1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Int Rev Cell Mol Biol. Author manuscript; available in PMC 2015 April 10.

-, HHS Public Access
«

Published in final edited form as:
Int Rev Cell Mol Biol. 2015 ; 315: 1-22. doi:10.1016/bs.ircmb.2014.12.002.

How Do Rab Proteins Determine Golgi Structure?

Shijie Liu and Brian Storrie
Department of Physiology and Biophysics, University of Arkansas for Medical Sciences, Little
Rock, AR 72205, USA

Abstract

Rab proteins, small GTPases, are key regulators of mammalian Golgi apparatus organization.
Based on the effect of Rab activation state, Rab proteins fall into two functional classes. In Class1,
inactivation induces Golgi ribbon fragmentation and/or redistribution of Golgi enzymes to the ER,
while overexpression of wild type or activation has little, if any, effect on Golgi ribbon
organization. In Class 2, the reverse is true. We give emphasis to Rab6, the most abundant Golgi-
associated Rab protein. Rab6 depletion in HeLa cells causes an increase in Golgi cisternal number,
longer, more continuous cisternae, and a pronounced accumulation of vesicles; the effect of Rab6
on Golgi ribbon organization is probably through regulation of vesicle transport. In effector
studies, motor proteins and their regulators are found to be key Rab6 effectors. A related Rab,
Rab41, affects Golgi ribbon organization in a contrasting manner. The balance between minus-
and plus-end directed motor recruitment may well be the major Rab-dependent factor in Golgi
ribbon organization.
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1. Introduction

The cisternal organization of the Golgi apparatus was first identified in the 1950s using
electron microscopy (for reviews, see Farquhar and Palade, 1981; Darido and Jane, 2013).
Since then, the Golgi apparatus has been extensively studied. The Golgi apparatus occupies
a central role in membrane trafficking pathways and, in most mammalian cells, it is
organized into a ribbon-like structure composed of multiple Golgi stacks (for review, see
Wei and Seemann, 2010). The maintenance of Golgi ribbon organization is essential for
cargo proteins to be correctly modified and efficiently sorted. Multiple proteins have been
identified to be involved in regulation of Golgi ribbon organization.

Rab proteins, members of the Ras superfamily of small GTPases, have been implicated in
Golgi ribbon organization and trafficking. The first example was Ypt1 in yeast and from
there Ras-like proteins in mammals were discovered and individually studied (for review,
see Bock et al., 2001). Of the ~70 mammalian Rab proteins, approximately 20 are Golgi-
associated (for review, see Liu and Storrie, 2012). Multiple approaches ranging from
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candidate protein studies to genome wide screens have been taken to establish the function
of these proteins. Candidate protein studies implicate Rab1 (Nuoffer et al., 1994), Rab6
(Goud et al., 1990; Martinez et al., 1997), Rab30 (Kelly et al., 2012) and Rab41 (Liu et al.,
2013) in Golgi ribbon organization. Strikingly, Rab6, the most abundant Golgi-associated
Rab protein, has little effect on Golgi ribbon organization in an RNAI experiment or when
overexpressed as the GDP-locked mutant (Jiang and Storrie, 2005; Sun et al., 2007; Young
et al., 2005). However, overexpression of GTP-locked Rab6 results in the redistribution of
Golgi proteins to the endoplasmic reticulum (ER) (Martinez et al., 1997), suggesting that
Rab inactivation studies fail to reveal the full importance of these proteins to Golgi ribbon
organization.

On the whole, genome wide RNAI screens have revealed hundreds of proteins important to
secretion but have exposed little about the role of individual Rab proteins in Golgi ribbon
organization. For example, a genome wide RNAI screen of cultured Drosophila cells
highlighted only Rab1’s importance to Golgi ribbon organization. The importance of Rabl
and Rab11 were additionally implicated in secretion of soluble cargo proteins, but no other
Rab proteins were identified as central to these processes (Bard et al., 2006). Similarly, a
genome wide RNAI screen with human HelLa cells revealed a single Rab, Rab18, as being
significantly important within the early secretory pathway (Simpson et al., 2012). Rab-
centric screens based on reductions in GTPase activity achieved through the expression of
mutant GAPs, Rab-specific guanine nucleotide activating proteins (Haas et al., 2005, 2007),
or overexpression of wild-type or engineered Rab mutations (Dejgaard et al., 2008) have
implicated 3 of ~70 mammalian Rab proteins required for Golgi ribbon organization: Rab1,
Rab18, and Rab43 (mis-identified as Rab41 in Haas et al., 2005).

