning is not required for cellular functions such as migration and primary cilia 

formation. This challenges the current understanding of the significance of this striking 

feature of mammalian cells.  
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Chapter 5: Conclusions and Future Directions 
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Re-evaluating the functional significance of Golgi ribbon structure and 

pericentrosomal positioning 

The mammalian Golgi is organized into a ribbon structure that is prominently 

positioned in the cell center next to the centrosome. This structure and positioning are 

dependent on co-operation of members of the golgin family of proteins and two distinct 

populations of microtubules: centrosomal and Golgi microtubules 3,4. While we are 

beginning to understand how the Golgi ribbon structure, and its pericentrosomal 

positioning are maintained at a molecular level, we still do not fully understand their 

significance, because this striking structure and positioning is not conserved in lower 

eukaryotes. In Chapters 3 and 4, we wanted to answer two specific questions regarding 

directional transport and migration: 

1. Is Golgi ribbon structure ribbon structure important for Golgi microtubule 

organization and their function in directional transport?  

2. Is the physical proximity of the Golgi near the centrosome necessary for 

directional transport and migration?  

 

Role of the Golgi ribbon structure in microtubule nucleation and organization at 

the Golgi 

In migrating cells, Golgi microtubules are polarized to support transport towards 

the leading edge. However, it is unclear if Golgi microtubules can support directional 

transport in conditions where the Golgi ribbon is disrupted. To answer this question, we 

sought to establish a condition in which Golgi ribbon is extensively fragmented using a 

method that is not known to function in microtubule nucleation or organization.  To 
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accomplish that, we chose to deplete the Golgi tethering protein Golgin-84, because its 

depletion was reported to lead to Golgi fragmentation in HeLa and NRK cells 29,30, but it 

has not been linked to microtubule nucleation and organization. Surprisingly, we found 

that Golgin-84 depleted cells appeared to have fewer microtubules, especially in the 

perinuclear region, suggesting this protein functions in microtubule nucleation and 

organization. Unfortunately, later experiments revealed that this phenotype was caused 

by off-target effects of the siRNA.  

How could we have avoided a problematic study outcome? 

We utilized rigorous, standard approaches to study the function of Golgin-84. For 

example, we used two different, published RNAi sequences to deplete Golgin-84, and 

verified knock down by two methods, immunofluorescence microscopy and western 

blotting. Similarly to published results, we observed Golgi fragmentation in HFF, U2OS 

and HUVEC cells, but not in RPE-1 cells 29,30. In all cell types used, depletion of Golgin-

84 was correlated with severe microtubule disorganization and loss of perinuclear 

microtubule density. Finally, expression of non-silenceable form of Golgin-84 corrected 

the siRNA mediated microtubule disorganization phenotype.   

Despite our rigorous approaches and experimental controls, we encountered 

several challenges in data analysis. For example, because Golgin-84 knockdown 

efficiency was variable between cells, we were somewhat restricted to methods, that 

allowed single cell analysis. While immunofluorescence microscopy allowed single cell 

analysis, we encountered an additional challenge microtubule organization and density 

even in wild type RPE-1 cells was variable, and thus sensitive to observer bias. 

Additionally, the cell line stably expressing non-silenceable Myc-Golgin-84 that was 
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used for rescue experiments was not clonal, and the variable expression level of 

exogenous Golgin-84 made it challenging to determine which cells were affected by the 

siRNA treatment and which cells had a lower Myc-Golgin-84 expression level to begin 

with.  

To resolve these challenges, we should have utilized methods to obtain 

quantifiable data, specifically in analyzing rescue experiments. Ideally, we should have 

used parameters to normalize microtubule staining intensity to Golgin-84 expression. 

This would have eliminated observer bias. We attempted to use the Volocity software 

(Perkin Elmer) to do this, but were not confident that the results were accurate because 

we could not find proper settings: using less stringent criteria, the software recognized 

soluble tubulin and with more stringent criteria it did not detect microtubule filaments 

that were visible to the eye.  However, we should have consulted experts to help us with 

image analysis.   

