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Abstract

The Golgi apparatus lies at the heart of the secretory pathway where it receives, modifies, and 

sorts protein cargo to the proper intracellular or extracellular location. Although this secretory 

function is highly conserved throughout the eukaryotic kingdom, the structure of the Golgi 

complex is arranged very differently among species. In particular, Golgi membranes in vertebrate 

cells are integrated into a single compact entity termed the Golgi ribbon that is normally localized 

in the perinuclear area and in close vicinity to the centrosomes. This organization poses a 

challenge for cell division when the single Golgi ribbon needs to be partitioned into the two 

daughter cells. To ensure faithful inheritance in the progeny, the Golgi ribbon is divided in three 

consecutive steps in mitosis, namely disassembly, partitioning, and reassembly. However, the 

structure of the Golgi ribbon is only present in higher animals and Golgi disassembly during 

mitosis is not ubiquitous in all organisms. Therefore, there must be unique reasons to build up the 

Golgi in this particular conformation and to preserve it over generations. In this review, we first 

highlight the diversity of the Golgi architecture in different organisms and revisit the concept of 

the Golgi ribbon. Following on, we discuss why the ribbon is needed and how it forms in 

vertebrate cells. Lastly, we conclude with likely purposes of mitotic ribbon disassembly and 

further propose mechanisms by which it regulates mitosis.
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What is the Golgi ribbon?

The basic function of the Golgi apparatus is to post-translationally modify secretory and 

membrane proteins received from the endoplasmic reticulum (ER) and to sort them to the 

appropriate cellular destinations. Although this function is highly conserved across the 

eukaryotic kingdom, the morphological organization of the Golgi apparatus varies among 

different cell types and species (Table 1). In the vast majority of eukaryotes, the Golgi 

complex is composed of disk-shaped, flattened cisternae that are piled on top of each other 

and aligned in parallel into compact stacks. In protozoa, fungi (such as 

Schizosaccharomyces pombe and Pichia pastoris), plants and invertebrates, stacks are 

dispersed throughout the cytoplasm and frequently reside near the ER exit sites. However, in 
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certain unicellular eukaryotes including some parasitic protists and the yeast Saccharomyces 

cerevisiae, Golgi membranes appear as single, isolated cisternae randomly distributed 

throughout the cytoplasm (1–3). Phylogenetic analysis of Golgi morphology indicates that 

ancient eukaryotes likely possessed a stacked Golgi and that the emergence of stack-lacking 

organisms is probably due to multiple independent incidents of unstacking in the 

evolutionary history (1).

In contrast to simple eukaryotes that have lost structural characteristics, vertebrates have 

instead gained a more complex level of Golgi organization. A typical Golgi apparatus in 

vertebrate cells, ranging from fish to mammals, exhibits a twisted ribbon-like network, 

which is situated in the juxtanuclear and most often pericentriolar region of the cell. This 

higher-ordered structure, the Golgi ribbon, is named after its appearance under the light 

microscope. At the ultrastructural level, the Golgi ribbon is composed of compact stacks that 

are connected by noncompact regions of tubular membranes. These tubules join and laterally 

link equivalent cisternae in adjacent stacks, thereby generating an interconnected reticulum 

(4).

The term Golgi ribbon used to describe the structure in most studies consists of two distinct 

but often intimately coupled features: structural continuity and perinuclear localization. 

Experiments to determine the molecular requirements for ribbon formation rely primarily on 

one scenario, in which loss or inhibition of a particular factor converts the Golgi ribbon into 

mini-stacks that are scattered throughout the cytoplasm. In these cases, loss of structural 

continuity often coincides with disappearance of perinuclear positioning. Therefore, 

although various advanced techniques such as electron tomography (4) and fluorescence 

recovery after photobleaching (5, 6) have been developed to examine structural continuity, 

the simplest criterion for a Golgi ribbon remains with the initial definition at the level of the 

light microscope as a higher-ordered, continuous Golgi structure.