In this review, we focus on the comparative importance of Rab inactivation versus activation
on Golgi ribbon organization. Our analysis suggests much of the difference between the two
can be explained on the basis of minus- versus plus-end directed motor protein recruitment.
In other words, vesicle transport via motors and microtubules must occur for detectable
Golgi reorganization by light microscopy.

2. Rab proteins and their subfamilies

With ~70 members in human and 11 in yeast, Rab proteins constitute the largest group
within the Ras GTPase superfamily. Most Rab proteins identified so far are ubiquitously
expressed. However, in mammals, several Rab proteins are expressed only in specific cell
types and tissues. For example, for the Rab6 subfamily, which is important to Golgi ribbon
organization (for review, see Liu and Storrie, 2012), Rab6b is selectively expressed in
neuronal cells (Opdam et al., 2000), Rab6c is only expressed in brain, testis, prostate and
breast (Young et al., 2010), and the other subfamily members, Rab6a, Rab6a’ and Rab41,
are ubiquitously expressed. The tissue-specific expression of several Rab proteins in humans
may reflect either the complexity of transport pathways in higher eukaryotes or alternate
Rab functions. Here, we concentrate on ubiquitously expressed Rab proteins important to
Golgi ribbon organization.
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Rab proteins switch between inactive GDP-bound and active GTP-bound forms. Conversion
between these forms is accelerated by two different kinds of regulatory proteins. Guanine
nucleotide exchange factors (GEFs) promote the exchange of GTP for GDP, while GTPase-
activating proteins (GAPs) promote GTP hydrolysis to GDP and thus inactivate the Rab
proteins (for review, see Barr and Lambright, 2010). GEFs are numerous and belong to
several different families. In mammals, GAPs are also humerous, but with one exception all
belong to the TBC domain family. GEFs likely play a role in the localization of Rab proteins
to individual membrane systems, while GAPs may be less important as some Rab proteins
do possess significant endogenous GTPase activity. In the GTP-bound, active form, Rab
proteins can recruit specific effectors and mediate distinct stages of membrane trafficking:
budding, transport along cytoskeleton, tethering to a target membrane and fusion.
Accordingly, Rab effectors fall within many different protein functional classes including
sorting adaptors, motors or motor adaptors, tethers and SNARE-interacting proteins (for
reviews, see Grosshans et al., 2006; Stenmark, 2009). Most Rab proteins can interact with
multiple effectors, and likely, a single protein can be an effector for several different Rab
proteins (for review, see Barr, 2009). Using yeast two-hybrid screening and biochemical
approaches, more and more Rab effectors are being identified.

On the basis of homology, mammalian Rab proteins may be grouped into 8 subfamilies
(Pereira-Leal and Seabra, 2001) with Golgi organization and trafficking regulators being
found in at least 5 of these subfamilies. We give emphasis here to the Rab6 subfamily. Rab6
was the first Rab protein to be associated with the mammalian Golgi apparatus (Goud et al.,
1990). The protein is highly enriched in trans Golgi cisternae to the trans-Golgi network.
With time, Rab6 was found to consist of two very closely related isoforms, Rab6a and
Rab6a’, that differ in only 3 amino acids (Echard et al., 2000). On the basis of sequence
homology, Rab6a, Rab6a’, Rab6b, Rab6c and Rab41 co-segregate in the phylogenetic tree,
and constitute the Rab6 subfamily (Pereira-Leal and Seabra, 2001). Moreover, based on
their electrostatic potential and sequence, the Rab6 isoforms and Rab41 form a subcluster
predicted to have similar cellular localization and/or function (Stein et al., 2012). As shown
in Figure 1, these proteins are closely related and even the most distant member, Rab41
shares more than 60% identity with the Rab6 isoforms and within central portion, amino
acids 9 to 192, has almost 80% identity with other members of Rab6 subfamily (Liu et al.,
2013). Despite these similarities, these proteins show distinct functions.