Alternatively, improving Golgin-84 knockdown efficiency would have made it 

feasible to use biochemical assays to study cell populations as a whole. For example, 

Sharma and colleagues separated soluble and polymerized tubulin in cells by 

centrifugation and analyzed the fractions by western blotting with anti-tubulin antibodies 

84. We also attempted this approach, but did not obtain consistent results in untreated 

wild type cells. This suggests that the ratio of polymerized to soluble tubulin is perhaps 

sensitive to experimental conditions such as temperature and cell plating density.  

In summary, our study attempted to describe a novel regulator of microtubule 

nucleation at the Golgi. While some of our data was later shown to be caused by off-

target effects of siRNA, we have identified a novel Golgin-84 interactor, GMAP210 that 
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is necessary for microtubule organization at the Golgi. Future studies will be needed to 

identify the second target of Golgin-84 siRNA, and thus a novel factor in the microtubule 

organization pathway at the Golgi.  

 

Maintenance of Golgi-centrosome proximity: What is its significance for 

directional transport and migration? 

Several proteins that function in the maintenance of Golgi-centrosome proximity 

have been identified. For example, AKAP450 was shown to be necessary for this 

relationship38. This protein is anchored to the Golgi via GM130 9, however, it was 

unclear if GM130 also functions in maintenance of Golgi-centrosome proximity. We 

established stable GM130 knockout RPE-1 cell lines, and found that Golgi-centrosome 

proximity was lost. The mechanism may involve recruitment of Golgin-160 and 

AKAP450 to the Golgi, because both of these proteins were mislocalized from the Golgi 

in GM130 knockout cells. In addition, both of these proteins have been linked to Golgi 

structure maintenance or positioning 38,55. Contrary to common belief, we found that this 

close physical association appears to be dispensable for cell migration and ciliogenesis, 

at least in RPE-1 cells.  

Our results validate many previously demonstrated functions of GM130. For 

example, GM130 was shown to be necessary for GRASP65 and AKAP450 recruitment 

to the Golgi 32,85. We observed loss of both proteins from the Golgi in GM130 knockout 

cells, suggesting that GM130 indeed functions in their recruitment to the Golgi. We also 

observed loss of Golgi ribbon formation in our knockout cells, likely as a consequence 

of loss of GRASP65 and AKAP450, because these two proteins have been shown to 
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function in maintaining Golgi ribbon integrity 32,33,38. Our finding that GM130 controls 

Golgi-centrosome proximity has also been reported by others: Liu et al. and Han et al. 

established a GM130 knockout mouse, and showed that Golgi-centrosome proximity 

was lost in neurons 73,77. Finally, Asante and colleagues showed that cells depleted of 

GM130 were able to form a primary cilium, but they did not report a defect in Golgi-

centrosome positioning86.  

Our results did not recapitulate all of the results published previously in other cell 

lines. Our lab showed that GM130 functions in regulating centrosome structure and 

function in U2OS cells1.  U2OS cells depleted of GM130 showed mispositioning of the 

centrosome on top of the nucleus, supernumerary centrin-2 foci and microtubule 

organization defects1. As a likely consequence of these defects, cell migration was 

defective1. In a later study, GM130 was shown to function in centrosome organization 

and migration via activation of Cdc42 organization2,87 in U2OS and A549 cells. The 

GM130 knockout RPE-1 cells described in our current study did not have defects in 

either centrosome organization, microtubule organization or migration. It is possible that 

GM130 has different functions in different cell types. We are currently working on 

establishing GM130 knockout cells using A549 and U2OS cells to determine if GM130 

functions in maintenance of Golgi-centrosome proximity in these cells.  In a separate 

study, the Rios group suggested that Golgi-centrosome proximity is necessary for 

ciliogenesis and migration 38. Their conclusion was based on over-expression of 

AKAP450 N-terminal truncation, which interacts with GM130, in RPE-1 cells. However, 

over-expression of this construct also disrupted Golgi ribbon and caused extensive 

dispersal of Golgi ministacks. Additionally, microtubule nucleation at the Golgi was 
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abolished in cells expressing the N-terminal truncation of AKAP450 38. We did not 

observe defects in migration or cilia formation in GM130 knockout cells where Golgi 

centrosome proximity was lost. Our results shown that in the absence of GM130, 

AKAP450 is still localized near the Golgi, where it can support microtubule nucleation 