However, it is not always obvious whether the Golgi is assembled into a ribbon. In principle, 

the Golgi in vertebrate cells can be organized in at least five different configurations (Figure 

1). First, as observed in the majority of cell types, the Golgi complex appears in the 

perinuclear region as a twisted ribbon-like structure made of a collection of interconnected 

stacks. Second, the continuous Golgi ribbon can be positioned in a cellular location different 

from the perinuclear area. During cytokinesis, for instance, a small Golgi ribbon is localized 

next to the midbody and flanks the intracellular bridge between the two daughter cells (7, 8). 

As another example, a non-perinuclear ribbon can be found in terminally differentiated post-

mitotic cells such as neurons where a set of specialized Golgi structures called Golgi 

outposts often localize at branch points of dendrites (9). A third possibility is unlinked Golgi 

stacks that cluster around the major microtubule-organizing center (MTOC) in the 

perinuclear region, a conformation resembling the perinuclear recycling endosomes (10). 

Under physiological conditions, Golgi ribbon unlinking is observed in late G2 phase when 

Golgi stacks lose mutual connectivity but remain concentrated in the perinuclear region (11). 

This is in contrast to unlinked Golgi stacks that are scattered all over the cytoplasm. 

Dispersion of Golgi stacks can be induced by interfering with the microtubule cytoskeleton, 

Golgi structural proteins or membrane dynamics (12). Lastly, Golgi structural proteins 

including the golgin and GRASP families can form a ribbon, regardless of the presence of 
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Golgi enzymes or the organization of Golgi membranes (13). These proteins, collectively 

referred to as the Golgi matrix (14), form a dynamic scaffold which enzymes and 

membranes normally populate (13).

The matrix-based Golgi ribbon has been generated in two ways (13, 15). In cells pretreated 

with Brefeldin A (BFA) to relocate Golgi enzymes into the ER, inhibiting ER-to-Golgi 

transport by microinjecting dominant negative Sar1 protein (dnSar1) followed by BFA 

washout regenerates a Golgi ribbon in the perinuclear region. Similarly, a perinuclear ribbon 

has been reconstituted in cells directly microinjected with dnSar1. In both cases, a 

continuous ribbon structure positive for Golgi matrix markers but negative for Golgi-

resident enzymes can be identified by light microscopy. Moreover, ultrastructural analysis 

revealed that no cisternae but vesicles and vacuoles are present near the nucleus in these 

cells (13). In this regard, the structural continuity of the ribbon is conferred by the Golgi 

matrix proteins rather than the membranes. In sum, the Golgi matrix alone is sufficient to 

organize a higher-ordered ribbon structure. While membrane continuity is not absolutely 

required for a ribbon, it is often considered characteristic under most physiologically 

relevant conditions.

Although the perinuclear ribbon seems to be the default structure in most vertebrate cells, 

morphological variations do occur during differentiation. For instance, during skeletal 

myogenesis when undifferentiated myoblasts fuse to form myotubes, the compact Golgi 

ribbon is progressively fragmented and scattered between multiple nuclei (16). Similar 

Golgi dispersion is observed in differentiating megakaryocytes where the perinuclear ribbon 

starts to disassemble when proplatelet extension forms (17).

Why does the Golgi ribbon form in interphase?

It is quite puzzling why the Golgi apparatus in vertebrate cells is arranged in such a 

sophisticated manner. Evolutionarily, stacks are the more ancient structure (1), indicating 

that natural selection favors a ribbon in higher animals. Therefore, the organisms should 

benefit at least in part from maintaining this particular organization. Furthermore, it is 

mechanistically more complicated and energetically unfavorable to divide a single 

perinuclear ribbon via a disassembly-reassembly process than to simply apportion dispersed 

stacks during cell division. So why is the vertebrate Golgi organized as a ribbon? Does the 

ribbon provide advantages compared to unlinked stacks? In other words, does ribbon 

dispersion compromise Golgi function, such as secretion, glycosylation or cell polarization?