3. The Golgi apparatus and its organization

It is well known that the Golgi apparatus is composed of flattened cisternal membrane
structures. These Golgi cisternae vary in resident enzymes and functions. Thus, they can be
classified into four distinct regions: cis, medial, transand trans-Golgi network (TGN).
Different Golgi resident proteins must be localized to the correct cisternae to allow the
secretory cargo proteins to be sequentially modified and processed (for review, see Lowe,
2011). Organization of Golgi cisternae depends on the cell types and species. In most
mammalian cells, several Golgi cisternae are layered on top of each other to generate
compact stacks. Multiple Golgi stacks are then connected into a ribbon-like structure that is
usually situated in the perinuclear region of the cell (for review, see Wei and Seemann,
2010). The Golgi apparatus is less organized in lower eukaryotes. In plants and some yeast
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species including Schizosaccharomyces pombe and Pichia pastoris, the Golgi stacks are
unlinked and dispersed throughout the cytoplasm, while in budding yeast Saccharomyces
cerevisiae, the stacked structure of Golgi cisternae is absent, i.e., each Golgi cisternae is
individually distributed in the cell (for reviews, see Mowbrey and Dacks, 2009; Dupree and
Sherrier, 1998; Suda and Nakano, 2012).

Despite the diversity of Golgi organization in eukaryotic cells, its function seems to be
highly conserved. The primary role of the Golgi apparatus is processing and sorting of
newly synthesized proteins and lipids. Secretory cargo proteins exported from the ER enter
the Golgi apparatus at the cis face. Then they undergo post-translational processing and
glycosylation within the Golgi apparatus. At the trans face, secretory cargo proteins are
sorted and delivered to various destinations in the cell. This forward transport, by which
newly synthesized cargo proteins are transferred from cis to trans direction, is actually
known as anterograde trafficking pathway (for reviews, see Nickel and Wieland, 1998;
Palmer and Stephens, 2004). In addition, delivery of secretory cargo proteins causes ER-
resident proteins, Golgi-resident proteins, SNAREs and other cycling machinery proteins to
be carried forward. These proteins must be all returned back to their original location
through retrograde trafficking pathway, which is mediated by COPI-coated vesicles (for
reviews, see Boncompain and Perez, 2013; Cottam and Ungar, 2012). In sum, the Golgi
apparatus plays a key role in membrane trafficking pathways. Large amounts of proteins and
lipids pass through the Golgi apparatus back and forth. In the face of constant flux, how the
Golgi apparatus maintains an organized structure to ensure its normal function in membrane
transport remains a question that is at best only partially answered.

Adhesive proteins including Golgi reassembly and stacking proteins (GRASPSs) and golgins
are known to be key components involved in maintenance of Golgi organization. They
mediate the tethering of Golgi cisternae and linking of the Golgi ribbon. They might well be
termed “hooks and glue” (for review, see Ramirez and Lowe, 2009). Besides, more and
more evidence indicates that the balance of membrane trafficking is essential for the
maintenance of Golgi organization. Using electron microscopy followed by quantitative
analysis in baby hamster kidney (BHK) cells, Griffiths et al (1989) found that 20°C
temperature sensitive inhibition of Golgi exit of newly synthesized G protein of vesicular
stomatitis virus results in significant enlargement of TGN, while the size of Golgi stack
decreases. Studies by Lee et al (1999) suggest that a block of ER-to-Golgi transport due to
osmotic stress leads to tubulation of the Golgi apparatus and redistribution of Golgi resident
proteins to the ER in a variety of mammalian cells. In addition, trafficking components are
essential. Two examples of this are BCOP and the BCOP interactor Scyl-like 1 protein
(Scyl1). Knockdown of the COPI subunit BCOP in HeLa cells leads to the conversion of
stacked Golgi structures to a perinculear accumulation of aggregated membranes of about
250 nm in diameter (Guo et al., 2008). Scyl1, a member of the Scy1-like family of protein
kinases, was identified as a binding partner of the COPI coat complex. Depletion of Scyll in
HeLa cells causes disruption of COPI-dependent transport of KDEL receptor from the Golgi
apparatus to the ER. In this case, the Golgi apparatus is less organized and the Golgi
cisternae are enlarged (Burman et al., 2008, 2010).
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4. Rab proteins fall into two major functional/phenotypic classes based on
their effects on Golgi ribbon organization

Rab proteins are molecular switches that are active in effector recruitment in the GTP-bound
state and inactive in the GDP-bound state. One might expect that various Rab proteins
important to Golgi ribbon organization would fall into different functional/phenotypic
classes based on the effect of Rab inactivation versus activation. The simplest hypothesis is
a binary difference in outcomes in which Golgi ribbon organization, the most commonly
assayed trait, would appear normal with either Rab inactivation or activation. In reality, the
outcomes do fall into 2 functional classes as discussed below and summarized in Table 1.
With Class 1 Rab proteins, the Golgi ribbon is disrupted with Rab inactivation but appears
normal with Rab overexpression (excess activity). More specifically, in Class 1A, there is
over time a redistribution of Golgi enzymes towards the ER with Rab inactivation and little,
if any, effect on the Golgi ribbon with Rab overexpression (excess activity). In Class 1B, the
Golgi ribbon fragments with Rab inactivation and the ribbon appears normal with Rab
overexpression (excess activity). In contrast, for Class 2, Rab inactivation has little, if any,
apparent effect on Golgi ribbon organization while Rab overexpression (excess activity)
leads to the redistribution of Golgi enzymes to the ER.

