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Introduction
Cellular organelles in mammalian cells are individualized membrane entities
that often become spherical. The endoplasmic reticulum (ER) and the Golgi
apparatus (GA) are exceptions to this rule, as they are respectively made up of
a continuous tubular network and a pile of ﬂat disks. Their unique shapes are
regulated by molecular elements (Kepes et al. 2005; Levine and Rabouille
2005), including the cytoskeleton. All cytoskeletal elements, together with
cytoskeleton-associated motors and non-motor proteins, have a role in the
subcellular positioning, biogenesis and function of most organelles, being
particularly relevant in the GA.
The GA is the central organelle of the eukaryotic secretory pathway. While
its basic function is highly conserved, the GA varies greatly in shape and
number from one organism to another. In the simplest organisms like
budding yeast Saccharomyces cerevisiae, the organelle takes the form of
dispersed cisternae or isolated tubular networks (Preuss et al. 1992; Rambourg et al. 2001). Unicellular green alga (Henderson et al. 2007) and many
protozoa like Toxoplasma gondii (Pelletier et al. 2002) and Trypanosoma
brucei (He 2007; He et al. 2004) contain a single pile of ﬂattened cisternae
aligned in parallel. The organization of the GA in this manner is referred to as
a Golgi stack, which usually contains two regions: one central and poorly
fenestrated (compact) and other lateral and highly fenestrated (non-compact) (Kepes et al. 2005) (see the 3D modelling of a GA stack of a control NRK
cell in Fig. 2). In fungi (Mogelsvang et al. 2003; Rossanese et al. 1999), plants
(daSilva et al. 2004; Hawes and Satiat-Jeunemaitre 2005) or Drosophila
(Kondylis and Rabouille 2003) many separate Golgi stacks are dispersed
throughout the cytoplasm. In all these cases, each Golgi stack is associated
with a single ER exit site (ERES), forming a secretory unit. In contrast, in most
mammalian cells, the GA is a single-copy organelle shaped like a ribbon,
containing numerous stacks joined by a tubular network and located near the
nucleus (Ladinsky et al. 1999; Rambourg and Clermont 1986). In mammals,
Golgi stacks are segregated from the ERES, and the Golgi ribbon is closely
associated with the centrosome, the main organizing centre for cytoplasmic
microtubules (MTOC) (Rios and Bornens 2003; Saraste and Goud 2007).
The cytoskeleton imposes the localization of the GA. Depending on the
cellular model, either microtubules (MTs) or actin ﬁlaments (AFs) have the
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greater inﬂuence (for instance, in mammalian and plant cells, respectively).
Historically, the ﬁrst cytoskeleton element to be linked to the GA and
associated membrane trafﬁcking was the MT (Thyberg and Moskalewski
1999). Some time later, both AFs and actin-associated proteins were clearly
implicated (for recent reviews see Egea et al. (2006); Lanzetti (2007); Ridley
(2006); Smythe and Ayscough (2006); Soldati and Schliwa (2006)), and more
recently intermediate ﬁlaments (IFs) also appear to interact with Golgi
membranes and participate in protein trafﬁcking (Gao and Sztul 2001; Styers
et al. 2005; Toivola et al. 2005). In this chapter, we provide a general overview
of the structural and functional consequences of the coupling between the
cytoskeleton and the GA in various cell models.

Microtubules and the structure and dynamics
of the Golgi apparatus
Microtubules and the structural integrity of the Golgi apparatus
In non-polarized mammalian cells, the GA is closely associated with the
centrosome, which is usually located near the nucleus at the cell centre (Rios
and Bornens 2003) (Fig. 1). The spatial proximity of the GA and the centrosome has been known since Camilo Golgis time, but it has been conﬁrmed by
immunoﬂuorescence studies in the last 20 years. The close association with
the centrosome is maintained even under conditions where cellular architecture is undergoing major remodelling, which occurs during cell migration
(Kupfer et al. 1982), fusion of myoblasts to form myotubes (Ralston 1993;
Tassin et al. 1985b), the delivery of lytic granules at the immunological
synapse (Stinchcombe et al. 2006), phagocytosis (Eng et al. 2007; Stinchcombe
et al. 2006) or neuronal polarization (de Anda et al. 2005). However, this
association is broken when MT dynamics is perturbed by drugs like nocodazole (NZ) or taxol (TX) (Sandoval et al. 1984; Wehland et al. 1983), which
suggests that the main factor governing Golgi ribbon integrity and localization is the microtubular network (Thyberg and Moskalewski 1985, 1999).
Pioneer studies of the role of MTs in the structural organization of the
mammalian GA used drugs that favour MT disassembly (Robbins and Gonatas
1964). In the absence of MTs, the Golgi ribbon fragments, giving rise to
discrete Golgi elements or mini-stacks, which are dispersed throughout the
cell (Fig. 1). However, the GA does not need to be either intact or near the
nucleus for protein transport or glycosylation (Rogalski et al. 1984). NZinduced Golgi mini-stacks localize at the peripheral ERES, thus enabling the
cell to maintain secretory transport from the ER (Cole et al. 1996; Trucco et al.
2004). Therefore, the GA of mammalian cells lacking MTs resembles the
normal state of affairs in plant cells and fungi, where Golgi architecture and
function occur without centralization.
Recent developments in microscope technology have advanced our
understanding of the dynamics of MTs and GA interaction. For example,
3D electron microscope studies have allowed individual MTs to be modelled
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Figure 1. Microtubule–Golgi interaction. Immunoﬂuorescence images of human retinal pigment epithelial cells ﬁxed with methanol and double labelled for tubulin (green) and the Golgi
protein GMAP210 (red). Cells were treated either with nocodazole (þNZ; 10 mM/3 h) to
depolymerize MTs or with taxol (þTX; 10 mM/5 h) to induce the complete polymerization and
stabilization of tubulin into MT bundles. Control, NZ- and TX-treated cells were also processed
for electron microscopy analysis. Control cells show the characteristic ribbon-like arrangement
of numerous adjacent Golgi stacks localised around centrioles (coloured in red). After NZ or TX
treatments, numerous discrete Golgi elements appeared which maintained the characteristic
stacked morphology (mini-stacks). Note that no signiﬁcant differences in the ultrastructure of
mini-stacks are seen between the two treatments. In TX-treated cells, Golgi mini-stacks are
mostly localised to the cell periphery, whereas those in NZ-treated cells are uniformly distributed
throughout the cytoplasm. Bars: 5 mm (immunoﬂuorescence microscopy images) and 200 nm
(electron microscopy images).