Membrane trafficking, the most fundamental function of the Golgi complex, does not 

require a ribbon structure. Disruption of ribbon continuity by either down-regulating Golgi-

localized proteins (5, 18) or depolymerizing microtubules (19, 20) blocks neither intra-Golgi 

transport nor overall secretion to the plasma membrane. In fact, trafficking through a 

perinuclear Golgi ribbon to the cell surface occurs with similar kinetics to that through 

dispersed individual stacks (5, 19). In addition, secretion remains functional through 

disorganized stacks (21, 22) or even through individual, unstacked cisternae (3).

A continuous ribbon allows lateral diffusion of its glycosylation enzymes between 

constituent stacks (5, 6, 23, 24). However, due to opposing results it remains unclear 
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whether ribbon disruption affects glycosylation efficiency and/or oligosaccharide pattern of 

cargo (5, 25). This may be due to differences in the experimental setups and cargo molecules 

of interest, as well as the current limited detection techniques for sugar modification. A 

systematic analysis of the relationship between ribbon integrity and glycosylation function is 

perhaps needed.

In contrast to the above functions, the presence of a Golgi ribbon is generally recognized as 

a requirement for cell polarization. Proper orientation of the Golgi ribbon is essential for 

specialized cells that rely on polarized secretion for their advanced functions, such as 

directional cell migration of fibroblasts (26, 27), determination of apical-basal axis of the 

epithelium (28), polarized secretion of lytic granules in cytotoxic T-cells (29), and regulated 

dendritic growth in neurons (30). An intact Golgi ribbon is necessary to provide polarity 

cues that are asymmetrically delivered to specific domains on the cell surface. Impairing 

ribbon integrity by either altering the microtubule cytoskeleton or modulating Golgi-

localized proteins results in polarization defects and failure in directed cell migration (26, 

31, 32). In addition, overexpression of the Golgi structural protein GRASP65, which leads to 

dispersion of the somatic Golgi ribbon, has been shown to suppress asymmetric dendritic 

growth in hippocampal neurons (30).

Presumably driven by distinct organizations of the Golgi membranes, eukaryotic cells utilize 

very diverse mechanisms to achieve polarized secretion. For example, in the budding yeast 

Saccharomyces cerevisiae, single Golgi cisternae frequently cluster to the site of bud 

emergence as well as at the cell septum (3). This suggests that polarized positioning of the 

organelle itself facilitates asymmetric deposition of membranes. Likewise, temporary 

relocation of Golgi membranes is also observed during cell division in higher plants where 

the Golgi stacks are brought in close proximity to the phragmoplast, an equatorial array of 

microtubules at the cell center, to facilitate cytokinesis (33). An alternative mode is to target 

cargo mRNA to the ER exit sites near the secretion site. In Drosophila melanogaster, 

secreted cargo can be locally translated from mRNA and then directly transported from the 

ER exit sites through closely apposed Golgi stacks to the plasma membrane (34). These two 

ways of polarized secretion are in sharp contrast to that used in vertebrate cells where cargo 

is synthesized in the ER, processed by the centralized, perinuclear Golgi ribbon, and then 

sorted from the trans-Golgi network (TGN). To direct polarized trafficking, the ribbon is 

oriented towards the secretion site, which allows cargo to be efficiently and directionally 

transported along microtubules to the cell periphery (28, 35). Notably, the above 

mechanisms are not mutually exclusive. Instead, they can act cooperatively to exert more 

specialized or dynamic function. In neurons, for instance, mRNAs encoding post-synaptic 

receptors and secreted cargo are actively delivered to the dendrites where they are translated 

and transported through local Golgi outposts (36).

How does the Golgi ribbon form in interphase?