Rabl and Rab2, members of the Rab1-Sec4 subfamily, are thought to act early and
sequentially in ER-to-Golgi trafficking (Tisdale et al., 1992). However, dominant negative
overexpression of Rab2 has less effect on Golgi organization than that of Rab1 (Haas et al.,
2007). In particular, depletion of Rabla by RNAI strongly inhibits ER-to-Golgi trafficking
and results in dispersal of the Golgi apparatus to the ER. This dispersal is antagonized by
RabZla or Rablb expression, suggesting that the isoforms are at least partial functionally
redundant (Bard et al., 2006). The observed phenotype is similar to that induced by an ER
exit block produced by overexpression of mutant Sarlp (Storrie et al., 1998; Jarvela and
Linstedt, 2012), the small GTPase that recruits COPII coat protein to the ER. Together these
observations raise the question as to whether Golgi organization is dependent on continuous
protein input from the ER. As inhibition of protein synthesis has little effect on Golgi ribbon
organization even after 10 hours (Storrie et al., 1998), the dependence of Golgi organization
on ER input is likely at the level of recycling pre-existing trafficking machinery (see, also
Jarvela and Linstedt, 2012). Interestingly, increased Rablb expression causes increased
expression of GalT and other Golgi-associated proteins. These increases are accompanied by
elongation of the Golgi cisternae and a pronounced accumulation of round to irregular
shaped membrane structures at what is probably the trans side of the Golgi cisternal stack
(Romero et al., 2013). The outcome of more recent screening studies supports the
conclusion that Rab1 either directly or indirectly is very important to Golgi organization. In
screening 38 human Rab GAPs to determine specific Rab proteins that are important for
Golgi organization, Haas et al (2007) showed that expression of the Rabl GAP, TBC1D20,
induces loss of Golgi apparatus with punctate structures remaining.

We take Rabl as being a leading example of Class 1A Rab proteins with respect to
phenotype of Golgi ribbon organization (Table 2). In Class 1A, reduced Rab activity, either
through overexpression of the GDP-locked form or depletion of the Rab, results in the
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disruption, in fact, the loss of much of Golgi ribbon organization and the accumulation of
Golgi enzymes in the ER (Table 1).

Rab30 and Rab41, a protein that could be termed Rab6d (Liu et al., 2013) exemplify Class
1B of Golgi ribbon organization regulators (Table 2). Rab30, a ubiquitously expressed Rab
protein, is primarily localized to the Golgi apparatus. Loss of Rab30 does not affect
anterograde and retrograde trafficking through the Golgi apparatus (Kelly et al., 2012).
However, by light microscopy, knockdown of Rab30 using siRNA or overexpression of
GDP-locked mutant (Rab30 T23N) fragments the Golgi apparatus into a scattered structure,
while overexpression of the GTP-locked mutant (Rab30 Q68L) has no obvious effect on
Golgi ribbon organization. By electron microscopy, Hel a cells treated with Rab30 siRNA
display fragmented and shorter Golgi cisternae (Kelly et al., 2012). Although Rab41 and
Rab6 are in the same subfamily, the role of Rab41 in Golgi ribbon organization is in many
ways opposite of Rab6. In contrast to Rab6, Rab41 shows a punctate rather than Golgi
concentrated distribution. By light microscopy, both depletion of Rab41 by RNAi and
overexpression of GDP-locked Rab41 significantly fragment Golgi apparatus into clustered
punctate structures, while the GTP-locked mutant had little, if any, effect on the Golgi
ribbon. By electron microscopy, cells lacking Rab41 display comparatively short, isolated
Golgi stacks rather than ribbon-like structures. The number of Golgi-associated vesicles also
increases in Rab41-depleted cells (Liu et al., 2013). Interestingly, when Rab41 and Rab6 are
co-depleted, the Golgi apparatus is fragmented into punctate structures, a phenotype that is
similar to Rab41 knockdown alone (Liu et al., 2013). In conclusion, this class of Rab
proteins produces disruption of the Golgi ribbon when inactivated, but the activated state has
little effect on Golgi ribbon organization. Based on these observations, we term this class,
Class 1B (Table 1). Inactivation experiments suggest that Rab18 (Dejgaard et al., 2008) and
Rab43 (Dejgaard et al., 2008; Haas et al., 2007) are probably also Class 1B Rab proteins in
their effect on Golgi ribbon organization (Table 2).