and the relationships with cisternae to be analyzed in situ. MTs speciﬁcally
associate with the ﬁrst cis-cisterna over long distances. MTs also cross Golgi
stacks at multiple points via non-compact regions and cisternal openings
(Marsh et al. 2001). Time-lapse microscopy studies have revealed that the
overall 3D arrangement of the GA near the centrosome is relatively stable
(Presley et al. 1997; Scales et al. 1997; Sciaky et al. 1997) although thin tubules
are constantly formed and detached from the lateral portions of the GA. After
extending from the GA, the tubules break off and move along MTs to the cell
periphery. Some move directly to the ERES and, once attached, they collapse
into them delivering Golgi proteins to the ER (Mardones et al. 2006). The
motion of membrane elements from the ER to the GA is also critically
dependent on MTs. If MTs are depolymerized, Golgi proteins that have
recycled back to the ER are exported into pre-Golgi intermediates, which
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then fail to move to the pericentrosomal region and consequently, remain
stationary in the vicinity of ERES. Over long periods of time, these de novo
structures acquire a normal Golgi stack morphology and become completely
functional for secretion (Trucco et al. 2004). These studies indicate that the
ability to form a Golgi stack is an intrinsic property of ER-derived membranes
that does not require MTs. However, they are required to link stacks into a
single organelle and to ensure its central location around the centrosome.
Another interesting aspect is the relationship between the GA and stable
MTs. These MTs are characterized by the presence of detyrosinated and/or
acetylated tubulin. They have a longer half-life and are more resistant to NZinduced depolymerization (Schulze et al. 1987). Most stable MTs, which often
appear short and convoluted under the ﬂuorescence microscope, concentrate
around the centrosome and colocalize with the GA (Burgess et al. 1991;
Skouﬁas et al. 1990; Thyberg and Moskalewski 1993). Immunoelectron microscopy further demonstrated a close connection between detyrosinated
MTs and vesicles transporting newly synthesized proteins from the ER to the
Golgi (Mizuno and Singer 1994). Therefore, it has been proposed that there is
a reciprocal relationship between MT stabilization and Golgi membrane
dynamics. More than 10 years later, the molecular mechanisms mediating
this relationship are now beginning to be unveiled (see below).

Microtubule-motor proteins
In the current view, it is difﬁcult to understand how MTs contribute to the
Golgi structure without considering how MTs mediate in Golgi-associated
transport functions. In non-polarized cells, MTs are organized in a characteristic radial pattern with minus-ends anchored at the centrosome and plusends extending toward the cell periphery. Since the GA localizes around the
centrosome, the predominant-associated motor activity involved should be
minus-end directed. In eukaryotic cells, the primary molecular motor for
minus-end-directed movements is cytoplasmic dynein 1 (Hook and Vallee
2006). Movement of transport carriers from peripheral ERES to the GA in the
cell centre along MTs is mediated by dynein (Corthesy-Theulaz et al. 1992;
Harada et al. 1998). In contrast, movement of membranes from the GA back to
the ER is plus-end-directed and mediated by kinesin-2 (Stauber et al. 2006).
Kinesins are a large protein superfamily, most of whose members have plusend-directed activity (Miki et al. 2005). Dynein and kinesin are structurally
similar, consisting of two functional parts: a motor domain that reversibly
binds to the cytoskeleton and converts chemical energy into motion, and a tail
that interacts with cargo either directly or through accessory chains (Caviston
and Holzbaur 2006).
The mechanisms by which motors interact with a diversity of cargoes and
subcellular targeting sites are not completely understood. One candidate
factor proposed to link dynein to endomembranes is the multiprotein complex dynactin, an essential activator for most cytoplasmic dynein functions.
Dynactin contains 11 subunits organized into an elaborate structure. The best
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characterized subunits are the Arp1 ﬁlament, p150Glued and p50 dynamitin.
p150Glued is a dimer that forms a coiled-coil and binds to dynein, the ARP1
ﬁlament and MTs. Dynamitin is required for maintaining the integrity of the
complex (Schroer 2004). Expression of a dominant negative form of p150Glued
or overexpression of dynamitin induces the fragmentation of the GA into
multiple dispersed elements (Burkhardt et al. 1997; Quintyne et al. 1999). The
movement of transport carriers from the ER to the GA along MT tracks is
blocked under these conditions, as occurs in NZ-treated cells (Presley et al.
1997). Most likely, this blockade occurs at the earliest phases of ER protein
export, since the Sec23p component the COPII complex interacts directly with
dynactin. This interaction would facilitate the formation of transport carriers
and their motion to the GA (Watson et al. 2005). It is therefore widely
accepted that the dynein/dynactin motor is primarily responsible for ER-toGolgi transport and the localization of the GA in the cell centre. An alternative
model postulates that dynactin plays a role in coordinating the activity of
opposing MT-motors and in regulating their processivity (Berezuk and
Schroer 2007; Deacon et al. 2003; Haghnia et al. 2007; Ross et al. 2006).
Supporting this view, dynein and kinesin colocalize in the same membrane
structures (Welte 2004). Even more relevant for Golgi dynamics, kinesin-2
interacts with dynactin (Deacon et al. 2003). This interaction appears to
involve primarily the non-motor subunit of kinesin-2 (KAP3) and the
p150Glued subunit of dynactin. Knockdown of KAP3 blocked the Golgi-to-ER
pathway and disorganized Golgi membranes (Stauber et al. 2006). The
observation that kinesin-2 binds the same dynactin subunit as dynein raises
the possibility that it could act as a molecular switch that coordinates
bidirectional trafﬁcking.
Recent data suggest that the scenario could actually be more complicated.
Thus, dynein associates with Golgi membranes through several distinct
mechanisms and dynactin, via p150Glued, also binds Golgi-associated nonmotor proteins. Dynein intermediate chain directly interacts with huntingtin,
which has an important role in vesicle transport. Huntingtin silencing disrupts
the GA in HeLa cells (Caviston et al. 2007). ZW10, a mitotic checkpoint protein
that anchors dynein to kinetochores, also performs important functions in
membrane trafﬁc. These include dynein targeting to the GA and other
membranes, but also SNARE-mediated ER–Golgi trafﬁcking. ZW10 depletion
provokes Golgi dispersal and decreases the frequency of minus-end-directed
movements (Arasaki et al. 2006; Hirose et al. 2004; Vallee et al. 2006; Varma
et al. 2006).
Interestingly, the small GTPases Cdc42 and Rab6 also play a role in regulating motor recruitment to membranes (Chen et al. 2005a; Matanis et al.
2002). Coatomer-bound Cdc42 prevents dynein binding to COPI vesicles, and
expression of constitutively active Cdc42 blocks translocation toward the cell
centre of NZ-induced stacks and ER-to-Golgi carriers (Chen et al. 2005a). Rab6
family members are involved in some MT-dependent transport steps from the
trans-Golgi network (TGN). When Rab6 is activated, BicaudalD1/2 is recruited
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to the TGN, which in turn recruits dynein–dynactin complexes (Hoogenraad
et al. 2001; Matanis et al. 2002). It has been proposed that these complexes
could participate in a recycling pathway that begins at the TGN and leads
directly to the ER (Young et al. 2005). However, a later study showed that
the major target for the fusion of Rab6-containing vesicles is the plasma
membrane and that Rab6 regulates the transport and targeting of constitutive secretion vesicles. This study also reports an additional interaction of
BicaudalD1/2 with kinesin-1. Therefore, the interactions between Rab6,
BicaudalD1/2, kinesin-1 and dynein–dynactin complexes may contribute to
the regulation of motor recruitment and co-ordination of their activities to
specify directionality (Grigoriev et al. 2007; Saraste and Goud 2007). Deﬁning
the relative contributions of all of these mechanisms to the overall regulation
of Golgi dynamics will require further investigation.