Although it is not fully understood why the vertebrate Golgi is organized into a perinuclear 

ribbon, various factors involved in maintaining its architecture have been explored including 

the cytoskeleton, Golgi structural proteins and membrane trafficking molecules. The current 

understanding of mechanisms of Golgi ribbon formation is largely derived from analyses of 
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ribbon assembly upon nocodazole washout and from RNAi-mediated loss-of-function 

studies. Mechanistically, the ribbon is formed by two processes. One is microtubule-

dependent clustering of Golgi stacks in the cell periphery followed by positioning in the 

perinuclear area. The other involves lateral association and homotypic fusion of Golgi stacks 

into a continuous ribbon.

The requirement for microtubules in Golgi ribbon formation is demonstrated by the effects 

of nocodazole that depolymerizes microtubules and accordingly disperses the ribbon into 

numerous mini-stacks throughout the cytoplasm. Upon nocodazole washout, the dispersed 

Golgi stacks undergo two stages of microtubule-driven and CLASP-dependent coalesce 

(23). First they are locally clustered in the cell periphery by Golgi-derived microtubules and 

then moved towards the centrosomes in the perinuclear area by radial centrosomal 

microtubules. Indispensable for both clustering and positioning stages is the minus end-

directed motor dynein, which gathers and transports Golgi stacks along microtubules into 

the perinuclear region (23). Perturbation of microtubule integrity, microtubule dynamic 

instability, or dynein function scatters the Golgi throughout the cytoplasm (19, 37–40).

Interestingly, although the centrosome is the major MTOC that efficiently nucleates and 

organizes microtubules into a radial array, it is neither necessary nor sufficient for Golgi 

ribbon formation. In fact, Golgi membranes, including nocodazole-induced mini-stacks in 

interphase cells and mitotic membranes in post-metaphase cells, self-organize into a single 

continuous unit in the absence of centrosomes (41, 42). In support of this notion, the Golgi 

itself has been reported as an MTOC to nucleate microtubules (35, 43). Microtubule 

nucleation requires a ring-like multi-subunit structure known as the γ-tubulin ring complex 

(γ-TuRC). Several recent studies have revealed that γ-TuRC anchors on the Golgi 

membrane via either direct or indirect association with cis-Golgi or TGN proteins such as 

GMAP210, GCC185 (via CLASP) and GM130 (via AKAP450) (35, 44, 45). These findings 

thus provide a molecular basis for autonomy of the Golgi as well as dispensability of 

centrosomes in building the ribbon.

Once present in close proximity, the Golgi stacks can be further linked together. Lateral, 

homotypic linking of cisternae between stacks requires not only proper orientation of 

polarized stacks but also precise recognition of cisternal identity. It is not completely clear 

how such specificity is achieved, but Golgi-derived microtubules may partially contribute to 

it. Since these microtubule filaments seem to nucleate from either the cis-side of the Golgi 

or the TGN (35, 45), Golgi-derived microtubules may preferentially select or promote the 

line-up of stacks to be linked due to geometrical constraints. Another level of specificity 

comes from stack-linking factors that are specifically associated with a particular cisterna. In 

analogy to heterotypic tethering of vesicles to Golgi cisternae, homotypic linking of two 

cisternae can also be achieved by specific membrane proteins. The best-studied case is the 

stacking factor GRASP65, which holds cisternae together into stacks and maintains ribbon 

integrity (5, 46, 47). By forming anti-parallel homo-oligomers in trans that bring cisternae in 

close vicinity, GRASP65 is important for stacking as well as lateral linking of cisternae (47–

49). In sharp contrast to cisternal stacking where a precise distance between cisternae is 

maintained, lateral linking is followed by fusion of equivalent cisternae. So far the 

molecules and mechanisms that regulate this downstream homotypic fusion event remain to 
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be uncovered. In addition, other Golgi structural proteins, mostly golgins, have been widely 

implicated in the maintenance of an intact Golgi ribbon (5, 18, 25, 32, 50–53), but the 

molecular mechanisms are largely unknown.