(Figures 4.2, 4.4). Based on our results, we propose a model where proper organization 

of Golgi microtubules towards the leading edge, not Golgi-centrosome proximity per se, 

is necessary for directional transport and thus migration and ciliogenesis (Figure 5.1), 

top panel). Previous studies that suggested Golgi-centrosome proximity is necessary 

directional migration and ciliogenesis were based on conditions where the Golgi was 

either extensively fragmented and dispersed or Golgi microtubule nucleation was 

completely abolished38,72.  When Golgi is severely fragmented and dispersed, 

microtubules cannot be oriented towards a specific region of the cells (Figure Y, middle 

panel). Although the Golgi in GM130 knockout cells is slightly fragmented, it is held as a 

compact structure, allowing for microtubule orientation and thus directional transport, 

towards a leading edge (Figure Y, bottom panel).  

Interestingly, Liu et al reported a defect in ER to Golgi transport in GM130 

knockout cells 73. In this study, Liu and colleagues used a modified VSV-G transport 

assay. As VSV-G is processed through the Golgi, its glycoproteins are modified so that 

they become resistant to cleavage by the enzyme Endoglycosidase H (Endo H). This 

can be detected by the loss of a cleavage product using western blotting. Using this 

method, Liu et al observed Endo H resistance 15 minutes after release from restrictive 

temperature in control cells. In GM130 knockout cells this did not appear until after 40 

minutes in the permissive temperature, suggesting a minor defect in ER to Golgi  



 

94  

 
  

Figure 5.1. Microtubule organization towards the leading edge is critical for 
migration and ciliogenesis. In wild type cells, the Golgi ribbon is positioned near the 
centrosome. Microtubules are nucleated via AKAP450 dependent manner towards 
the leading edge (top left panel). In cells depleted of TBCCD1, Golgi is fragmented 
and Golgi microtubules, if present, cannot be oriented towards the leading edge (top 
right panel). Microtubule nucleation is abolished in cells expressing AKAP450 N-
terminal truncation, and the cells cannot polarize (bottom left panel). In GM130 
knockout cells, the Golgi is still fairly compact. AKAP450, which is in the general Golgi 
region, can mediate microtubule nucleation and these can be oriented towards the 
leading edge.   
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transport 73. In our experiment, we monitored VSVG-GFP localization by microscopy 

after 30 minutes in permissive temperature, at which point we observed GFP at the 

Golgi in all transfected cells, and did not notice a difference between wild type and 

GM130 knockout cells. However, because we looked at a later time point after release, 

and our method is not as sensitive, it is possible that we missed a slight delay in ER to 

Golgi transport. Regardless, if this transport defect exists, it does not appear to have a 

functional consequence in terms of cell migration.  Alternatively, we cannot rule out the 

possibility that we have selected for clones that have been able to adapt to loss of 

GM130, which is a possible short-coming of the CRISPR-Cas9 approach.  

 

Why is the Golgi actively maintained near the centrosome?  

In our current study, we examined the significance of loss of GM130 and Golgi-

centrosome proximity in interphase cells. It will be interesting to use the GM130 

knockout cell line established for thus work to study the function of GM130 and 

importance of Golgi-centrosome proximity during cell division and in other cellular 

states; e.g. involving stress responses.  Golgi fragmentation, which starts at the G2 

stage of the cell cycle is necessary for mitotic progression 81, and this requirement is 

thought to act as an additional mitotic checkpoint to ensure proper Golgi inheritance 

71,81. However, how this checkpoint is activated and controlled is incompletely 

understood. It is possible that maintenance of the Golgi ribbon near the centrosome is 

part of this checkpoint. Loss of this proximity during mitosis, perhaps via a loss of a 

hypothetical physical linker between the centrosome and the Golgi, might be sensed by 

mitotic spindle assembly factors (SAF)88. It would be interesting to test if GM130 
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knockout cells with increased Golgi-centrosome distance can bypass the mitotic Golgi 

checkpoint. Unfortunately, it is not currently possible to test this idea because it is not 

known how this checkpoint is triggered.  