Role of the Golgi apparatus in microtubule dynamics
A new concept is emerging concerning the role of the GA in MT dynamics: the
GA acting as a secondary MTOC (Luders and Stearns 2007). The ability of Golgi
membranes to assemble and stabilize MTs was ﬁrst noticed in hepatic cells
after NZ treatment (Chabin-Brion et al. 2001). During NZ recovery, short MTs
were invariably seen to associate with Golgi mini-stacks. In addition, puriﬁed
Golgi membranes were shown to contain a-, b- and g-tubulin and to support
MT nucleation. However, this study did not resolve whether the MT nucleation was primarily carried out by the centrosome (the MTs then being
released and anchored to Golgi membranes) or directly by the GA. Experimental support for the latter hypothesis came from the analysis of the
mechanisms regulating the centering of a radial array of MTs in cells lacking
centrosomes (Malikov et al. 2005). In stimulated cytoplasmic fragments of
melanophores, pigment granules form a central aggregate that becomes the
focal point from which MTs radiate. Radial MT arrays also form and become
centralized in centrosome-free cytoplasts obtained from non-pigment cells.
Strikingly, the GA appeared to be located in the centre of the cytoplasts, close
to the MT aster (Malikov et al. 2004). Recently, the GA has been unambiguously identiﬁed as an MTOC by laser ablation of the centrosome (Eﬁmov et al.
2007). MT-nucleation at the GA was shown to require g-tubulin complexes. To
date, two g-tubulin-interacting proteins have been associated with the GA:
GMAP210 and AKAP450/CG-NAP. The former is a cis-Golgi-associated protein
that copuriﬁes with MTs (Infante et al. 1999; Kim et al. 2007) and recruits
g-tubulin complexes to the GA (Rios et al. 2004). GMAP210 depletion fragments the Golgi ribbon into elements that remain near the centrosome (Rios
et al. 2004). AKAP450 localizes at both the centrosome and the GA (Keryer
et al. 2003a, b; Larocca et al. 2004; Takahashi et al. 1999). It contains two
MT-binding domains and interacts with g-tubulin complexes, thus providing
MT-nucleating sites to the centrosome and, probably, to the GA as well (Kim
et al. 2007; Takahashi et al. 2002). Interestingly, AKAP450 also interacts with
p150Glued and the expression of a mutant that disrupts this interaction causes
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GA fragmentation and dispersion in a similar manner to that observed with
the overexpression of dynamitin.
In RPE-1 cells, many MTs are generated from the TGN, where microtubule
plus-end-binding proteins CLASPs localize. These proteins stabilize pre-existing
MTseeds by coating them, thus preventing their disassembly. In this regard, the
centrosomal protein CAP350, which was originally believed to participate in
MT-anchoring at the centrosome (Yan et al. 2006) actually stabilizes MTs
enriched in the Golgi complex, and thus helps to maintain the integrity of the
GA in the vicinity of the centrosome (Hoppeler-Lebel et al. 2007).

Relationship between the Golgi apparatus and microtubules
in different cellular systems
So far, we have focused on what we have learned in cells displaying a radial
MT array with plus-ends facing toward the cell cortex and minus-ends
anchored at the centrosome. Direct observation of MTs reveals that cell lines
with well-deﬁned radial MT arrays are really a minority. In contrast, most cell
lines display a loosely organized MT array. These differences are due to
variations in the number of centrosomal anchored MTs, which ranges from
their totality (lymphocytes) to practically none (epithelia) (Bornens 2002). In
parallel, the morphology of the GA varies from a fully compacted shape
around the centrosome to a highly extended one (Rios and Bornens 2003).
The differentiation of specialized cells types in multicellular organisms frequently leads to the generation of non-radial MT arrays, which better serve
the specialized functions of these cells (Dammermann et al. 2003; Musch
2004). Two of the most representative examples of non-radial MT arrays are
the polarized epithelial cell and skeletal muscle ﬁber.
In polarized epithelial cells, MTs form an apico-basal array with their
minus-ends concentrated near the apical surface and their plus-ends facing
the basal domain (Mogensen et al. 2000). This array determines the membrane trafﬁcking, which is central to the function of epithelia. In addition to
vertically arranged MTs, cell lines derived from columnar epithelia (MDCK or
Caco-2) also show networks of horizontal MTs both at the cell apex and the
cell base. In hepatocytes, MTs converge underneath the bile-canalicular
lumen at the apical surface (Dammermann et al. 2003; Musch 2004). The GA
shows compact morphology and typically lies just apical to the nucleus, wellseparated from the microtubule minus-ends. In MDCK cells, the GA extends
upwards from the nucleus to the apical portion of the cell. At the same time, in
epithelial cells, membrane proteins are segregated into functionally and
structurally different apical and basolateral domains. Whereas MTs seem to
be important in the organization of apical exocytosis, the actin cytoskeleton
seems to be the main organizer for basolateral secretion. However, neither
the motors that participate in the exit of various classes of proteins from the
TGN, nor the molecular interactions that allow MTs and actin ﬁlaments to
modulate luminal and basolateral polarity are fully understood (RodriguezBoulan et al. 2005).
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Skeletal muscle ﬁbers are multinucleate cells resulting from the fusion of
mononucleate myoblasts in myogenesis. During this process, both pericentriolar proteins and MT nucleation sites redistribute from the centrosome to
the nuclear periphery (Dammermann et al. 2003; Tassin et al. 1985a). In the
same way, the GA is redistributed into smaller perinuclear elements that are
formed by stacked cisternae (Tassin et al. 1985b). As in non-polarized cells,
these perinuclear Golgi elements appear localized near the ERES and associated with stable MTs (Lu et al. 2001; Percival and Froehner 2007; Ralston et al.
1999, 2001).