To maintain ribbon integrity, it is critical to balance the flux of membranes passing through 

the Golgi. Disturbing the dynamic equilibrium between membrane inflow and outflow leads 

to a disrupted Golgi structure (21, 25, 54–59). Moreover, other important regulators 

including kinases, phosphoinositide phosphatases and cholesterol transfer proteins also 

contribute to maintaining this dynamic organelle (60–64). Notably, while likely sharing 

some common components, de novo ribbon assembly in post-mitotic cells may involve 

additional players other than those required for maintaining the interphase ribbon.

Why does the Golgi ribbon disassemble in mitosis?

During cell division, the single Golgi ribbon must be divided into the two daughter cells. To 

prepare for proper segregation, the ribbon first unlinks into individual stacks, which further 

undergo unstacking and vesiculation, and then eventually disassembles into a collection of 

vesicles and tubules. These mitotic Golgi membranes are then partitioned between the two 

daughter cells where they reassemble into a functional Golgi in late mitosis (65).

Mechanistically, disassembly of the Golgi ribbon in mitosis is an outcome of imbalanced 

membrane trafficking. Budding of COPII vesicles out of the ER is blocked upon mitotic 

entry due to disassembly of the ER exit sites (66, 67) and fusion of COPI vesicles with 

Golgi cisternae is also inhibited due to impaired vesicle tethering (68). Therefore, membrane 

input into the Golgi is ceased at the levels of both ER-to-Golgi and intra-Golgi transport. 

Furthermore, membrane flow out of the Golgi not only persists but increases, as formation 

of COPI vesicles is accelerated due to cisternal unstacking, which exposes a greater surface 

area from which vesicles can bud (69). Consequently, Golgi membranes are rapidly 

converted into numerous vesicles.

Intriguingly, disassembly of the Golgi complex during cell division is not a conserved 

phenomenon among eukaryotes (Table 1). In plants, the Golgi does not vesiculate, but 

instead maintains the stacked organization throughout the entire cell cycle (33). Similarly, 

partitioning of the single Golgi stack in simple protozoa is achieved by binary fission 

without further disintegration (70, 71). This indicates that mitotic disassembly is not a 

general requirement for Golgi inheritance. So why would vertebrates develop a disassembly-

reassembly mechanism for Golgi partitioning, especially given the fact that coordination of 

this process with the intrinsic mitotic program is not a trivial effort? What could be the 

possible purposes or advantages, for disassembly of the Golgi ribbon during cell division?

One reason for mitotic Golgi disassembly is to facilitate its own inheritance. Theoretically, 

there is no need for receiving Golgi membranes from the mother cell as long as de novo 

assembly can take place in the progeny. However, while Golgi stacks have the ability to 

form de novo (72, 73), the template inheritance is the dominant route in most cases once the 

template is present (74). In this scenario, there are two ways by which the single Golgi 

ribbon can be separated into the two daughter cells. One is to simply split the single Golgi 

ribbon into two smaller ribbons, each of which is then segregated into one of the daughter 

Wei and Seemann Page 6

Traffic. Author manuscript; available in PMC 2014 November 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cells, a process similar to binary fission in protozoa (75). In reality, vertebrate cells adopt a 

more complex approach by which the single Golgi ribbon is first disassembled into 

numerous vesicles and tubules, which are then fused back into a functional organelle after 

partitioning (76). Therefore, there appear to be additional reasons to disassemble the Golgi 

ribbon during mitosis.

Second, inhibition of intracellular trafficking and resulting Golgi disassembly is perhaps 

intended to prevent unregulated activation of biochemical pathways during mitosis. This is 

best exemplified by SREBP and ATF6 (77), which are transcription factors that reside as 

silent precursors in the ER and await proper stimulation (low cholesterol for SREBP and ER 

stress for ATF6) to be transported to the Golgi (78–80). Upon arrival, they are cleaved and 

activated by Golgi-resident proteases. To avoid potential activation induced by content 

mixing between two membrane compartments, it is conceivable to temporarily shut down 

membrane exchange in mitosis. This maintains a discrete boundary between the two 

organelles, so that transcriptional activation is only induced in the presence of the 

appropriate signals (7).