Rab6 illustrates a second phenotypic class of Golgi regulators. When overexpressed as the
GDP-locked form, class 2 Rab proteins have little, if any, effect on Golgi organization as
visualized by the juxtanuclear Golgi ribbon as observed by fluorescence microscopy. In
striking contrast, when overexpressed as the GTP-locked form, Class 2 members induce the
redistribution of Golgi enzymes to the ER (Table 1). Rab6 or more specifically Rab6a was
the first reported example of a Class 2 Rab protein. Overall, as first identified, Rab6 is the
exemplar protein within the Rab6 subfamily (Goud et al., 1990). Over time, Rab6 itself was
found to have two closely related isoforms, Rab6a and Rab6a’ that differ in only 3 amino
acids and arise as alternate splice forms (Echard et al., 2000). They are ubiquitously
expressed, present in equal amounts, and localize to the trans Golgi and TGN (Antony et al.,
1992). Considerable evidence indicates that Rab6a and a’ are functionally redundant. For
example, transport of ricin from endosomes to the TGN of Golgi apparatus is regulated by
both Rab6a and a’. Depletion of Rab6a causes inhibition of ricin transport to the TGN.
However, this inhibition can be abolished by up-regulation of Rab6a’, showing the
overlapping roles of Rab6a and a’ in endosome-to-Golgi apparatus transport (Del Nery et al.,
2006; Utskarpen et al., 2006). In addition, overexpression of GTP-locked form of either
Rab6a or &’ stimulates Golgi-to-ER recycling of Golgi resident glycosylation enzymes
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(Martinez et al., 1997; Jiang and Storrie, 2005; Young et al., 2005), while knockdown of
either of them or overexpression of GDP-locked Rab6a delays the recycling process (Jiang
and Storrie, 2005; Young et al., 2005). This suggests that both Rab6a and a’ are associated
with Golgi-to-ER transport pathway. The only reported difference in effector binding
between Rab6a and Raba’ is in the preferential binding of Kif20A (Rabkinesin-6) to Rab6a’
(Echard et al., 1998). Because of the high degree of biochemical and phenotypic similarity,
these two closely related family members are generally collectively referred to as Rab6.
Here, for simplicity, we will use Rab6 instead of Rab6a/a’ in the following discussion.

Overexpression of GDP-locked Rab6 or depletion of Rab6 with siRNA that affects the
expression of both Rab6a and &', produces little effect on Golgi ribbon organization with the
ribbon being slightly more compact (Jiang and Storrie, 2005; Sun et al., 2007; Young et al.,
2005). For Rab33b, a medial Golgi Rab, overexpression of the GDP-locked form also had
little, if any, effect on the Golgi ribbon while overexpression of the GTP-locked form
induces the redistribution of Golgi cisternal enzymes to the ER (Jiang and Storrie, 2005;
Valsdottir et al., 2001). Based on these findings, we suggest that Rab6 and Rab33b are both
examples of Class 2 Golgi-associated Rab proteins (Table 2). As observed by electron
microscopy, depletion of Rab6 results in increased cisternal continuity of the trans
Golgi/TGN in endothelial cells (Ferraro et al., 2014), HeL a cells (Storrie et al., 2012), and
macrophages (Micaroni et al., 2013). In addition, in HeLa cells at least, there is increase in
cisternal number, a pronounced accumulation of both COPI- and clathrin-coated vesicles
and coated membrane fission/fusion figures, and a dilation of the trans cisternae/TGN when
Rab6 is depleted (Storrie et al., 2012). In macrophages, cisternal dilatation and vesicle
accumulation is less evident (Micaroni et al., 2013). These detailed findings indicate that
Rab6 plays a key role in the maintenance of Golgi ribbon organization and vesicle
trafficking that is only apparent by observation by electron microscopy. Whether Rab33b
depletion would have similar effects remains an untested possibility. In sum, the data
indicate that Class 2 Rab proteins regulate Golgi ribbon organization, perhaps through
effects on cisternal proximal vesicle transport as indicated by vesicle accumulation in
electron micrographs.