The actin-based cytoskeleton and the Golgi apparatus
The actin-based cytoskeleton and the structural organization
of the Golgi apparatus in mammalian cells
The ﬁrst experimental evidence that AFs and the GA are linked was the
observation that the GA invariably becomes compacted when a large variety
of clonal cell lines are treated with actin toxins that either depolymerize
(mainly cytochalasins and latrunculins) or stabilize and nucleate AFs (jasplakinolide) (di Campli et al. 1999; Lazaro-Dieguez et al. 2006; Valderrama et al.
1998, 2000, 2001) (Fig. 2). However, at the ultrastructural level, Golgi stacks
from cells treated with actin-depolymerizing or -stabilizing toxins appeared
different. Thus, the former mainly show swelled cisternae, while the latter
have perforated/fragmented cisternae, which remain totally ﬂat (Fig. 2).
Supporting these observations, cisternae in NZ-treated cells remain completely ﬂat (Thyberg and Moskalewski 1999; Trucco et al. 2004), and the GA in cells
treated with NZ plus actin toxins display the same ultrastructural alterations
as those seen in cells treated with actin toxins alone (Lazaro-Dieguez et al.
2006). This indicates that there is no synergic cooperation between MTs and
AFs controlling the cisterna morphology. Therefore, as a general rule, MTs
determine the pericentriolar localization of the Golgi ribbon, whereas AFs
maintain the shape and membrane integrity of cisternae.
Cisternae are always ﬂat, despite the huge amount of cargo that is
continuously crossing the Golgi stack. When the amount of cargo to be
transported is much higher, then membrane continuities appear between
cisternae (Trucco et al. 2004). The aforementioned ultrastructural changes
induced by actin toxins indicate that AFs provide the necessary mechanical
stability to cisternae to prevent their expected spontaneous swelling as a
consequence of the hyperosmotic protein content in transit through the
Golgi stack. By analogy with red blood cells, the unique ﬂat morphology of
cisternae could result from the structural organization of the spectrin-actinbased cytoskeleton present in the GA (Bennett and Baines 2001; De Matteis
and Morrow 2000). In this respect, spectrin and ankyrin isoforms, actin, and an
anion exchanger (AE2) are all present in Golgi membranes (Beck et al. 1997;
Devarajan et al. 1996, 1997; Godi et al. 1998; Heimann et al. 1999; Holappa
et al. 2001, 2004; Stankewich et al. 1998; Valderrama et al. 2000). Together
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Figure 2. Actin ﬁlaments–Golgi interaction. NRK cells treated with the actin-depolymerizing
toxin latrunculin B (þLtB; 500 nM/45 min) or the actin-stabilizing toxin jasplakinolide (þJpk;
500 nM/45 min) show a similar compaction of the Golgi complex when viewed under the
ﬂuorescence microscope. In the respective panels, we also show the resulting F- and G-actin
pools. At ultrastructural level, LtB treatment mainly produced swelling of cisternae. In contrast,
Jpk treatment only induced fragmentation of cisternae. We also display 3D reconstructions
obtained from electron tomograms of the GA from control and actin toxin-treated cells. In
control cells, both the central compact (c) and the lateral non-compact (nc) regions are seen. In
LtB-treated cells, the predominant alteration is the swelling of cisternae (asterisks), but some
cisternal perforation/fragmentation is also seen (arrowheads). Jpk treatment left cisternae ﬂat
but they show numerous perforations (arrows) and perforations/fragmentations (arrowheads).
A perforation/fragmentation of a Golgi stack is indicated by the dashed red lines. We also
indicate, in the respective 3D Golgi modelling panels, the intra-Golgi pH values obtained for
each experimental condition (asterisk indicates a statistical signiﬁcance of p  0.01 according to
the Students t-test).

with these, ion regulatory molecules such as vacuolar Hþ-ATPases (Moriyama
and Nelson 1989) and cation (NHEs) exchangers (Nakamura et al. 2005) resident in the Golgi or in transit to the plasma membrane could contribute to this
postulated actin/spectrin-based cisternal mechanical stability by providing
the appropriate intra-Golgi ion and pH homeostasis. This is essential, on the
one hand for Golgi-associated post-translational protein and lipid modiﬁcations (Axelsson et al. 2001) and on the other hand to keep the cisternae ﬂat.
Thus, baﬁlomycin A1, an inhibitor of vacuolar ATPases, both induces cisterna
swelling and slows the Golgi-to-ER protein transport (Palokangas et al. 1998).
Curiously, the cisterna swelling after AFs depolymerization is accompanied by
an increase in the intra-Golgi pH (Fig. 2). The restitution of normal actin
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cytoskeleton organization after the removal of actin-depolymerizing toxins is
followed by the normalization of cisterna morphology and the intra-Golgi pH
(Lazaro-Dieguez et al. 2006). This correlation strongly suggests that AFs could
interact and modulate the activity of (some) ionic regulatory proteins (vacuolar ATPases, anion and cation exchangers, ionic channels, pumps, and/or
transporters) present in Golgi membranes. This interaction would be highly
similar to that observed for some of these proteins present at the plasma
membrane. Therefore, we postulate that the equilibrium of osmotically
active ions would maintain the ﬂatness of Golgi cisternae in concert with
the actin assembly state (Lazaro-Dieguez et al. 2006). At the same time, the
Golgi-associated spectrin-actin cytoskeleton system could organize the secretory molecular machinery controlling the lateral distribution of the main
Golgi membrane components (De Matteis and Morrow 2000). Thus, a physical
barrier could be formed in the compact region of cisternae by the conjunction
of the spectrin-actin-based cytoskeleton together with particular lipids (for
example, cylindrical-shaped ones) and proteins (for example, glycosyltransferases). This would result in a permanent inhibitory membrane area for the
biogenesis of transport carriers. Future research in the Golgi spectrin and
ankyrin isoforms should provide signiﬁcant insights into Golgi architecture.

