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Rab6-mediated retrograde trafficking from the Golgi: the trouble with tubules
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ABSTRACT
Next year marks one-quarter of a century since the discovery of the so-called COPI-independent 
pathway, which operates between the Golgi apparatus and the endoplasmic reticulum (ER) in 
eukaryotic cells. Unlike almost all other intracellular trafficking pathways, this pathway is not 
regulated by the physical accumulation of multisubunit proteinaceous coat molecules, but instead 
by the small GTPase Rab6. What also sets it apart from other pathways is that the transport 
carriers themselves often take the form of tubules, rather than conventional vesicles. In this 
review, we assess the relevant literature that has accumulated to date, in an attempt to provide 
a concerted description of how this pathway is regulated. We discuss the possible cargo mole
cules that are carried in this pathway, and the likely mechanism of Rab6 tubule biogenesis, 
including how the cargo itself may play a critical role. We also provide perspective surrounding 
the various molecular motors of the kinesin, myosin and dynein families that have been impli
cated in driving Rab6-coated tubular membranes long distances through the cell prior to deliver
ing their cargo to the ER. Finally, we also raise several important questions that require resolution, 
if we are to ultimately provide a comprehensive molecular description of how the COPI- 
independent pathway is controlled.
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Introduction

The Golgi apparatus sits at the heart of the endomem
brane system in animal cells and is vital for performing 
post-translational modifications to proteins and coor
dinating trafficking in the secretory pathway. In order 
to balance this flux of material in the anterograde 
direction, the Golgi apparatus also facilitates retrograde 
transport of molecules towards the endoplasmic reticu
lum (ER). This allows the return of escaped ER-resident 
proteins, and the recycling of Golgi-resident proteins 
such as glycosylation enzymes for periodic quality 
control.

Golgi-to-ER retrograde transport is predominantly 
mediated by vesicular structures that are surrounded by 
a proteinaceous assembly termed coat protein complex 
I (COPI). The mechanisms of action of COPI- 
dependent retrograde traffic are relatively well under
stood (for a recent review, see [1]). In brief, to form 
a COPI-coated vesicle, the small GTPase Arf1 is acti
vated by the guanine nucleotide exchange factor (GEF) 
GBF1 and recruited to the Golgi membrane. Arf1 in 
turn recruits coatomer, the structural element of COPI, 
from the cytosol. Following further rounds of Arf1 and 
coatomer addition, sufficient curvature of the mem
brane eventually causes the vesicle to bud from the 

Golgi. Subsequently, Arf GTPase activating proteins 
(ArfGAPs) dissociate Arf1 from the vesicle membrane. 
This ultimately leads to its uncoating, and following 
arrival of the vesicle at the ER facilitates the interaction 
of the vesicle with tethering proteins. This is followed 
by interactions between vesicle- and target-associated 
soluble N-ethylmaleimide-sensitive factor activating 
protein receptors (SNAREs), leading to membrane 
fusion and the delivery of the cargo to the ER.

Rab GTPases are a family of small GTP-binding 
proteins, intimately associated with membrane traffick
ing events. Rab proteins mediate membrane trafficking 
events through interactions with effector proteins. 
There are around 70 known Rabs in humans, and 
each Rab localizes to distinct membrane compartments 
in cells [2]. At the Golgi apparatus, a number of differ
ent Rab proteins have been identified – Rab1, Rab2, 
Rab6, Rab8 and Rab33b are most commonly associated 
with the Golgi, although it is clear that a wider number 
of Rabs play crucial roles, particularly at the ER–Golgi 
interface [3]. Rab proteins exist in an inactive, GDP- 
bound state, but are converted to an active, GTP-bound 
form by the activity of GEFs. It is in this active state 
that Rab proteins can interact with their effector pro
teins to coordinate membrane trafficking events.

CONTACT Jeremy C. Simpson jeremy.simpson@ucd.ie Cell Screening Laboratory, UCD School of Biology & Environmental Science, University 
College Dublin, Dublin 4, Ireland

SMALL GTPASES                                                                                                                                          
2023, VOL. 14, NO. 1, 26–44 
https://doi.org/10.1080/21541248.2023.2238330

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0003-2734-9811
http://orcid.org/0000-0002-7956-7805
https://crossmark.crossref.org/dialog/?doi=10.1080/21541248.2023.2238330&domain=pdf&date_stamp=2023-07-24


Rab6 was first identified in 1989 [4] and has since 
been shown to play a prominent role in the regulation 
of the Golgi apparatus and associated transport path
ways [5,6]. The Rab6 gene family consists of the widely 
expressed RAB6A, further broken into two equally 
occurring splice variants, RAB6A and RAB6A’, the 
neuronal-cell-type specific isoform RAB6B, the pri
mate-specific retrogene RAB6C and the distantly 
related RAB41 [7,8]. Rab6 localizes predominantly to 
the trans-Golgi apparatus and, like many Rab proteins, 
Rab6 is intimately involved in coordinating membrane 
trafficking events in conjunction with motor proteins 
and cytoskeletal elements, with its focus being on path
ways emerging from the Golgi [9]. Although Rab6 
plays a predominant role in facilitating the anterograde 
transport of post-Golgi secretory carriers [10], it is also 
widely recognized for a role in retrograde trafficking. It 
regulates pathways from the endosomal system into 
the Golgi [11], and in 1999 was shown to not only 
facilitate, but in fact be the limiting factor in a novel 
Golgi-to-ER transport pathway that functions without 
the need for conventional coat proteins. As such, this 
pathway is usually described as the COPI-independent 
retrograde pathway [12,13]. Rab6-positive transport 
carriers are often vesicular in nature, however impor
tantly many Rab6-positive retrograde transport car
riers take the form of long, extended tubular 
structures that stretch from the membranes of the 
Golgi apparatus towards the ER. Of the Rab6 isoforms, 
Rab6A and Rab6A’ are most frequently associated with 
such structures, and are the most well studied of all the 
family members. These particular variants differ by 
only three amino acids, and while there has been 
some evidence suggesting that they play non- 
overlapping roles in membrane trafficking [14], this 
remains to be fully explored. Rab6B, while primarily 
expressed in neuronal cells, has also recently been 
reported to be expressed in murine macrophages 
[15]. The crystal structure of Rab6B was solved 
a number of years ago, revealing differences between 
this family member and Rab6A’, specifically in the 
interswitch region of the proteins [16]. The functional 
consequences of these differences, with regard to how 
the proteins interact with their effectors, have not yet 
been determined. While the role of Rab6B in neuronal 
cell trafficking pathways continues to be explored, its 
involvement in COPI-independent tubular transport is 
still unclear. The Rab6C protein is only expressed in 
a very limited number of human tissues and is asso
ciated with the centrosome and cell cycle progression, 
rather than membrane traffic [17]. The most recently 
characterized family member, Rab41 [18], is associated 
with the Golgi, however it is thought to be involved in 

structural maintenance of this organelle, rather than in 
Golgi-to-ER transport mechanisms [19]. As such, from 
this point, we will use the general term ‘Rab6’ to refer 
to Rab6A and Rab6A’, unless otherwise specified.