As the third reason, mitotic Golgi disassembly may physically segregate different pools of 

Golgi molecules with distinct tasks. This is exemplified by our recent study on the 

requirement of the mitotic spindle for Golgi inheritance (42). Intrigued by the observation 

that disassembled Golgi membranes are concentrated around the spindle poles (81), we 

dissected the role of the spindle in Golgi partitioning. By inducing asymmetrical cell 

division where the spindle is segregated into only one of the daughter cells (82), we 

unexpectedly discovered two levels of regulation governing Golgi inheritance. On one hand, 

Golgi stacks, which are functional in basic secretion, reform independently of the spindle. 

On the other hand, the ribbon, as a structural prerequisite for polarized secretion, requires 

the mitotic spindle to ensure its integrity after mitosis. This demonstrates that the factors 

necessary for post-mitotic ribbon formation (ribbon determinants) are associated and 

partitioned with the spindle machinery (83). More importantly, it further implies that mitotic 

disassembly of the ribbon separates different subsets of Golgi proteins into distinct pools 

prior to partitioning. Similar mechanisms have been reported for the nuclear pore complex, 

which disintegrates into several sub-complexes upon mitotic entry (84). As the nuclear 

membrane continues to resolve, most nucleoporins are dispersed into the cytoplasm while 

the membrane proteins are left behind in the ER. Notably, certain nucleoporins are localized 

in part to the kinetochores and/or spindle microtubules and are partitioned together with the 

spindle (85–87). Likewise, through the disassembly process, Golgi ribbon determinants may 

be selectively separated from the rest of the membranes or dissociated from the interphase 

protein complexes and then hook up to the spindle for subsequent division.

The fourth possibility suggests that the very initial step of Golgi disassembly may act as a 

signaling trigger for entry into mitosis. Golgi ribbon unlinking, which severs the lateral 

connections between adjacent stacks, has been recently reported to occur in the late G2 

phase (88). This subtle change in Golgi morphology correlates with mitotic entry, as 

prevention of ribbon unlinking delays cells from progressing through the G2/M border. In 

this sense, Golgi disassembly (unlinking by a more precise definition) actively promotes 

mitotic entry rather than being a passive consequence of mitosis. This has led to the 
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hypothesis that a Golgi-based checkpoint exists and acts as a part of or in parallel with the 

intrinsic G2/M checkpoint. However, although the membrane fission factor BARS (89, 90) 

as well as MEK/ERK kinases and their Golgi targets GRASP65/55 (11, 91–93) contribute to 

ribbon unlinking, the mechanism by which the morphological change is sensed and 

transmitted to cell cycle machinery still awaits elucidation.

In addition to promoting mitotic entry, Golgi disassembly may also have a vital role in 

mediating other important processes during cell division. These key events include nuclear 

envelope breakdown, spindle formation, spindle assembly checkpoint signaling, cytokinesis 

and cell fate determination. Below we suggest potential mechanisms to achieve such 

regulation.

How does Golgi ribbon disassembly regulate mitosis?