The actin-based cytoskeleton and the biogenesis and motion
of Golgi-derived transport carriers
The presence in Golgi membranes of molecular components that trigger actin
polymerization (Arp2/3, Cdc42, cortactin, N-WASP, syndapin) and those that
determine vesicular budding (coatomer and clathrin coats) and ﬁssion (dynamin) suggests their physiological coupling, as occurs at the plasma membrane during endocytosis. Actin assembly provides the necessary structural
support that facilitates the formation of transport carriers in the lateral
portions of Golgi membranes. This can be achieved by generating force
through de novo actin polymerization, which in turn can be accompanied
by the mechanical activity of actin motors (myosins). In respect to the former
possibility, the actin nucleators Arp2/3 and Spir1 are present in the Golgi
(Carreno et al. 2004; Chen et al. 2004; Kerkhoff et al. 2001; Matas et al. 2004).
Their respective upstream regulators can be diverse. For the Arp2/3 complex,
the more consistent are Cdc42-N-WASP and dynamin2-cortactin (Cao et al.
2005; Chen et al. 2004; Luna et al. 2002; Matas et al. 2004). At the trans-Golgi
network (TGN), there is experimental evidence of the functional coupling
between dynamin-mediated membrane ﬁssion and Arp2/3-mediated actinbased mechanisms (Cao et al. 2005; Carreno et al. 2004; Kerkhoff et al. 2001;
Kessels and Qualmann 2004; Praefcke and McMahon 2004; Rozelle et al. 2000).
Thus, the interference with dynamin2/cortactin or syndapin2/dynamin2
protein interactions blocks post-Golgi protein transport (Cao et al. 2005;
Kessels et al. 2006). Fewer data are available on early Golgi compartments,
but an interesting functional connection between actin polymerization
governed by Cdc42, coatomer (COPI)-mediated transport carrier formation,
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and microtubule motor-mediated motion has been described (Chen et al.
2005a). Under the activation of the ADP-ribosylation factor 1 (ARF1), actin,
coatomer and the Cdc42 are all recruited to Golgi membranes (Stamnes 2002).
Cdc42 interacts with g-COP subunit of the COPI-coated transport carrier in a
cargo receptor p23-sensitive manner such that coatomer cannot simultaneously bind to Cdc42 and p23 (Chen et al. 2005a, b). Interestingly, the
activation of Cdc42 (Cdc42-GTP) inhibits the recruitment of dynein to
COPI-coated transport carriers. In contrast, the prevention of the COPI–Cdc42
interaction by p23 stimulates dynein recruitment on Golgi-derived transport
carriers, and hence their MT-based transport. Overall, this could provide a safe
control mechanism by which a COPI-mediated transport carrier cannot be
moved (through microtubule motors) until it is completely assembled (when
Cdc42 does not bind to coatomer) (Hehnly and Stamnes 2007). Supporting this
idea, the disruption of actin ﬁlaments as well as the activation of the Cdc42-NWASP-Arp2/3 signaling pathway by the expression of the constitutively
activated mutant of Cdc42 (GTP-bound) block the COPI-mediated Golgi-toER protein transport (Luna et al. 2002; Valderrama et al. 2001). Therefore, the
local ﬁne regulation of the actin dynamics state on the transport carrier
assembly could represent an early step that precedes the scission of the
transport carrier in the lateral portions of cisternae for its subsequent switching to MT tracks and motility (Egea et al. 2006).
The coupling between actin polymerization and transport carrier biogenesis occurs both at the TGN and in early Golgi compartments, but some of the
molecular mediators that regulate both processes are unevenly distributed in
the GA. Thus, regarding actin polymerization, Cdc42 and Arp2/3 are present
to varying degrees in the Golgi stack (cis/middle/trans-cisternae) and at the
TGN, but N-WASP is absent from the trans/TGN (Matas et al. 2004). Cortactin,
which like N-WASP also recruits Arp2/3, is visualized at the tips and buds at
both the cis- and trans-cisternae (Cao et al. 2005). It is then reasonable to
postulate that, at the TGN, cortactin substitutes N-WASP in the recruitment of
the Arp2/3 that mediate in the post-Golgi protein transport. If so, the cis-totrans/TGN segregation of some fundamental components involved in actin
polymerization would facilitate the targeting and assembly of the speciﬁc
molecular machinery that participates in the membrane budding and ﬁssion
occurring in Golgi compartments. Thus, the sequential protein interactions
syndapin2- or dynamin2-cortactin-Arp2/3 and Cdc42-N-WASP-Arp2/3 are
respectively restricted to the TGN and to early Golgi compartments, participating in this manner in the post-Golgi and in the ER/Golgi interface protein
transport.
A key aspect in the structure of polarized cells (epithelial and neuronal) is
the maintenance of polarized organization based on highly speciﬁc sorting
machinery for cargo destined to the apical or basolateral membrane domain
at the exit of the TGN (Rodriguez-Boulan et al. 2005). In accordance with the
localization of Cdc42 in the trans/TGN (Matas et al. 2004), the expression of
constitutively active (GTP-bound) or inactive (GDP-bound) Cdc42 mutants
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slows the exit of basolateral protein markers and accelerates apical ones
(Cohen et al. 2001; Kroschewski et al. 1999; Musch et al. 2001). The downstream effectors involved in the regulatory protein sorting induced by Cdc42
at the TGN are unknown. The integrity of AFs is necessary for efﬁcient delivery
of some (but not all) proteins to the apical domain. For example, in MDCK cells
the apical delivery of sucrase-isomaltase, but not that of lactase-phlorizin
hydrolase or gp80, occurs along AF tracks (Delacour and Jacob 2006; Jacob
et al. 2003). Interference with actin dynamics using actin toxins variably
affects the exit of apical- and basolateral-targeted cargo from the TGN.
Moreover, actin does not participate in the TGN egress of lipid raft-associated
GPI-anchored cargo (Lazaro-Dieguez et al. 2007).
Actin nucleation/polymerization activity on Golgi membranes can also
give rise to the formation of actin comet tails, which consist of ﬁlamentous
actin and various actin-binding proteins that focally assemble and grow on a
membrane surface (Welch and Mullins 2002). Actin tails have been observed
in raft-enriched TGN-derived vesicles in certain experimental conditions
(Rozelle et al. 2000), but this does not seem to be the most efﬁcient mechanism to specify directionality to transport carriers. In this respect, MT and AF
tracks are more suitable. However, analogously to what happens at the plasma
membrane (Merriﬁeld 2004; Merriﬁeld et al. 2005; Perrais and Merriﬁeld
2005), Golgi-associated Arp2/3-mediated actin polymerization generates a
force. Depending on whether this acts on the lateral portion of the cisterna or
on the transport carrier membrane, it could respectively facilitate the membrane elongation that precedes membrane scission or propel the transport
carrier away from the cisterna. The presence of components of the Arp2/3
complex in cisternae and periGolgi transport carriers (Chen et al. 2005a; Matas
et al. 2004) endorses both possibilities, but direct experimental evidence of
either phenomenon is still lacking. However, an interesting in vitro approach
has recently been reported (Heuvingh et al. 2007). These authors observed
actin polymerization around liposomes composed of a speciﬁc lipid that
facilitates the recruitment of the activated form of ARF1. This actin polymerization was dependent on Cdc42 and N-WASP present in HeLa cell extracts,
and resulted in the formation of actin comets, which pushed the ARF1
liposomes forward.
Tight control of the coupling between Golgi-associated actin polymerization and membrane elongation and ﬁssion reactions prevents the structural
and functional collapse of the GA. Part of this control can be achieved by
regulating the activation state of Cdc42 in Golgi membranes. The Cdc42 GAP
(GTPase-activating protein) ARHGAP10 and GEFs (guanine nucleotide exchange factor) Fgd1 and Dbs are present in Golgi membranes (Dubois et al.
2005; Estrada et al. 2001; Kostenko et al. 2005). In addition, the low levels of
phosphatidylinositol 4,5-biphosphate (PIP2) present in the Golgi (De Matteis
et al. 2005) could also facilitate this control. Note that PIP2 synergizes with
Cdc42-N-WASP and cortactin in Arp2/3-triggered actin nucleation/polymerization (Rohatgi et al. 2000; Schafer et al. 2002).
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A variety of independent experimental approaches show that Cdc42 is the
only Rho GTPase that functions in the Golgi complex in mammalian cell lines
(Fucini et al. 2000; Matas et al. 2005; Prigozhina and Waterman-Storer 2004;
Valderrama et al. 2000). However, neurons seem to be an exception. Citron-N,
a RhoA-binding protein and ROCKinase-II are both seen in the neuronal GA
(Camera et al. 2003). Likewise, LIMK1, a kinase that speciﬁcally phosphorylates ADF-coﬁlin, localizes to Golgi membranes (Rosso et al. 2004). For a
review of the role of actin and actin-binding/regulatory proteins in the GA of
neuronal cells see (14)&.
In addition to actin polymerization, myosins also generate a force, which
can promote the formation of transport carriers and/or their movement away
from Golgi membranes along AF tracks. Non-muscle myosin II mediates both
Golgi-to-ER and post-Golgi protein transport (DePina et al. 2007; Duran et al.
2003; Musch et al. 1997; Stow et al. 1998). This myosin is a non-processive
motor that directly interacts with Golgi membranes in vitro (Fath 2005). It is
postulated that this motor is tethered to the cisterna by its tail and to actin
ﬁlaments by its head. Its subsequent motion along actin ﬁlaments could
provide the force needed to extend Golgi-derived membranes away from the
cisterna. This would be similar to what happens to tubules originating
from liposomes incubated with microtubular motors (kinesin) moving along
microtubules (Roux et al. 2002). This cisterna-derived membrane extension
could facilitate the subsequent functional coupling of membrane scission
protein(s), leading to the complete release of the transport carrier. The
binding of a tropomyosin isoform to Golgi-associated short actin ﬁlaments
(Percival et al. 2004) could facilitate non-muscle myosin II recruitment and its
interaction with them. Myosin VI is another myosin motor located in the GA
(Buss et al. 2004; Warner et al. 2003). It differs from other processive myosins
(for example, myosin V and X) as it only moves transport carriers towards the
fast-depolymerizing minus-end pole of the microﬁlament. Therefore, myosin
VI could provide the force and directionality for the transport carrier movement away from cisternae according to the expected fast-growing plus-end
polarization of the actin ﬁlaments originated from Golgi membranes (Chen
et al. 2004). The interaction between myosin VI and optineurin, a partner of
Rab8 (Sahlender et al. 2005) extends to the Golgi–actin cytoskeleton interaction the known role of some Rab proteins as linkers of endomembrane
systems to cytoskeletal motors (Jordens et al. 2005). Myosin VI, together with
optineurin and Rab 8, operates in protein sorting and transport at the TGN in
polarized cells (Au et al. 2007). The myosin VI–optineurin complex is required
in the basolateral protein sorting pathway mediated by the Golgi-associated
clathrin adaptor protein AP-1B, which in turn is speciﬁcally regulated by Rab 8
(Ang et al. 2003). The inhibition of myosin VI results in the incorporation of
basolateral membrane proteins into apical transport carriers and their delivery to the apical plasma membrane domain. Sorting of other basolateral or
apical cargo does not involve myosin VI. This result suggests that myosin
motors could selectively couple protein sorting and transport carrier
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biogenesis and motility. Finally, class I myosins are also reported to associate
with Golgi membranes and on apical Golgi-derived vesicles from polarized
cells (Fath and Burgess 1993; Jacob et al. 2003; Montes de Oca et al. 1997). In
myosin Ia knock-out mice, apical markers sucrase–isomaltase and galectin-4
are mislocalized to the basolateral surface in intestinal epithelial cells (Tyska
et al. 2005). The sorting ability of myosin I could be linked to its capacity to
interact with lipid raft-associated cargo as this monomeric, non-processive
motor binds to phospholipid vesicles (Hayden et al. 1990).