5. How do Rab proteins mechanistically affect Golgi ribbon organization?

5.1 General mechanistic predictions

Rab effectors include both motor proteins and their regulatory complexes, various “hooks
and glue” proteins such as golgins that are important to holding the Golgi cisternal stack
together and machinery proteins for membrane trafficking such as SNAREs (for reviews,
see Grosshans et al., 2006; Stenmark, 2009). The Golgi ribbon is located proximal to the
microtubule organizing center (MTOC). This is a structure on which the minus-ends of
microtubules converge in interphase cells. Golgi organization has been linked to
microtubules and motors (for review, see Yadav and Linstedt, 2011). One prediction is that
the balance between minus-end and plus-end directed motors might be a major Rab-
dependent factor in Golgi ribbon organization. Another possible mechanism is related to the
recycling of machinery proteins. Rab1, as suggested earlier, might be an example of this.
Rabl is required for the organization of ER-Golgi intermediate compartment (Jarvela and
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Linstedt, 2012). In the absence of the intermediate compartment, machinery recycling
should be profoundly affected. In the case of an ER exit block, Golgi enzymes accumulate in
the ER (Storrie et al., 1998). The relocation of Golgi enzymes to the ER with Rabl
inactivation may be due to its effects on ER exit. Here we concentrate our discussion of
Rab6 as the most extensively studied Golgi-associated Rab with respect to effectors and a
leading example of Class 2 Rab proteins.

5.2 Rab6 and the role of individual effectors

Work in this laboratory suggests that retrograde vesicle transport pathways are closely
related to Rab6-dependent Golgi ribbon organization. In this work, the emphasis was on
vesicle transport in two separate retrograde tether-dependent pathways, ZW10/RINT-1 and
COG. Inhibition of either trafficking pathway significantly affects Golgi ribbon organization
and can be suppressed by Rab6 inactivation.

Zeste White 10 (ZW10) and RINT-1 were originally discovered as a spindle checkpoint
protein and a Go/M cell cycle checkpoint protein, respectively (Williams et al., 1992; Xiao
et al., 2001). The multi-subunit conserved oligomeric Golgi (COG) complex is known to be
a tethering complex implicated in retrograde intra-Golgi transport (Ungar et al., 2006).
ZW10/RINT-1 and COG are associated with maintenance of Golgi ribbon organization.
Depletion of ZW10 or its binding partner RINT-1 by RNAI disrupts Golgi apparatus into a
cluster of punctate Golgi elements (Hirose et al., 2004; Arasaki et al., 2006; Sun et al.,
2007). Likewise, cells treated with COG3 siRNA display a fragmented Golgi ribbon (Zolov
and Lupashin, 2005; Shestakova et al., 2006). Importantly, regulation of Golgi ribbon
organization by ZW10/RINT-1 and COG is Rab6 dependent. If Rab6 and ZW10/RINT-1 or
COG3 are both depleted using siRNAs, the Golgi apparatus displays a Rab6 knockdown
phenotype, i.e., a relatively compact Golgi ribbon, rather than a ZW10/RINT-1 or COG3
knockdown phenotype. Additionally, disruption of Golgi apparatus induced by inhibitory
antibodies directed against COG3 can also be suppressed by Rab6 depletion. Furthermore,
overexpression of GDP-locked Rab6 or a mutant Rab6 effector, BiCD C-fragment, inhibits
Golgi fragmentation caused by ZW10/RINT-1 knockdown as well, while expression of
BiCD C-fragment alone has little, if any, effect on Golgi ribbon organization (Sun et al.,
2007; Suvorova et al., 2002). In conclusion, work in this laboratory indicates the key role of
ZW10/RINT-1 and COG in Rab6-dependent Golgi trafficking pathways and Golgi ribbon
organization.