 

How is mitotic spindle formation activated in the absence of GM130? 

Recent work implicated a role for GM130 in mitotic spindle assembly and Golgi 

inheritance in normal rat kidney (NRK) cells 88. In this study, the authors show that 

GM130 controls spindle organization via its N-terminal classical nuclear localization 

sequence (cNLS), which is exposed upon phosphorylation of S25 by Cdk1. The 

exposed cNLS binds importin-α, releasing the microtubule nucleation factor TPX2 to 

induce microtubule nucleation and Aurora A activation. Microinjection of prometaphase 

cells with GM130 antibodies resulted in mitotic arrest or multipolar spindle formation in 

70% of cells. As we did not observe mitotic defects in our GM130 knockout cells, it 

would be interesting to determine if and how TPX2 is activated in our cells. 

Furthermore, Wei and Seemann demonstrated that GM130 links Golgi membranes to 

the spindle, which in turn is thought to be necessary for inheritance of Golgi re-

assembly factors 88,89. This finding agrees with the loss of Golgi ribbon structure we 

observed in the GM130 knockout RPE-1 cells.  

 

Additional considerations when working with cell lines 

The RPE-1 cell line appears to be very different from other commonly used cell 

lines. These cells are routinely used to study the formation and function of primary cilia 

and regulation of Golgi nucleated microtubules 3,4,37,38,86. During this dissertation work 
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we encountered several instances where a previously published phenotype was not 

recapitulated in RPE-1 cells. For example, GM130 depletion causes microtubule 

organization and centrosome abnormalities in U2OS cells 1,2,54. However, depletion of 

GM130, using the same siRNA sequence did not perturb centrosome structure or 

microtubule organization in RPE-1 cells (data not shown). Additionally, depletion of 

Golgin-84 or Golgin-160, was shown to lead to Golgi fragmentation and dispersal in 

HeLa, NRK and HEK293 cells 29,30,51,55. I confirmed the Golgi fragmentation phenotype 

in U2OS, HFF and HUVEC cells treated with Golgin-84 siRNA (data not shown). 

However, depletion of Golgin-84 or Golgin-160 did not have an effect on Golgi structure 

in RPE-1 cells (Figure 3.3 and data not shown). As yet another example, shRNA 

mediated Golgin-84 depletion resulted in cell death in RPE-1 cells (data not shown). 

This is not due to the viral transduction approach employed, as control shRNA treated 

RPE-1 cells, as well as shCAMSAP2 treated cells continued to replicate normally. 

Additionally, we did not observe cell viability defects in HFF, HUVEC or U2OS cells 

treated with the same shGolgin-84 viruses.  This suggests that Golgin-84 is either 

necessary for survival of RPE-1 cells, or that similarly to the siRNA sequence used, the 

shRNA sequence has off- target effects, which we did not test. It is currently not known 

why RPE-1 cells differ so greatly from other commonly used cell lines. However, these 

data demonstrate the need to use multiple cell lines when studying the function of a 

given protein.  

In summary, these studies attempted to address the significance of two 

prominent Golgi features: its organization into a ribbon, and its pericentrosomal 

positioning in cellular functions. We confirmed previous results showing that GM130 is 
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important for maintaining Golgi-centrosome proximity and identified Golgin-160 as a 

novel GM130 interactors. Surprisingly, we found that Golgi-centrosome proximity is 

dispensable for cell homeostasis during interphase. Future work will be needed to 

establish if GM130 has a similar function other cells, and if Golgi-centrosome proximity 

is important during cell division.  
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