The Golgi apparatus–actin interaction in other cellular models
Yeast
The use of a large number of mutants that produce alterations in intracellular
trafﬁc in the budding yeast Saccharomyces cerevisie has led to the identiﬁcation of proteins involved in both membrane trafﬁcking and actin organization
(Kaksonen et al. 2006; Mulholland et al. 1997). Most components of the
secretory pathway and many of the actin-based cytoskeleton are conserved
between yeast and mammalian cells. The actin cytoskeleton in yeast consists
primarily of cortical patches and cables (Adams and Pringle 1984; Kilmartin and
Adams 1984; Moseley and Goode 2006). AFs, and not MTs, polarizes growth in
yeast (Novick and Botstein 1985). In Saccharomyces, MTs have not been
implicated in the dynamics of any organelle except the nucleus (Rossanese
et al. 2001). Many actin mutants accumulate large secretory vesicles and exhibit
phenotypes consistent with defects in polarized growth (Pruyne et al. 2004).
This, together with the polarized organization of actin cytoskeleton, has
suggested a role for actin in the polarized transport of late secretory vesicles
to the plasma membrane (Finger and Novick 2000; Mulholland et al. 1997).
Thus, a mutation of GRD20, a protein involved in sorting in the TGN/endosomal
system, showed aberrant secretion of the vacuolar hydrolase carboxypeptidase
Y, but not other TGN membrane proteins, as well as defects in the polarization
of the actin cytoskeleton (Spelbrink and Nothwehr 1999). Recently, depletion
of Av19p in a strain that also lacks Vps1 (dynamin) and Apl2 (adaptor–protein
complex 1) proteins results in secretory defects, accumulation of Golgi-like
membranes, and a non-polarized actin cytoskeleton organization (Harsay and
Schekman 2007). Finally, concentration of late (but not early) Golgi elements in
the sites of polarized growth (the bud) depends on actin, which is transported
along actin cables by type V myosin Myo2p (Rossanese et al. 2001). With regard
to the early secretory pathway, AFs depolymerization with actin toxins does
not affect ER-to-Golgi (Brazer et al. 2000) or Golgi-to-ER (M. Muñiz, personal
communication) protein transport. Taken together, these results demonstrate
that in yeast, actin organization directly participates in post-Golgi vesicular
transport and in the Golgi inheritance.