In contrast to our knowledge of the transport path
ways regulated by the COPI coat, our understanding 
of Rab6-dependent tubular transport is substantially 
more scant. One major challenge in advancing our 
knowledge of this pathway comes from the morphol
ogy of the carriers themselves. Not only are they 
highly dynamic and short-lived, but they are 
undoubtedly challenging to biochemically purify [6]. 
As such, researchers have utilized and developed 
a variety of methods which, when applied to cells, 
enhance tubulation of membranes derived from the 
Golgi apparatus, thereby increasing the abundance of 
these carriers to better enable their study. Perhaps, 
most commonly employed is the fungal metabolite, 
brefeldin A (BFA). BFA functions by competitively 
and reversibly inhibiting GBF1, the Arf1 GEF, which 
is a key molecule involved in the formation of COPI- 
coated vesicles. When COPI vesicle formation is 
inhibited, the Golgi apparatus becomes destabilized 
and its contents are redistributed throughout the 
cell. Golgi-resident enzymes show dramatic redistri
bution to the ER within dynamic Rab6-coated tubules, 
and Golgi matrix proteins are predominantly redis
tributed to ER-exit sites (ERES), also via tubules [20– 
23]. The mechanics of these processes are indepen
dent of COPI, and thus researchers often employ BFA 
as an initial method to study COPI-independent 
transport and validate findings through alternative 
techniques.

It is now almost a quarter of a century since this 
pathway was first revealed, but progress towards 
a consolidated mechanism of action of tubule- 
mediated Rab6-dependent retrograde transport has 
been slow. There remain a large number of unanswered 
questions, which need to be addressed if we are to fully 
understand how cell homeostasis is achieved. For 
example, what is the preferred cargo of a Rab6- 
dependent retrograde tubule? What determines 
whether a Golgi-derived, Rab6-positive transport car
rier is anterograde- versus retrograde-destined? Why is 
the morphology of some carriers tubular, and for others 
vesicular? Which molecules are involved in the differ
ent mechanical steps of tubulation, and what are the 
temporal and spatial triggers for the recruitment and 
release of these molecules?

In this review, we will explore recent advancements 
in our understanding of Rab6-dependent tubular trans
port, and we will consider the outstanding questions 
that researchers in this field are seeking to answer.
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Cargo selection and tubule biogenesis

Strikingly, there is little knowledge on the mechanics of 
Rab6-dependent carrier formation. It has been widely 
hypothesized that the biogenesis of a membrane tubule, 
similar to a vesicle, will commence with the budding of 
the donor membrane at a specific site in the presence of 
suitable cargo. While the molecules involved in the 
formation of a COPI-coated vesicle, and the triggers 
for their recruitment, are well known, there have been 
relatively few molecules associated with the initiation of 
a Rab6-coated retrograde tubule.

In the early secretory pathway, cargo accumulation at 
a specific location in a donor membrane compartment is 
known to be a critical driver of carrier initiation [24]. 
Unfortunately, the cargo of Rab6-coated Golgi-to-ER car
riers remains to be fully identified, slowing our ability to 
test whether the same mechanism is employed in the 
generation of retrograde carriers. Thus, the identification 
of the preferred cargo of Rab6-dependent transport car
riers will be one pivotal step in piecing together how these 
carriers are formed. Despite this pathway being retro
grade in nature, it has been shown that export signal- 
deficient secretory molecules can also become cargo of 
this pathway. In work from 2014, Fossati and colleagues 
showed that when the Golgi export signal is mutated in 
the anterograde model cargo vesicular stomatitis virus 
glycoprotein (VSV-G), the protein is recycled back to 
the ER in a Rab6-dependent manner. What remains to 
be discerned is whether it is the absence of the export 
signal, or the nature of the mutated motif, that identifies 
this protein as a Rab6-associated cargo [25].

In all of the major models explaining Golgi function, 
the anterograde movement of secretory cargo is coun
tered by the retrograde transport of Golgi-resident pro
teins to ensure their continued localization to specific 
Golgi cisternae and prevent their loss along the secre
tory pathway, with the different models relying on the 
importance of retrograde transport to different extents 
[26]. In this regard, any Golgi-resident protein could be 
considered as a potential cargo for the Rab6-dependent 
retrograde pathway. It is well known that there is 
a wide variety of proteins that reside at the Golgi, 
allowing it to perform its many functions. These 
include ion transporters, sugar transporters, matrix 
proteins and resident enzymes, namely glycosylation 
enzymes, phosphorylation enzymes and kinases [27]. 
Given the fundamental role of the Golgi in protein 
glycosylation, the presence of distinct sugar transpor
ters in the different cisternae is logical. These trans
membrane proteins are predominantly from the SLC35 
family [28], with specific members involved in the 
import of sugars such as galactose, fucose and xylose 

[29]. Similarly, the high metabolic state of the organelle 
means that it also has a requirement for zinc, copper 
and manganese ions, and therefore needs relevant ion 
transporters to be present in the Golgi membrane [30]. 
Manganese in particular is known to be an essential 
component for a number of glycosylation enzymes to 
function correctly. Invariably, these two classes of 
transporters, as well as the glycosylation enzymes them
selves, may become defective. As such, appropriate 
quality control mechanisms in the Golgi must exist, to 
ensure their removal and/or correction. Recent work 
employing a modified B4GALT1 glycosyltransferase, 
which could be induced into a misfolded state, 
observed a proportion of the protein to relocate to the 
ER and subsequently associate with molecular chaper
ones [31]. Although this study did not examine the 
transport mechanisms used, it highlights the necessity 
for a functional Golgi-to-ER route to maintain cell 
homeostasis. Indeed, the glycosylation enzymes of the 
Golgi apparatus arguably have the most evidence to 
place them as the primary cargo of Rab6-dependent 
retrograde carriers, and they have long been used as 
a marker of Golgi-to-ER redistribution. Early work, 
blocking anterograde flow at the level of the ER, 
resulted in truncated variants of GalNAc-T2 and 
GALT accumulating in the ER [32]. Although the con
structs used in these experiments only contained the 
Golgi targeting domains of the respective enzymes, it 
highlighted for the first time the existence of 
a functional Golgi-to-ER pathway that could potentially 
be exploited by Golgi residents.

More recent work from the Lippincott-Schwartz lab 
has solidified the hypothesis that Golgi-resident glyco
sylation enzymes are the primary preferred cargo of 
Rab6-positive tubular retrograde carriers [23]. Using 
a technique in which Golgi enzymes engineered with 
FKBP-rapamycin binding (FRB) domains become 
trapped in the ER by FK506-binding protein of 12 
kDa (FKBP12)-tagged ER-resident proteins upon treat
ment with rapamycin, Sengupta and colleagues con
firmed (in a BFA-independent manner) that Golgi- 
resident enzymes cycle from the Golgi apparatus to 
the ER in tubules that require GTP-bound Rab6A. 
Notably, these retrograde tubules also require the activ
ity of calcium-independent phospholipase A2 (iPLA2) 
for formation, as bromoenol lactone (BEL)-derived 
inhibition of iPLA2 significantly reduced the propor
tion of Golgi-resident enzymes that reached the ER 
upon treatment with rapamycin. iPLA2 had previously 
been reported to be involved in the formation of tub
ular transport carriers arising from the Golgi, and its 
involvement in the formation of Rab6-coated retro
grade tubules had previously been hypothesized [6,33].
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The tubules observed by Sengupta and colleagues 
[23] were seen to traffic along ‘straight or curvilinear 
tracks’ from the Golgi towards the cell periphery, where 
they then disappeared. The authors of this work pro
posed that this is due to their fusion with the ER. This 
would be suggestive that these tubules transit directly 
from the Golgi to the ER, bypassing the ERGIC. 
However, other work has implicated ERGIC-resident 
proteins as being necessary for Rab6-mediated Golgi-to 
-ER transport [34]. Specifically, on RNAi-mediated 
silencing of lipid phosphate phosphatase-3 (LPP3), 
cells showed an absence of Rab6-positive membrane 
tubules containing the marker cargo Shiga toxin 
B-fragment (STxB), and the toxin failed to be delivered 
to the ER following stimulation of the pathway. 
A catalytically inactive variant of the LPP3 protein 
also strongly reduced the redistribution of overex
pressed wild-type Rab6, further implicating this 
ERGIC-resident in Rab6-dependent transport. The 
ambiguity surrounding the involvement, or lack 
thereof, of the ERGIC in Rab6-dependent transport 
will need to be addressed.