Recent studies by Majeed et al (2014) provide further evidence that ZW10 and COG3 act
independently. Taking a candidate protein screening approach, they found that, among Rab6
effectors screened, BicD, MyollA and Kif20A are crucial to ZW10 and COG-dependent
Golgi ribbon norganization. BicD1 and BicD2, two mammalian homologues of Drosophila
Bicaudal-D, act as linkers between motor proteins and Rab6-bound vesicles (Matanis et al.,
2002). MyollA is a motor protein involved in vesicle fission at the trans-Golgi apparatus
and Golgi-to-plasma membrane transport (Valente et al., 2010). Kif20A, originally
identified as Rabkinesin-6, functions in retrograde transport from Golgi apparatus to the ER
(Echard et al., 1998). Similar to Rab6, treatment of cells with siBicD inhibits fragmentation
of Golgi apparatus into clustered punctate Golgi elements induced by either siZW10 or
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siCOG3. However, double knockdown of either MyollA or Kif20A by RNAI can only
suppress Golgi dispersal induced by ZW10, but not COG3 depletion (Majeed et al., 2014).
Therefore, except BicD, which functions in both pathways, distinct sets of Rab6 effectors
are recruited relative to ZW10 and COG (Fig. 2). As observed by electron microscopy,
depletion of BicD2 alone mimics much of the Rab6-knockdown phenotype including longer
Golgi cisternae and accumulation of coated vesicles, further supporting the role of Rab6 and
its effectors in maintenance of Golgi ribbon organization. Other tested Rab6 effectors,
including KiflC, Kif5B, Golgin-97 and OCRL, have little role in ZW10- and COG-
associated Golgi ribbon organization (Majeed et al., 2014). It is possible that they act in
other pathways involved in Rab6-dependent Golgi ribbon organization. Studies of Arasaki et
al (2013) indicate that RINT-1 also functions in endosome-to-TGN trafficking by interacting
with a subunit of the COG complex, COG1. This suggests that RINT-1 together with COG1
may be another pathway affecting Rab6-dependent Golgi ribbon organization. Rabl may be
coupled to Rab6 in regulating Golgi ribbon organization and trafficking. Unexpectedly, the
protein interaction network of the COG complex includes Rab1 as well as Rab6 and Rab6
effector TMF (Miller et al., 2013). Furthermore, as mentioned previously, increased Rablb
expression causes longer Golgi cisternae, a phenotype that is similar to Rab6 knockdown.
Therefore, it is possible that Rab1 and Rab6 work cooperatively in regulating Golgi ribbon
organization and trafficking. Further studies are needed to clarify these questions.

In sum, motors appear to be key Rab6 effectors contributing to Golgi ribbon organization.
Moreover, the long-standing observation that overexpression of wild-type or GTP-locked
Rab6 puts Golgi enzymes into the ER leading to the loss of the ribbon may also be explained
on the basis of increased recruitment of motor effectors. This is a hypothesis that remains to
be tested in detail.

5.3 Role of Rab33b in Rab6-dependent Golgi ribbon organization

Rab33b, together with Rab33a, are two members of Rab33 subfamily. In contrast with
Rab33a, which is restricted to brain and the immune system, Rab33b is universally
expressed in mammalian tissues. Analysis by light microscopy and electron microscopy
both indicate that Rab33b is localized to the Golgi apparatus, especially in the medial Golgi
cisternae (Zheng et al., 1998). Rab33b has been implicated in Golgi-to-ER retrograde
trafficking, as well as Golgi ribbon organization. Like Rab6, overexpression of wild-type
Rab33b or its GTP-locked isoform induces the redistribution of Golgi enzymes into the ER
(Valsdottir et al., 2001). Depletion of Rab33b activity by RNAI or the competitive
overexpression of GDP-locked Rab33b suppresses Golgi fragmentation induced by sSiRNA
knockdown of ZW10 or COG3, showing that Rab33b and Rab6 both contribute to
regulating ZW10- and COG-dependent Golgi ribbon organization (Fig. 2). Furthermore,
Rab33b depletion partially inhibits GTP-locked Rab6 induced retrograde trafficking of
Golgi enzymes to the ER. However, knockdown of Rab6 has no apparent effect on GTP-
locked Rab33b induced relocation of Golgi enzymes (Valsdottir et al., 2001; Starr et al.,
2010), suggesting that Rab33b acts downstream of Rab6 in retrograde Golgi trafficking
pathway. Biochemical data from the Pfeffer laboratory (Pusapati et al., 2012) indicate that
Rab33b and Rab6 are functionally linked in a Rab cascade, in which they regulate Golgi
ribbon organization and trafficking sequentially within the same pathway (Fig. 2). Whether
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knockdown of Rab33b has other phenotypic effects similar to Rab6 such as vesicle
accumulation and increased cisternal number requires electron microscopy.

5.4 Rab41 and Rab6 affect Golgi ribbon organization in an opposing manner

As a member of Rab6 subfamily, Rab41 was supposed to have similar effects on Golgi
ribbon organization. However, as described previously, in contrast to Rab6, Rab41 depletion
produces shorter and less connected Golgi stacks. Although Rab41 and Rab6 are in the same
Rab subfamily, they affect Golgi ribbon organization in a contrasting manner. Rab41 and
Rab6 may recruit opposing motors in regulating Golgi ribbon organization (Fig. 3).