Drosophila
In adherent S2 cells derived from mixed Drosophila melanogaster embryonic
tissues, it has recently been reported that Golgi inheritance occurs by
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duplication to form a paired structure. This process requires an intact actin
cytoskeleton and depends on Abi/Scar but not WASP (Kondylis et al. 2007). In
another recent study, the analysis of a genome-wide RNA-mediated interference screen in these cells showed that the depletion of the tsr gene (which
codiﬁes for destrin, also known as ADF/coﬁlin) induces Golgi membranes to
aggregate and swell, resulting in inhibition of the HRP secretion (Bard et al.
2006). Coronin proteins dpdo1 and coro regulate the actin cytoskeleton, but
also govern biosynthetic and endocytic vesicular trafﬁcking, as indicated by
mutant phenotypes that show severe developmental defects ranging from
abnormal cell division to aberrant formation of morphogen gradients (Rybakin and Clemen 2005).

Dictyostelium
The slime mould Dictyostelium discoideum (like Drosophila) is widely studied
in developmental and cell biology. Cells of this protist are easy to manipulate
by genetic and biochemical means. They contain various types of vacuole, ER
and very small Golgi stacks (Becker and Melkonian 1996). Comitin (p24) is a
dimeric Dictyostelium actin-binding protein present in the GA and in vesicle
membranes that contains sequence motifs homologous to lectins. It is postulated that this protein may bind Golgi-derived vesicles to the actin ﬁlaments
via the cytoplasmically exposed mannosylated glycans (Jung et al. 1996;
Weiner et al. 1993). Villidin is another actin-binding protein present in this
organism that seems to be associated with secretory vesicular and Golgi
membranes (Gloss et al. 2003). LIS1 (DdLIS1) is a centrosomal protein required
for the link between MTs, the nucleus and the centrosome that also controls
the GA morphology. Mutants of this protein lead to MT disruption, Golgi
fragmentation and actin depolymerization (Rehberg et al. 2005).

Caenorhabditis elegans
Very little is known about the GA and actin cytoskeleton interaction in this
organism, but consistent with a possible role of coronin 7 in Golgi trafﬁcking
(Rybakin et al. 2004), depletion of POD-1 gene (a Coronin 7 homolog) using
RNA interference leads to aberrant accumulation of vesicles in cells of the
early embryo (Rappleye et al. 1999). Moreover, CRP-1, a Cdc42-related protein, localizes at the TGN and recycling endosomes. Alteration of CRP-1
expression in epithelial-like cells affected the apical but not the basolateral
trafﬁcking (Jenna et al. 2005).

Plant cells
The structural organization of the GA in plants has many points in common
with animal cells but there are important differences, which are largely
dependent on the different cytoskeleton organization of plant cells. Thus,
interphase higher plant cells (angiosperms and some gymnosperms without
ﬂagellate sperm) lack doublet and triplet MTs and a single MTOC. Instead,
numerous MTOCs are aligned in the cortex, which assemble and form the
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transverse bands referred to as cortical MTs. These MTs are essential for the
transport of Golgi-derived vesicles formed during metaphase (Segui-Simarro
et al. 2004), which subsequently fuse to form the phragmoplast (Jurgens 2005),
the equivalent to the contractile ring in animal cells. In contrast to MTs,
stationary AFs are most prominent in plant cells (known as actin bundles)
where they are all oriented with the same polarity and aligned along the plant
cell. Attached to the actin bundles are the ER, vesicles and numerous discrete or
a few clustered Golgi stack-TGN units (also named Golgi bodies or dictyosomes).
Importantly, Golgi units are highly variable in number (a few tens to hundreds)
depending on the plant type, cell type and the developmental stage of the cell
(Hawes and Satiat-Jeunemaitre 2005; Kepes et al. 2005). In polarized root hairs
and pollen tubes, the TGN is a vesicular-like non-tubular) compartment morphologically segregated from Golgi stacks. It localizes to growing tips of these
cells, where together with actin, plant Rho/Rac members (ROPs and Rac1,
respectively), Rab (Rab4a and Rab11) and ARF (ARF1) small GTPases regulate
vesicular secretory and endocytic trafﬁcking (Samaj et al. 2006).
In plants, most of the endomembrane compartments are in constant
movement together with the cytoplasmic streaming whereby cellular metabolites are distributed all over the cell (Shimmen and Yokota 2004). ER vesicles
and the Golgi units show actin-dependent dispersal and spatial organization
and are propelled by the plant-speciﬁc myosin XI (Boutte et al. 2007). Discrete
Golgi units contains a ﬁne ﬁbrillar material enriched in actin, spectrin and
myosin-like proteins (especially the former) (Mollenhauer and Morre 1976;
Satiat-Jeunemaitre et al. 1996). The depolymerization of AFs with actin toxins
uncouples the association between speciﬁc regions of cortical ER with individual Golgi bodies (Boevink et al. 1998; Brandizzi et al. 2003). Thus, cytochalasin or latrunculin treatments induce the aggregation of Golgi bodies and
variably alter the Golgi morphology. However, the latter depends on the cell
type examined and the period of treatment (Chen et al. 2006; Satiat-Jeunemaitre et al. 1996). Actin toxins also perturb the coordinated movement of
Golgi bodies and ER tubules (daSilva et al. 2004; Yang et al. 2005). Actin does
not participate in the ER/Golgi interface protein transport (Saint-Jore et al.
2002), but it does it in post-Golgi trafﬁcking to the plasma membrane and the
vacuole. Thus, in the tip of growing cells like pollen tubes, AFs are the tracks
on which Golgi-derived secretory vesicles are transported (Picton and Steer
1981; Vidali et al. 2001). Cargoes containing polysaccharides and the enzymes
necessary for cell-wall morphogenesis also require an intact actin–myosin
system (Blancaﬂor 2002; Hu et al. 2003; Miller et al. 1995; Nebenfuhr et al.
1999). Therefore, post-Golgi trafﬁcking and the organization of vacuoles in
plant cells require an intact actin cytoskeleton (Uemura et al. 2002).