Once the ribbon is disassembled, Golgi-localized proteins are exposed and become 

accessible, both physically and biochemically, to binding partners that are involved in 

mitotic regulation. In this respect, GRASP65 has been shown to contribute to spindle 

assembly and mitotic progression, as its downregulation by RNAi results in aberrant 

multipolar spindles and mitotic arrest (93). In mitosis, transient switch of protein functions is 

often mediated by post-translational modifications such as phosphorylation, which, in the 

case of GRASP65, disrupts its self-oligomerization and accordingly unstacks Golgi cisternae 

(46, 47). GRASP65 phosphorylation may thus change the conformation and/or free binding 

sites for spindle assembly factors. GM130 down-regulation shows a similar mitotic defect 

(94), implying an additional role of GM130 in regulating spindle formation. Interestingly, 

since GM130 is localized to the more central region of Golgi cisternae (18), it is likely that 

mitotic disassembly relieves the steric hindrance around the molecules. Moreover, GM130 is 

also mitotically phosphorylated (68), which releases GM130 from its interphase interactor 

p115 (95, 96). This may allow GM130 to associate with other mitotic regulators and thus 

mediate specific mitotic events (Wei and Seemann, unpublished data).

Furthermore, factors associated with Golgi membranes are librated after mitotic disassembly 

into the cytoplasm or translocated to other intracellular locations where they acquire novel 

functions. In support of this idea, several Golgi peripheral proteins have been found in 

various locations at different mitotic stages that regulate diverse aspects of cell division. For 

instance, COPI is recruited by the nucleoporin Nup153 to the nuclear envelope where it 

promotes nuclear envelope breakdown (97). ZW10 and RINT-1, which mediate transport 

between the ER and the Golgi during interphase (58, 98), are targeted to the kinetochores 

where they assist the termination of the spindle assembly checkpoint (99, 100). In addition, 

clathrin directly binds to spindle microtubules where it stabilizes kinetochore fibers and 

facilitates chromosome congression to the metaphase plate (101). Similarly, through 

recruitment to the cleavage furrow and midbody, Nir2 regulates cytokinesis by interacting 

with Plk1 and RhoA (102). Moreover, during neurogenesis when stem cells undergo 

asymmetric cell division, ACBD3 is briefly released into the cytoplasm and interacts with 

Numb to defend the progenitor fate (103). In sum, the Golgi complex functions as a 

molecular reservoir for mitotic regulators and Golgi disassembly is utilized as a switch that 

triggers their actions in a precise spatiotemporal manner.
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Future perspectives

Considerable progress has been made in elucidating the factors required for the Golgi ribbon 

structure. Among them, golgins have attracted particular attention due to their dual abilities 

to facilitate vesicle tethering as well as to form a structural support for Golgi membranes. 

Complexity of the ribbon structure might be attributed to the golgins that are uniquely 

expressed in higher eukaryotes. Furthermore, accumulating evidence shows that golgins can 

link membranes to the cytoskeleton, making them the most versatile players for ribbon 

formation. Although the significance of these proteins has been clearly demonstrated, a 

coherent view is still lacking as to how they interact with the cytoskeleton and the 

membrane fusion machinery to orchestrate the process. In addition, many other questions 

remain unanswered. For instance, what are the molecules responsible for post-mitotic ribbon 

reassembly? Do they share common components with interphase ribbon factors? How does 

ribbon disassembly participate in regulating other mitotic events? Moreover, future efforts 

should also be made to better understand the regulation of ribbon dynamics under different 

biological contexts, for example, during animal development and disease pathogenesis.
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Figure 1. Golgi organization in vertebrate cells
A) A typical interphase Golgi ribbon is composed of interconnected stacks and is localized 

in the perinuclear region in close vicinity to the centrosome. B) The Golgi ribbon can be 

positioned in a cellular location different from the perinuclear area. During cytokinesis, a 

small Golgi ribbon is situated next to the midbody and flanks the intracellular bridge 

between the two daughter cells. C) In late G2 phase, Golgi stacks lose mutual connectivity 

but remain clustered in the perinuclear region around the centrosomes. D) Unlinked Golgi 

stacks are scattered throughout the cytoplasm. E) Golgi matrix proteins, in particular the 

golgin and GRASP families, are sufficient to assemble and maintain a higher-ordered ribbon 

structure in the perinuclear region, regardless of the presence of Golgi enzymes or the 

organization of Golgi membranes.
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