While the retrograde recycling of Golgi-resident gly
cosylation enzymes has been explored in some depth, 
there is also evidence to support the retrograde recy
cling of Golgi-resident matrix proteins [35]. Golgi 
matrix proteins are understood to constitute the pri
mary structural scaffold of the Golgi apparatus, as it has 
been shown that they can assemble into a juxtanuclear 
Golgi ribbon even in the absence of Golgi cargo and 
resident enzymes [36]. Curiously, the destination of 
matrix proteins following stimulation of the COPI- 
independent pathway varies greatly between individual 
matrix proteins. For example, cis-Golgi localizing 
matrix proteins such as GRASP65 and GM130 
(GOLGA2) have been shown to accumulate at ERES 
following BFA-mediated disruption of the Golgi stack 
[22]. It is thought that this localization facilitates the 
rapid ER export of these proteins and the reassembly of 
the Golgi stack upon BFA washout. In striking contrast, 
Golgin-160 (GOLGA3), a trans-Golgi localizing matrix 
protein, has been shown to localize to centrosomes 
following BFA treatment [37]. Unlike the direct role 
of GM130 and GRASP65 in Golgi formation, it is 
understood that Golgin-160 mediates recruitment of 
dynein to the Golgi and the positioning of the Golgi 
at the microtubule organizing centre (MTOC), thus 
conferring it with a more indirect role in maintaining 
Golgi homeostasis. Giantin, the largest of the matrix 
proteins, has been shown to relocate to the ER follow
ing treatment of cells with BFA, although it does not 
diffuse through the ER in the same manner that Golgi- 
resident enzymes seem to [38,39]. Like GM130 and 

GRASP65, it also plays a central role in coordinating 
the higher architecture of the Golgi apparatus [39]. The 
retrograde cycling of matrix proteins is yet to be linked 
with Rab6-dependent trafficking, and the highly dis
tinct destinations of this family of proteins following 
stimulation of COPI-independent transport paint them 
as unlikely preferred cargo candidates for a dedicated, 
Rab6-dependent Golgi-to-ER pathway.

In the case of coated vesicle generation, the accumu
lation of cargo and cargo receptors at the donor mem
brane is a necessary and mechanistic prerequisite for 
transport carrier formation to avoid the wasteful gen
eration of empty vesicles. For tubular carriers, however, 
this is less clear. Early work from our own laboratory 
has shown that at the ER–Golgi interface there is an 
intrinsic link between cargo levels and the abundance 
of tubular-transport intermediates (TTIs) [40]. In these 
experiments, cells were microinjected with increasing 
concentrations of DNA encoding for GFP-tagged 
model cargo that cycled between the ER and the 
Golgi, namely KDEL receptor (GFP-KDEL-R) or 
ERGIC-53 (GFP-ERGIC-53). The increasing concen
trations of DNA resulted in increased cargo expression 
levels in the cells, and it was shown that the presence of 
TTIs was more prevalent in cells expressing a higher 
amount of ER-Golgi cargo. Although these experiments 
did not directly assess whether these were retrograde- 
destined tubules, they did demonstrate the link between 
cargo levels and the capacity of cells to generate tubular 
carriers.

In keeping with this hypothesis, in recent years further 
evidence suggests that it is the physical accumulation of 
the principal proposed cargo of Rab6-dependent retro
grade carriers, Golgi-resident enzymes, that acts as 
a trigger for membrane tubulation. Perhaps, the most 
convincing evidence in support of this comes from 
a series of experiments performed by Petrosyan and 
Cheng [41]. Utilizing the human pancreatic cell line 
PANC-1 stably expressing a Myc-epitope-tagged con
struct of the bovine isoform of the Golgi-resident enzyme 
core 2 N-acetylglucosaminyltransferase mucus-type 
(C2GnT-M), they first showed through RNA interference 
(RNAi) that non-muscle myosin 2A (NM2A) is necessary 
for BFA-dependent Golgi destabilization. NM2A had 
previously been shown to form a complex with Rab6A 
at the Golgi apparatus, so its involvement in BFA-induced 
tubulation is a promising sign of its involvement in Rab6- 
dependent retrograde traffic [41,42]. The same authors 
then showed that the activity and association of NM2A at 
Golgi membranes is substantially more pronounced in 
cells with a larger volume of C2GnT-M, as determined 
through fluorescence intensity measurements. Further to 
this, in LnCAP prostate cancer cells, the depletion of two 
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endogenous enzymes showing naturally high expression 
levels, core 2 N-acetylglucosaminyltransferase leukocyte- 
type (C2GnT-L) and β-galactoside α-2,3 sialyltransferase 
1 (ST3GAL1), delayed BFA-induced Golgi destabilization 
and reduced the association of Rab6A with NM2A, as 
shown through co-immunoprecipitation. Interestingly, 
this observation could be replicated in cells depleted of 
the coatomer subunit, beta-COP, as a substitute for BFA 
treatment. Together, these experiments strongly implicate 
cargo accumulation at the Golgi membrane as a trigger 
for recruitment of COPI-independent, Rab6-dependent 
biogenesis machinery, and implicate NM2A as a potential 
effector protein involved in this process.

One possibility to bear in mind when considering 
the biogenesis of Rab6-dependent membrane tubules is 
that NM2A itself may provide the energy necessary to 
drive membrane deformation and the extension of 
a tubular carrier from the Golgi apparatus. While this 
has not been directly assessed in the context of Rab6- 
dependent Golgi-to-ER carriers, there is evidence that 
NM2A is necessary for the formation of VSV- 
G-containing vesicles arising at the TGN [43]. In this 
early work, cells were depleted of NM2A with antibo
dies against the protein, and it was observed that vesicle 
release from the TGN in these cells was reduced to 50% 
efficiency. This vesicle biogenesis-deficient phenotype 
could be rescued through the introduction of purified 
NM2A to the cells. Perhaps, these experiments could be 
replicated with a model cargo of the Rab6-dependent 
Golgi-to-ER pathway, such as Shiga toxin, to assess 
whether this role of NM2A also applies to retrograde 
transport.

Another candidate as an effector mediating the bio
genesis of Rab6-dependent carriers is TATA element 
modulatory factor/androgen receptor coactivator of 160 
kDa (TMF/ARA160) [44]. First discovered in 1992 as 
a DNA-binding factor, TMF has since been more 
appropriately classed as a golgin and Golgi matrix 
protein, which binds to Rab6 and influences the mor
phology of the Golgi [45,46]. It contains a conserved 
coiled-coil motif at its C-terminus that is sufficient for 
binding to Rab6A, Rab6A’ and Rab6B [46]. In 2007, 
Yamane and colleagues identified TMF localizing spe
cifically to the budding structures at the edges of Golgi 
cisternae in HeLa and NRK cells. This pattern was 
replicated in cells expressing FLAG-tagged human 
TMF. TMF was found to localize to tubules containing 
the Golgi enzyme GalNAc-T2 and Rab6 under BFA 
treatment, although interestingly the TMF and Rab6 
signals did not overlap perfectly. Curiously, the retro
grade transport of Shiga toxin 1 (STx1) was severely 
impacted in cells depleted of TMF; Cy3-labelled STx1 
did not even localize to the Golgi apparatus and instead 

was found localizing to punctate structures, which were 
identified as late endosomes/lysosomes [44]. It is hard 
to discern precisely whether TMF has a role in the 
biogenesis of Rab6-coated Golgi-to-ER retrograde 
tubules, if the primary model cargo of this pathway 
does not reach its starting point (the Golgi) in cells 
depleted of TMF.