6. Conclusions and perspectives

Of the ~70 human Rab proteins, roughly 20 have been associated with the Golgi apparatus
(for review, see Liu and Storrie, 2012). Of these, only one, Rab1, as pointed out by Haas et
al. (2007), is essential to ER-to-plasma trafficking in the typical screen. Only a handful has
been implicated in the organization of the juxtanuclear Golgi apparatus. From this, we can
conclude that few Golgi-associated Rab proteins are functionally important to Golgi
organization. However, that may well be a false conclusion. Knockdown or inactivation of
Rab6 has little, if any, effect on Golgi ribbon organization, an easy fluorescence assay (Jiang
and Storrie, 2005; Sun et al., 2007; Young et al., 2005). However, at the higher resolution of
electron microscopy, Rab6 depletion induces a significant increase in Golgi cisternal
number and continuity and the Golgi proximal accumulation of coated vesicles (Storrie et
al., 2012). Conceivably, other Rab proteins may produce similar effects. Moreover,
overexpression of Rab6, as either the wild-type or GTP-locked protein, induces the
relocation of Golgi enzymes to the ER with a concomitant loss of juxtanuclear Golgi
cisternae (Jiang and Storrie, 2005; Young et al., 2005; Martinez et al., 1997). Only some
Golgi-associated Rab proteins have been tested for the phenotypic outcome of the
competitive overexpression of the GDP- and GTP-locked form of the protein. Such
experiments should be done as they lead to functionally important distinctions. We propose
that Golgi-associated Rab proteins may be divided into two major functional classes, Class 1
and 2, based on the effect of inactivation versus activation on Golgi ribbon organization. For
Class 1 Rab proteins, Rab inactivation leads to disruption of the Golgi ribbon. For Class 2
Rab proteins, Rab inactivation has little to no obvious effect on Golgi ribbon organization
while activation results in ribbon disruption and often the relocation over time of Golgi
enzymes to the ER (Table 1).

Ultimately, understanding the importance of Rab proteins to Golgi organization will require
the mechanistic characterization of how Rab effectors “seed” protein machines. A candidate
protein approach has been taken for Rab6, the most abundant Golgi Rab (Gilchrist et al.,
2006). The net conclusion from these studies has been that motor proteins and their
regulators are key Rab effectors with respect to Golgi ribbon organization and cisternal
continuity and number (Majeed et al., 2014). This is consistent with the effect of Rab6
overexpression in stimulating dynamic tubular membrane extensions from the Golgi
apparatus (White et al., 1999) and promoting the relocation of Golgi enzymes to the ER
(Martinez et al., 1997). These results may well indicate that the regulation of motors is more
important than that of golgins and other potential “hooks and glue” to Rab-dependent Golgi
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organization at least as observed by light microscopy. Only the extension of such studies to
other Rab proteins will provide evidence as to whether this is a general answer. In
conclusion, this is a hopeful time as new patterns of Rab action begin to emerge to be
important organizers.
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Homology relationship of human Rab6 subfamily members. The dendrogram was generated
using DNAman version 6.2. The numbers on the branches represent amino acid identity.
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Figure2.
ZW10 and COG act independently in regulating Rab6-dependent Golgi ribbon organization.

Rab6 effectors, MyollA, BicD and Kif20A, which are crucial to Golgi ribbon organization
were shown. Except Kif20A, which binds Rab6a only, MyollA and BicD interact with both
Rab6a and &'. BicD functions in both pathways, while MyollA and Kif20A are pathway
selective and act in ZW10-dependent pathway only. Rab33b and Rab6 regulate Golgi ribbon
organization sequentially within the same pathway.
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Figure 3.
Schematic model of the distinct role of Rab41 and Rab6 in regulating Golgi ribbon

organization. By light microscopy, depletion of Rab6 produces a slightly more compact
Golgi ribbon, while depletion of Rab41 causes dispersal of Golgi apparatus. It is possible
that Rab41 and Rab6 recruit opposing motors in regulating Golgi ribbon organization.
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Table 1

Proposed functional grouping of Rab proteins based on Golgi ribbon phenotype

Page 18

Golgi ribbon phenotype produced by Rab inactivation or activation

Inactivation (Depletion, GDP-locked/no nucleotide form or GAP Activation (GTP-locked form or wild-type

over expression) over expression)
Class 1A Redistribution of Golgi enzymes to the ER Normal
Class 1B Fragmented Golgi ribbon Normal
Class 2 Normal Redistribution of Golgi enzymes to the ER
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