The Golgi apparatus-intermediate ﬁlaments interaction
IFs are found in nearly all animal cells. They are classiﬁed according to their
distribution in speciﬁc tissues. In contrast to MTs and AFs, IFs do not exhibit
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polarity or bind nucleotides, and they are considered a more stable structure.
IFs are of intermediate size (8–12 nm) in comparison to MTs (23–25 nm) and to
AFs (6–8 nm). IFs maintain cell and tissue integrity thanks to their mechanical
properties, cellular distribution and, as far as we know, from disease-associated
IFs phenotypes. IFs participate in the regulation of key signaling pathways that
control cell survival and growth, and also in protein targeting and membrane
trafﬁcking (Coulombe and Wong 2004; Kim and Coulombe 2007; Omary et al.
2004; Oriolo et al. 2007; Styers et al. 2005; Toivola et al. 2005). IFs extend from
the plasma membrane to the nucleus in close vicinity to some organelles such as
mitochondria, endocytic compartments, and the GA (Fig. 3).
The ﬁrst Golgi–IF interaction was reported for vimentin ﬁlaments
at ultrastructural level (Katsumoto et al. 1991), and later conﬁrmed biochemically (Gao and Sztul 2001). The interaction is mediated by the Golgi

Figure 3. Intermediate ﬁlaments–Golgi interaction. The upper panels show an NRK cell double
stained to reveal the association of the GA (using anti-mannosidase II antibodies; in red) with a
network of vimentin intermediate ﬁlaments (in green) seen by immunoﬂuorescence. Bar: 2 mm.
The bottom panels illustrate the severe Golgi fragmentation that occurred in transfected Huh7
cells expressing the GFP-cytokeratin18 R89C mutant. The GA was revealed with anti-galactosyltransferase (GalT) antibodies. Neighbouring non-transfected cells show a normal GA (Kumemura
et al. 2004) (images used with permission of the authors and the publisher). Bar, 4 mm.
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membrane-associated protein formiminotransferase cyclodeaminase (FTCD),
a metabolic enzyme involved in conversion of histidine to glutamic acid (Gao
et al. 1998). Overexpression of FTCD resulted in the formation of extensive
FTCD-containing ﬁbres originating from the GA and inducing its fragmentation, and whose fragments remained tethered to these ﬁbers (Gao and Sztul,
2001). However, the GA appears to be normal in vimentin–null cells (Gao et al.
2002; Styers et al. 2004). Thus, it is postulated that the vimentin–FTCD
interaction at the GA is essential for FTCD functionality but not linked to
the maintenance of Golgi organization. Oxysterol-binding protein (OSBP)
regulates lipid and cholesterol metabolism and interacts with the GA in the
presence of oxysterol (Ridgway et al. 1992). A splice variant form of the OSBPrelated protein 4 in which the PH domain and part of the oxysterol-binding
domain are deleted, colocalizes with vimentin IF in the Golgi region and
inhibits the intracellular cholesterol transport pathway mediated by vimentin
(Wang et al. 2002).
Epithelial cells express cytokeratins, whose mutations are also associated
with epidermal, oral and ocular diseases (Uitto et al. 2007). Arginine 89 of
cytokeratin18 plays an important role in IF assembly. The expression of this
mutant cytokeratin-induced aggregations, loss of the cytokeratin cytoskeleton and the fragmentation of the GA (Fig. 3). Moreover, the Golgi reassembly
occurring after NZ or brefeldin A treatments was perturbed only in cells
expressing both cytokeratins and vimentin IFs (Huh7 and OUMS29 cells), but
curiously not in cells that only possess vimentin IFs (HEK293 cells) (Kumemura
et al. 2004).
Whether cytokeratin or vimentin IFs are involved in Golgi-associated protein
sorting, vesicular formation and/or transport remains to be established. However, recent evidence indicates that IFs could regulate some membrane protein
targeting events, which take place at the GA level. Thus vimentin directly binds
AP-3 and thus regulates protein sorting in endo-lysosomes (Styers et al. 2004).
Polarized enterocytes and hepatocytes depleted of some keratins by antisense
strategies and in cytokeratin 8-null mouse cells showed altered apical protein
transport (Ameen et al. 2001; Rodriguez et al. 1994; Salas et al. 1997). Maturation of glycosphingolipids is also impaired in vimentin-deﬁcient cells, but the
defect seems to be localized to the Golgi/endosomal interface transport (Gillard
et al. 1994, 1998). Since MT-motors kinesin and dynein also control the
dynamics of IFs (Helfand et al. 2002, 2003; Prahlad et al. 1998), the reported
Golgi/endo-lysosomal membrane trafﬁcking mediated by IFs may be under the
control of the dynamic IF–MT interaction, which can also be applied to AFs and
motors. In this respect, the actin-based motor myosin Va has been identiﬁed as
a neuroﬁlament-associated protein (Rao et al. 2002).
In summary, the structural and functional interaction of the GA with IFs is
not yet ﬁrmly established. However, since IFs are well-integrated with both
actin and microtubule cytoskeletons and their motors (Chang and Goldman
2004), the organization of the GA may also be inﬂuenced by the organization
and dynamics of IFs.
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Conclusion
Both MTs and AFs are necessary for correct Golgi positioning, architecture and
trafﬁcking. Strong evidence in favour of this view now indicates that the GA
functions as a microtubule and as an actin-nucleating organelle. In general
terms, the relationships between each cytoskeleton network and Golgi
dynamics are complementary. Thus, in animals cells, the actin-dependent
cytoskeleton (AFs and actin-binding/regulatory proteins) plays an important
role in early events of vesicular transport (sorting and/or membrane ﬁssion),
and in the maintenance of the ﬂattened morphology of cisternae. Furthermore, MTs and associated motors are directly involved in the motion of Golgiderived transport carriers to their ﬁnal destinations and in the positioning
and organization of the Golgi ribbon. In contrast, in plant cells, endomembrane organization and trafﬁcking are almost exclusively mediated by AFs.
Both ER and individual Golgi stacks are directly anchored to actin bundles, and
transport between the ER and the GA is cytoskeleton-independent. In yeast,
much less is known but both cytoskeleton elements participate in post-Golgi
protein transport and Golgi inheritance.
At the apex of complexity, we envision the GA of mammalian cells to be
assembled in three stages, in which the cytoskeleton participates in a variable
extent: the ﬁrst ﬂattens cisternae (which is actin-dependent); the second
maintains the discrete stack structure in the tight parallel arrangement of a
variable number of cisternae (which at the moment seems to be independent
of cytoskeleton proteins), and the third maintains stacks together to produce
the classical single ribbon-like Golgi structure (which is fully dependent on
MTs). Variations in the relative contribution of each of these three steps could
generate the diversity of GA arrangements observed in different biological
systems.
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