What is also unclear is whether TMF interacts with 
NM2A, and if so, how it does so. Investigations into 
these proteins may provide insight into the finer details 
of the mechanics of tubule biogenesis, and perhaps 
even the identification of a tubule initiation complex. 
Interestingly, TMF was shown to play a vital role in 
facilitating the Golgi localization of GalNAc-T2 in 
a manner dependent on the cytoplasmic tail of the 
enzyme – notably the same region that has been 
shown to also interact with NM2A [44,47]. RNAi- 
induced depletion of TMF led to a decrease of GalNAc- 
T2-GFP at the Golgi apparatus. Yamane and colleagues 
therefore proposed that the interaction between TMF 
and GalNAc-T2 prevents this cargo from being incor
porated into retrograde carriers, thus resulting in its 
retention at the Golgi. It can then further be argued 
that dissociation of TMF from GalNAc-T2 is 
a requirement for the incorporation of GalNAc-T2 
into a retrograde carrier. It is important to note that 
direct interaction between TMF and the cytoplasmic 
region of GalNAc-T2 could not be detected, thus 
there are likely to be additional, as yet unidentified 
molecules, involved in facilitating this association. 
Further studies exploring the relationship between 
TMF, NM2A, and Golgi glycosyltransferases are needed 
to clarify the nature of the relationships between these 
molecules in the context of Rab6-dependent retrograde 
transport.

In keeping with the hypothesis suggested by Yamane 
and colleagues regarding the role of a Golgi matrix 
protein in negatively regulating membrane trafficking, 
another scenario driving tubule formation worth con
sideration is what the authors of this review refer to as 
the ‘de-scaffolding’ of the Golgi membrane. In this 
scenario, in order for a membrane tubule carrier to 
form, a highly localized patch of the Golgi cisternal 
membrane must be cleared of the structural matrix 
proteins and golgins that give the organelle its integrity. 
This would generate a ‘Golgi exit site’ (GoES), 
a structure whose existence has not yet been validated 
experimentally but has been hypothesized by others 
[48]. There is evidence in support of this hypothesis, 
such as the findings from Yamane and colleagues [44] 
implying a need for the dissociation of TMF for the 
incorporation of GalNAc-T2 into a retrograde carrier. 
It has also long been known that during BFA-induced 
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Golgi tubulation, matrix proteins are the first to dis
sociate from the Golgi and be rapidly transported to 
secondary destinations via tubules, then followed by the 
transport of Golgi resident enzymes to the ER [22].

Interestingly, Arf1 has been reported to facilitate the 
formation of tubules at the Golgi apparatus in a largely 
COPI-independent manner [49]. Using clustered regu
larly interspaced short palindromic repeats (CRISPR)/ 
Cas9 technology to introduce a HALO tag to endogen
ous Arf1 in HeLa cells, Bottanelli and colleagues 
showed that the Golgi apparatus produces Arf1-coated 
tubules in the absence of any tubule-enhancing agent. 
Cargo studies showed that while ca. 80% of these 
tubules were positive for the anterograde model cargo 
VSV-G, ca. 20% were positive for the model retrograde 
cargo KDEL-R. KDEL-R-positive tubules showed non- 
continuous localization of COPI at regular intervals 
along their length; however, these regions were notably 
not enriched in Arf1. The authors speculate that this is 
likely due to the mechanism through which Arf1 is 
hypothesized to induce membrane tubulation – the 
insertion of the two myristoylated amphipathic helices 
of an Arf1 homodimer into the outer leaf of a bilayer 
membrane increases the surface area of the outer leaf 
relevant to the inner leaf, leading to the development of 
a tubular conformation to facilitate this surface area 
increase [49,50]. The tight packing of Arf1 dimers in 
these tubular membrane structures prevents the bind
ing of Arf1 effectors such as coatomer, thus explaining 
the association of COPI to regions along the tubule that 
are not enriched in Arf1. Importantly, Bottanelli and 
colleagues note and acknowledge that although KDEL- 
R was observed to be present in a sub-population of 
Arf1-positive tubules, it is unlikely that these tubules 
are the primary mode of retrograde transport of KDEL- 
R or KKXX-containing proteins due to the propensity 
of these proteins to bind to the components of coat
omer in COPI-coated vesicles. The primary cargo of 
Arf1-positive retrograde tubules is likely to be lipids or 
proteins that are not carried by COPI-coated vesicles. 
There has been no role of Arf1 yet reported in the 
mechanics of Rab6-positive tubules, however this 
work presents exciting and valuable insight into the 
general mechanics behind membrane tubulation that 
may indeed translate across to COPI-independent, 
tubule-mediated retrograde transport.

Tubule motility and elongation

The motor protein(s) and cytoskeletal elements that pro
vide momentum to Rab6-coated tubules remain shrouded 
in mystery. Various candidates have been proposed in the 
last quarter of a century since the first discovery of the 

Rab6-dependent pathway, although there has not yet been 
irrefutable confirmation or consensus on any. The major 
challenge thus far seems to be that we are yet to identify 
a bona fide motor protein with the exclusive role of 
providing mechanical propulsion to Rab6-coated Golgi- 
to-ER carriers – any candidates identified thus far have 
also been implicated in mediating additional steps in the 
wider mechanism of action of Rab6-dependent retrograde 
transport. For any long-range transport, it is probable that 
the motor proteins will be associated with microtubules 
rather than actin filaments. It is also likely that it will be 
a plus-end directed motor protein that will facilitate the 
transport of tubule-encapsulated cargo from the Golgi to 
the ER, due to the extensive evidence in the literature 
demonstrating that Rab6-coated retrograde tubules are 
capable of travelling to regions of the ER at the cell 
periphery. This implicates the kinesin family of motor 
proteins. The challenge with this is that kinesins also 
regulate post-Golgi anterograde transport, where Rab6 
has also been shown to play a role [51]. Resolving which 
kinesins regulate which Rab6-associated pathway, or 
indeed if there is any overlap between the kinesins of 
the pathways, will be no easy task.

In 1998, it was suggested that kinesin family protein 
20A (KIF20A), also known as Rabkinesin-6, acted as 
a molecular motor to drive Rab6-dependent retrograde 
transport carriers due to the presence of Rab6-binding 
domains at its carboxy terminus [52]. This hypothesis 
has since been challenged, as endogenous KIF20A loca
lizes weakly to the Golgi in interphase cells and instead 
shows a 10-fold higher localization to the nucleus dur
ing mitosis, suggesting a primary role for this protein in 
mitosis [53,54]. Further to this, the overexpression of 
KIF20A does not induce the relocation of Golgi 
enzymes to the ER as seen with the overexpression of 
GTP-locked Rab6 [21]. During mitosis, KIF20A has 
been shown to be essential for cytokinesis and provides 
stability to the mitotic spindle through its ability to 
bind microtubules at its C-terminus and to promote 
the association of important mitotic proteins with 
microtubules [54–56]. In their 2017 work, Miserey- 
Lenkei and colleagues proposed that in interphase 
cells, KIF20A may play a similar role by binding nucle
ating microtubules at sites of Golgi fission to act as 
tracks for emerging Rab6-dependent carriers [56]. 
Indeed, they showed that KIF20A serves to limit the 
diffusion of Rab6 throughout the Golgi membranes and 
encourage its preferential localization to specific fission 
sites at the edges of the cisternae. Importantly, however, 
these experiments only confirmed the involvement of 
KIF20A in anterograde Rab6-dependent transport, and 
its involvement in Rab6-dependent retrograde trans
port is yet to be confirmed.
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Kinesin-1 has been shown to have an involvement in 
anterograde Rab6-dependent transport, but it is unli
kely that it also regulates Golgi-to-ER retrograde trans
port [42,51]. In a 2010 publication from the Goud 
group, it was shown that depletion of KIF5B (the kine
sin-1 heavy chain), in tandem with the inhibition of 
NM2A, produced tubules which were on average 43% 
shorter than those in cells where KIF5B had not been 
depleted [42]. They argued that kinesin-1 extends 
tubules by pulling them along microtubule tracks 
before the tubules undergo fission from the Golgi 
induced by NM2A. Under the conditions of KIF5B 
depletion this extension is limited, thus resulting in 
shorter tubules. Despite this sign of involvement in 
Golgi membrane tubulation, in work from the Storrie 
group exploring partner proteins of ER-associated 
tethers in Rab6-dependent retrograde traffic, epistatic 
KIF5B depletion did not rescue the phenotype induced 
by depletion of the tether candidates ZW10, RINT1 and 
COG3, suggesting that it does not have a role in Rab6- 
dependent Golgi-to-ER retrograde traffic [57].

Kinesin-2, a heterotrimer composed of KIF3A, KIF3B 
and KAP3, has also been investigated in the context of 
BFA-stimulated retrograde tubular transport [58]. The 
Xenopus ortholog of KIF3B, Xklp3, localizes to Golgi 
membranes in immunofluorescence microscopy experi
ments, but membrane fractionation suggests that it also 
localizes to the ER. Following 5-min treatment with 
BFA, KIF3B was shown to localize to punctate struc
tures, as opposed to tubules, containing the resident 
enzyme GalNAc-T2 – a phenotype more reminiscent 
of redistributed matrix proteins rather than resident 
enzymes [22,58]. Retrograde transport of matrix proteins 
has not yet been shown to be Rab6-dependent. The 
Golgi-to-ER redistribution of Golgi enzymes induced 
by the overexpression of the GTP-restricted Rab6A 
mutant (Rab6A[Q27L]) has been shown to be indepen
dent of kinesin-2, and other studies on kinesin-2 indicate 
a role in COPI-dependent Golgi-to-ER recycling [59,60]. 
In this latter work, it was shown that in cells depleted of 
the kinesin-2 non-motor subunit KAP3, KDEL-R failed 
to localize to the Golgi and instead localized throughout 
the ER. Experiments employing VSV-G validated that 
this phenotype was not a result of aberrant anterograde 
transport, but rather COPI-dependent recycling. In addi
tion, cells depleted of KAP3 and treated with Shiga-like 
toxin 1 (SLT-1) displayed no change in SLT-1-induced 
toxicity, confirming that kinesin-2 does not have a role 
in Rab6-dependent Golgi-to-ER retrograde transport.

The minus-end directed microtubule motor complex 
dynein and its adaptors have also been suggested to 
play a role in Rab6-dependent retrograde traffic, despite 
arguably travelling in the wrong direction along 

microtubules for these carriers [59,61]. Initial work 
identifying the dynein adaptor proteins BICD1 and 
BICD2 as effectors of Rab6A demonstrated that, follow
ing low-temperature incubation at 20°C, BicD1, Rab6A 
and STxB colocalised with high specificity along tubu
lar carriers emerging from the cell periphery and even
tually fusing with the Golgi apparatus in HeLa cells 
[61]. These carriers did not colocalize with endosomal 
markers such as early endosome antigen 1 (EEA1), 
secretory pathway markers such as VSV-G, or ER- 
Golgi shuttling molecules such as ERGIC-53 and 
COPI. Matanis and colleagues proposed that active 
dynein and dynactin are necessary for Rab6- 
dependent Golgi-to-ER transport, although the exact 
reasons are unclear – one possible explanation is that 
they may retrieve upstream machinery that is necessary 
for Rab6-dependent Golgi-to-ER transport, or alterna
tively they may play a role in facilitating intra-Golgi 
transport [61]. In later work by Young and colleagues, 
it was also shown that the overexpression of the 
C-terminal fragment of the dynein adaptor BicD, 
which lacks the dynein-binding N-terminal domain, 
competitively displaces functional BicD from Rab6, 
and substantially impairs the Golgi-to-ER redistribu
tion of Golgi enzymes induced by overexpression of 
the GTP-restricted form of Rab6A [59].

There have not been many other developments in 
our understanding of the relationship between Rab6 
and dynein or the associated dynein effector complex, 
dynactin, in recent years, so we refer readers to another 
review from our group which discusses our knowledge 
of the Rab6–dynein interaction in more depth [5]. 
Since the publication of this previous review, the role 
of BicD in Rab6-dependent retrograde transport has 
been partially clarified. Initially understood to act as 
an adaptor between Rab6 and the dynein motor com
plex, it has been demonstrated by numerous works that 
the role of BicD is more likely to be in facilitating the 
fusion of Rab6-dependent tubules at the ER, although 
the precise mechanism remains to be clarified 
[57,61,62]. This is discussed in more depth later in 
this review. It also cannot be ignored that there is the 
possibility that BicD2 may facilitate both tubule moti
lity and tubule fusion – by acting as an adaptor for 
dynein to transport the tubule to the ER, and by acting 
as a carrier-associated tether for fusion machinery at 
the ER. Further studies will be needed to clarify this.

Interestingly, it has recently been reported that the 
Rab6-dynein axis, in conjunction with the Rab6 effector 
and modulator of dynein activity LIS1, regulates post- 
Golgi secretory trafficking in radial glial cells, although 
the subcellular organization of these cells varies sub
stantially from standard animal model cell lines [63]. 
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Radial glial cells are highly polarized, and maintenance 
of this polarization is mediated by the PAR, Crumbs 
and Scribble complexes. The secretory pathway in 
radial glial cells also plays a vital role in maintaining 
cell polarity due to its role in sorting and facilitating the 
transport of CRB, a component of the Crumbs com
plex, which is a determinant of the apical domain of 
radial glial cells. Using subcellular live-cell microscopy 
on embryonic mouse brain slices, Brault and colleagues 
first demonstrated that apical transport along microtu
bules in radial glial cells is minus-end directed, and 
noted that Rab6-positive vesicles displayed bi- 
directional movement along microtubules throughout 
radial glial cells. Importantly, it was shown that the 
dynein inhibitor dynarrestin drastically inhibited the 
movement of Rab6-positive vesicles into the apical pro
cesses of these cells, and later it was shown that knock
down of LIS1, or the double knockdown of Rab6A and 
Rab6B, prevented CRB3 from localizing to the apical 
membrane. This leads to the delamination of the apical 
membrane of the radial glial cells, which can in turn 
lead to microcephaly. Despite the drastic organizational 
differences between radial glial cells and other animal 
cell lines previously used to study Rab6-dependent 
transport, it is important to note the conservation of 
Rab6-dependent transport mechanics throughout cell 
types, and also interesting to consider the role of 
Rab6B in facilitating transport and cell polarization in 
neural cell types.

The implications of numerous members of the dynein 
machinery being effectors of Rab6 cannot be ignored 
(Table 1). One possible explanation for this is that Rab6- 
dependent Golgi-to-ER carriers may not necessarily 
depend on dynein for their motor activity, but rather 
dynein and/or its machinery must be associated with the 
carrier in order for an associated kinesin to exert its 
processive motor activity. Alternatively, dynein may be 
necessary for Rab6-dependent retrograde transport in 
highly polarized cells such as neurons, but less important 
in non-polarized cells.

An alternative explanation for the association of Rab6 
with dynein could be provided when considering the 
role of Rab6 in trafficking from endosomal compart
ments to the Golgi apparatus. Our understanding of 
the mechanical involvement of Rab6 in this particular 
transport step requires much development, however 
there is early evidence pointing to a role in the early 
endosome-to-TGN retrograde transport step. Inhibition 
of Rab6A’ through overexpression of the dominant- 
negative GDP-locked mutant, Rab6A’T27N, resulted in 
accumulation of STxB in transferrin receptor-positive 
early/recycling endosomes, and a failure to traffic to 
the TGN [11]. Additionally, in work characterizing the 

mammalian retromer complex, it was shown that two 
retromer sorting nexins (SNX) SNX5 and SNX6 interact 
with the Rab6 effector and dynactin subunit p150glued 

[81]. Another retromer SNX, SNX1, was also shown to 
interact specifically with Rab6-interacting protein 1 
(Rab6IP1). Retromer-dependent transport is dynein- 
driven, and the carriers are tubular-vesicular in nature 
[82] – the overlap between Rab6 and dynein in this 
pathway could potentially point to an involvement of 
Rab6 in a more diverse range of tubule-dependent trans
port than exclusively Golgi-to-ER tubular transport. 
Resolution of this question, along with resolution of 
the motor protein(s) responsible for driving the specific 
Golgi-to-ER transport step of Rab6-coated carriers is of 
vital importance, in order to be able to fully understand 
this pathway and its role in cells.

Tubule fission

Membrane fission as an event can be described as either 
active, in which the hydrolysis of nucleotide tripho
sphates generates energy to facilitate membrane fission, 
or passive, in which lipids and proteins of a membrane 
spontaneously rearrange in a manner which favours 
membrane fission over membrane continuity [83]. 
The fission, be it active or passive, of Rab6-positive 
tubules from Golgi membranes remains poorly under
stood. In recent years, a number of discoveries have 
been made regarding the molecular mechanisms of 
active fission of Rab6-positive vesicles from the Golgi, 
and it is plausible that there may be overlap between 
these molecules and those involved in Rab6-positive 
tubule fission. A key question that remains to be 
addressed is that of the temporal triggers for tubule 
fission, and specifically whether any delay in carrier 
fission would result in elongation of the emerging bud 
and the production of a tubule. A variety of different 
mechanisms to drive membrane fission exist in cells, 
and a wide range of molecular machinery has now been 
identified [83].

Some of the first work to identify players involved 
in the fission of retrograde tubules came from a series 
of experiments investigating the involvement of actin 
in retrograde transport [84]. While microtubules tend 
to be the cytoskeletal structure most frequently impli
cated in long-range membrane trafficking events, 
a number of studies have also shown the involvement 
of actin in directing transport carriers, including BFA- 
induced transport tubules [85]. Durán and colleagues 
showed that by pharmacologically inhibiting the activ
ity of the actin-associated motor protein, NM2A, using 
the broad-spectrum myosin inhibitor 2,3-butanedione 
2-monoxime (BDM) and the myosin light-chain 
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kinase inhibitor ML-7, BFA-induced redistribution of 
α-mannosidase II was substantially delayed [84]. 
BDM- and ML-7-based inhibition of myosins still 
allowed the formation of tubules under cells treated 
with BFA and these tubules persisted longer than 
untreated cells, suggesting that myosins, and NM2A 
in particular, play a role in facilitating the fission 
event.

ML-7 is also known to inhibit protein kinase 
A (PKA) and protein kinase C (PKC), and it was 
notable that the inhibition of BFA-induced destabiliza
tion reported by Durán and colleagues in [84] was 
shown not to result from this activity of ML-7. 
Curiously, work from the Mardones group argued the 
opposite [86]. In a series of elegant microscopy 

experiments utilizing BFA, they first showed that 
HeLa and NRK cells treated with two other inhibitors 
of PKA, H-89 and myr-PKI-A, produced long tubules 
which were incapable of detaching from the Golgi 
apparatus. They then showed that following incubation 
of cells with both BFA and myr-PKI-A, the temporary 
withdrawal of myr-PKI-A in the continuous presence 
of BFA was sufficient to induce the fission of accumu
lated tubules from the Golgi. Together these data sug
gest that PKA is an important protein in facilitating the 
fission of retrograde tubules from the Golgi, although 
notably it is still unclear as to what the targets of 
phosphorylation of PKA are in this process. 
A tempting hypothesis to consider is that PKA may 
phosphorylate Golgi matrix proteins, thus influencing 

Table 1. List of Rab6 effectors and interacting proteins.

Protein Comment
Proposed role in 

Golgi-to-ER transport Reference

Bicaudal D1 (BicD1) Interacts with C-terminal of GTP-locked Rab6A; thought to play a role in Rab6-dependent  
endocytic transport but its role in Golgi-ER transport, if any, is less well defined

Motility? [61,64]

Bicaudal D2 (BicD2) Interacts with C-terminal of GTP-locked Rab6A; thought to play roles in both the motility  
of Rab6-dependent Golgi-ER carriers and the fusion of these carriers with the ER  
membrane

Motility; fusion [61,64]

Dynein light chain 
roadblock-type 1 
(DYNLRB1)

Identified as an effector of Rab6A, Rab6A’ and Rab6B through co-immunoprecipitation,  
yeast two-hybrid and pull down studies

Motility [65]

GAPCenA/RabGAP1 Rab6 GAP; localizes to centrosomes and understood to be involved in microtubule  
nucleation

None [66]

GCC185 Contains a Rab-binding domain upstream of its C-terminal GRIP domain None [67]
Giantin N-terminal of Giantin interacts directly with the N-terminal of GTP-locked Rab6A;  

interaction between Rab6 and Giantin decreases upon pharmacologically induced Golgi  
destabilization

Biogenesis? [47,68]

Golgin-97 Contains Rab6-interacting domain at C-terminal None [69]
Golgin-245 Contains Rab6-interacting domain at C-terminal None [69]
Golgin, Rab6 interacting 

(GORAB; aka SCYL1BP1)
Identified as an interactor with both Rab6A and Rab6B in yeast two-hybrid studies; later  

identified as COPI scaffolding factor
None [70,71]

KIF1C Binds to Rab6A at both the C-terminus and the motor domain; binding of Rab6A at the  
motor domain inhibits the interaction of KIF1C with microtubules

None [72]

KIF5B Shown to facilitate Rab6-dependent exocytosis, not yet been shown to be involved in  
Rab6-dependent Golgi-ER transport

Motility* [51]

KIF20A Binds to Rab6 via the C-terminus, plays a role in the fission of Rab6-dependent  
anterograde carriers

Motility?*; fission* [52]

LIS1 GTP-locked Rab6A releases LIS1 from dynein idling complex – no direct binding reported Motility? [73]
Mint3/APBA3 The phosphotyrosine-binding (PTB) domain interacts with GTP-locked Rab6A; confirmed  

through yeast two-hybrid studies and FRET
None [74,75]

Non-muscle myosin 2A 
(NM2A)

Coiled-coil heavy chain region shown to interact with GTP-locked Rab6A and Rab6A’  
through yeast-two-hybrid studies; important for biogenesis of Rab6-dependent Golgi-ER  
carriers and fission of Rab6-dependent anterograde carriers

Biogenesis; fission* [42]

Non-muscle myosin 2B 
(NM2B)

Coiled-coil heavy chain region interacts with GTP-locked Rab6A and Rab6A’, identified  
through yeast two-hybrid studies

None [42]

OCRL1 Identified as a Rab6 interactor through yeast two-hybrid studies; contains a Rab-binding  
domain also capable of binding to Rab1B, Rab5A and Rab8A in addition to Rab6A

None [76]

p150glued Identified as an interactor of Rab6 through yeast-two-hybrid studies; capable of  
interacting with wild-type Rab6 but preferentially interacts with GTP-locked Rab6

Motility? [64]

Rab6IP1/ 
DENND5

Identified as a Rab6 effector through yeast-two-hybrid studies and pull-down  
experiments; binds to Rab6 through a central RUN domain

None [77,78]

Rab6IP2/ELKS Contains a Rab6-binding domain at the C-terminus; in-vitro studies show preferential  
binding to Rab6B and Rab6A’ over Rab6A; potentially involved in Rab6-dependent  
endosome-Golgi transport

None [79]

TGN38 Cytoplasmic, carboxy-terminal domain binds to a complex of Rab6 with p62; is thought to  
play a role in the budding of exocytic vesicles but has not been studied in the context  
of Rab6-dependent Golgi-ER traffic

None [80]

TMF/ARA160 Contains a coiled-coil motif that is capable of binding to Rab6A, Rab6A’ and Rab6B;  
thought to play an as yet undefined role in Rab6-dependent Golgi-ER carrier biogenesis

Biogenesis [46]

*Identified as playing a role in Rab6-dependent anterograde transport. 
?Possible role in Rab6-dependent Golgi-to-ER transport, yet to be experimentally validated. 
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their function at the Golgi membrane. Very recent 
work by Jia and colleagues supports this hypothesis, 
by showing that the Golgi phosphoprotein 1 
(GOLPH1; also known as Acyl CoA Binding Domain 
containing 3 (ACBD3)) functions as an A-kinase 
anchoring protein (AKAP) and recruits PKA to the 
Golgi apparatus [87].

Work from the Goud group has also implicated 
NM2A in the fission of Rab6-positive carriers from 
the Golgi apparatus [42]. NM2A was initially identi
fied as playing a promiscuous and prominent role in 
the fission of Rab6-positive carriers through fluores
cence microscopy studies investigating the dynamics 
of GFP-Rab6A and GFP-Rab6A’. NM2A was inhibited 
through the action of blebbistatin and ML-7, and the 
Rho kinase inhibitor Y27632 was also included. 
Parallel studies incorporating RNAi-based depletion 
of NM2A were also undertaken. Interestingly, NM2A 
was shown to play a role in both the anterograde 
transport of the model secretory cargo, VSV-G, and 
the retrograde transport of STxB. Conflictingly, the 
experiments reported by Durán and colleagues [84] 
(discussed above) showed no effect on the anterograde 
transport of VSV-G in cells treated with ML-7 alone, 
although their results on the failed ER localization of 
STxB are in agreement with those reported by the 
Goud group.

Another study from the Goud group identified the 
kinesin KIF20A (Rabkinesin-6) as being an additional 
protein with a vital role in NM2A-mediated fission of 
Rab6-positive carriers from the Golgi [56]. In these 
experiments, regions of the Golgi membrane in which 
Rab6-dependent vesicle production was enriched were 
observed, and named ‘Golgi fission hotspots’ by the 
authors of this work. Importantly, when the NM2A 
inhibitor blebbistatin was employed, Rab6-positive 
tubules, as opposed to vesicles, were formed, in the 
same regions of the Golgi as the Rab6-positive vesi
cles. KIF20A was identified as a mutual interactor of 
NM2A and Rab6, and its inhibition through a variety 
of mechanisms also resulted in the formation of long, 
continuous tubules attached to the Golgi membrane – 
a phenotype indicative of defective fission, similar to 
that observed in NM2A inhibition experiments. 
Although the findings in this series of experiments 
are of great importance to understanding the wider 
role of Rab6 at the Golgi apparatus, only VSV-G 
anterograde transport was assessed, and currently 
there is no understanding of whether KIF20A also 
plays a role in Rab6-/NM2A-mediated retrograde 
transport.

It is worth noting that the Golgi fission hotspots 
observed at the edges of Golgi cisternae [56] bear 

remarkable similarity to the budding structures to 
which TMF has been shown to localize [44]. 
Together, these two studies support the hypothesis of 
the presence of GoES or tubulation complexes at the 
Golgi apparatus, in which machinery regulating multi
ple stages of tubulation is recruited, with varying tem
poral triggers. This hypothesis will require further 
investigation. Perhaps most curious is the apparent 
multifaceted role of NM2A in Rab6-dependent trans
port. NM2A has been shown to be involved in two 
steps of tubulation with strikingly opposing functions – 
the development of a membrane tubule, as suggested by 
Petrosyan and Cheng [41], and the fission of 
a membrane tubule [56]. It is plausible that Rab6 and 
NM2A may form a ‘master regulator’ complex of 
sorts – together, these two proteins might regulate 
a multitude of tubulation events, in combination with 
the recruitment of additional, temporally and/or spa
tially triggered effectors.

An alternative explanation for the involvement of 
NM2A in two mechanically distinct steps can be pro
vided when considering the hypothesis that tubules, as 
opposed to vesicles, are formed as a means of trans
porting large volumes of retrograde cargo. If NM2A 
does indeed interact directly with Golgi-to-ER cargo 
such as glycosylation enzymes and act as a bridge for 
Rab6 and its associated mechanical effectors, perhaps it 
is the absence of NM2A from the membranes that 
triggers membrane scission. In this scenario, transport- 
ready Golgi-resident enzymes would accumulate, thus 
recruiting NM2A and Rab6 [41,47,88]. Membrane 
deformation would occur, allowing the formation of 
a Rab6-coated transport carrier. Due to a high volume 
of cargo, NM2A is then continually recruited to the 
point of exit of the Golgi enzymes, lengthening the 
transport carrier and developing a tubule, rather than 
a vesicle. It is only when the cargo has entered into the 
transport carrier fully, and NM2A remains associated 
with the enzymes in the tubule, as opposed to on the 
Golgi membranes, that membrane scission can occur. 
In this hypothesis, NM2A is involved in both tubule 
biogenesis and tubule fission – its presence at tubule 
budding hotspots promotes tubulation, and its exit 
from these hotspots promotes membrane scission.

While tempting, this hypothesis is not without its 
flaws. For example, there would surely need to be 
a means in place to prevent the continuous recruitment 
of NM2A by the cytosolic tails of Golgi enzymes and 
thus their perpetual retrograde transport, thereby 
allowing them to remain in the Golgi to perform post- 
translational modifications on anterograde-moving 
cargo. One possible solution to this dilemma is the 
Golgi membrane ‘de-scaffolding’, alluded to previously. 
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As well as interacting with membrane trafficking asso
ciated proteins, Rab6 has also been shown to interact 
with a number of different Golgi matrix proteins, 
responsible for maintaining the structural integrity of 
the organelle [89]. Given the pivotal role that Rab6 has 
been shown to play in regulating Golgi-associated 
transport pathways, it begs the question whether the 
interactions between Rab6 and matrix proteins are 
purely to facilitate the maintenance of Golgi structural 
integrity, or whether these structural proteins might 
also be involved in facilitating transport. Giantin is 
a large 376 kDa Golgi matrix protein that exists as 
a coiled-coil homodimer, and which has a Rab6- 
binding region at its N-terminus [68,90]. In work 
from the Petrosyan group exploring Golgi restoration 
following ethanol treatment, it was observed that etha
nol treatment on HeLa and LNCaP cells resulted in the 
fragmentation of the Golgi apparatus, the de- 
dimerization of giantin and an associated loss of its 
binding to Rab6 [47]. Strikingly, the loss of the associa
tion between Rab6 and giantin corresponded with an 
increase in the association between Rab6 and phos
phorylated NM2A [47]. In later studies exploring the 
role of giantin in the reformation of the Golgi appara
tus following BFA washout, the same group also 
showed that as the Golgi reforms, Rab6 associates 
more with giantin, and its association with NM2A 
decreases [39]. The reformation of the Golgi apparatus 
was also associated with the dimerization of giantin, 
suggesting that Rab6 may have a preference for binding 
to dimerized giantin as opposed to giantin monomers, 
although this has not been directly explored. One pos
sible explanation for this is that giantin, when in its 
coiled-coil, dimerized state, appears to exist in 
a ‘hooked’ conformation, as opposed to a rigid confor
mation extending into the cytoplasm [39]. This would 
bring its Rab6-binding region at the N-terminus in 
close proximity to the Golgi membrane, where active 
Rab6 resides. Although tubule biogenesis was not 
directly explored in these studies, together they present 
an enticing hypothesis – it is the stoichiometry of the 
association of Rab6 with either matrix scaffold proteins 
or with motor proteins that determines whether the 
Golgi membrane remains intact or becomes destabi
lized and ‘de-scaffolded’, thus creating a temporal and 
spatial opportunity for the biogenesis and formation of 
a transport carrier (Figure 1). Similar hypotheses have 
also been presented by others in the field [8]. Further 
studies on the relationship between Rab6 and its differ
ent classes of effectors will be needed to explore this 
possibility.

Passive fission of Rab6-positive tubules is also an 
appealing theory to consider [83]. While the factor(s) 

driving the initial membrane curvature and budding to 
produce a Rab6-coated tubule remain to be identified, 
it is plausible that if these factors behave in a similar 
manner to Arf1, as described by Bottanelli and collea
gues [49], passive fission may indeed be the default 
fission mechanism for Rab6-coated carriers. Under 
the models of passive fission, recruitment of curvature- 
inducing agents at a high density to the membrane 
drives the continuous expansion of the membrane 
until it closes in on itself to form a transport carrier 
such as a vesicle [83,91]. This model applies to Arf1- 
induced membrane curvature to drive the synthesis of 
COPI-coated vesicles [50], but creates a conundrum – 
how, then, can Arf1-coated tubules simultaneously 
exist? What prevents the closing-in of an Arf1-coated 
membrane, to allow it to extend and exist as a tubule as 
opposed to a vesicle? One answer could be the volume 
of cargo that is incorporated into the transport carrier. 
Under circumstances in which there is a high volume of 
cargo to be transported, the high density of this cargo 
in the membrane of the transport carrier would logi
cally prevent the enhanced association of curvature- 
inducing agents. This might allow the carrier to expand 
until such a point where most of the cargo has been 
incorporated into the carrier and there is sufficient 
surface area at the membrane to only then allow the 
density of the curvature-inducing agent to surpass that 
of the cargo. As discussed above, there is much evi
dence to support the hypothesis that it is large volumes 
of cargo such as Golgi-resident enzymes that drive the 
formation of Rab6-coated retrograde tubules. It falls to 
reason that this large volume of cargo may also be the 
driving force behind the extension, and inhibition of 
passive fission, of the membrane.

Tubule fusion

The fusion of a transport carrier with its target mem
brane is mediated by a combination of target-associated 
tether proteins, capturing the incoming transport car
rier, and SNARE proteins, which facilitate membrane 
homogenization and fusion [92]. Since the initial dis
covery of the Rab6-dependent pathway, a number of 
different potential molecules involved in facilitating the 
fusion of Rab6-dependent carriers with the ER have 
been proposed.

Zeste White 10 (ZW10) in complex with RINT-1 
have been identified as strong candidates for target 
membrane-associated Golgi-to-ER tether proteins in 
the Rab6-mediated pathway by the Storrie group 
[57,93]. The ZW10 and RINT-1 complex associates 
with the SNARE protein syntaxin-18 at the ER mem
branes, and depletion of either ZW10 or RINT-1 results 
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in the fragmentation of the Golgi ribbon into a series of 
punctate, juxtanuclear Golgi fragments [93–95]. 
Epistatic knockdown or silencing of Rab6 reverses 
these phenotypes, as well as the fragmented Golgi phe
notype induced by depletion of COG3, a component of 
the known ER tether conserved oligomeric Golgi 
(COG) complex, providing strong evidence that these 
proteins play a role in Rab6-mediated transport [93]. In 
another series of epistatic depletion experiments 
exploring other potential partner proteins of ZW10/ 
RINT-1 and COG3 in Rab6-mediated retrograde trans
port, Majeed and colleagues [57] identified NM2A and 
KIF20A as proteins likely to lie upstream of ZW10/ 
RINT-1, but not COG3, in Golgi-derived transport. 
Given the high likelihood of involvement of NM2A 
and KIF20A in the Rab6-dependent, COPI- 
independent pathway, as discussed previously in this 
review, it is reasonable to suggest that the ZW10/RINT- 
1 complex likely plays a role.

The dynein adaptor proteins BicD1 and BicD2 were 
also identified as candidates lying upstream of both 
ZW10/RINT-1 and COG3 [57]. BicD was first identi
fied as playing a role in COPI-independent retrograde 
transport as early as 2002 [61]. In this early work, it was 
noted that BicD1 and BicD2 bind to the C-terminus of 
Rab6A, and both BicD variants colocalize with Rab6 on 
vesicular and tubular structures (although BicD1 more 
so than BicD2). Notably, cells incubated at low tem
peratures, a common tubule enhancing treatment, 
demonstrated the formation of BicD1-positive tubules 

at the cell periphery, which progressed towards the 
Golgi apparatus with increased time at the low tem
perature. It was also shown that BicD1 colocalised with 
both Rab6 and STxB on these tubules. Inhibition of 
BicD2 through the overexpression of the C-terminus of 
BicD2 led to the accumulation of large vesicle-like 
structures containing both Rab6 and GalTase at the 
cell periphery – importantly neither at the Golgi nor 
the ER. Together, these findings suggest a role of BicD 
at multiple stages of Rab6-dependent retrograde 
transport.

In 2015, work from the Murata group further soli
dified the role of BicD in Rab6-dependent retrograde 
transport [62]. BicD2 was confirmed as an interactor of 
Rab6 through cytosolic reconstitution experiments, and 
it was also shown that the presence of BicD2 in the 
cytosol is necessary for the Golgi-localization of Rab6. 
Interestingly, it was the knockdown of BicD2, but not 
BicD1, which prevented the stabilization of Rab6 at the 
Golgi apparatus. In the context of the results obtained 
from Matanis and colleagues [61], perhaps BicD1 and 
BicD2 play non-overlapping roles in Rab6-dependent 
retrograde transport – BicD1 in early, pre-Golgi Rab6- 
dependent retrograde transport, and BicD2 in post- 
Golgi Rab6-dependent retrograde transport. In keeping 
with this idea, Matsuto and colleagues observed that 
cells depleted of BicD2 and treated with BFA demon
strated elevated tubule persistence times and a delay in 
the appearance of the redistribution of the Golgi 
enzyme GalT to the ER – phenotypes indicative of 

Figure 1. De-scaffolding of the Golgi apparatus. Schematic diagram outlining the likely order of ‘de-scaffolding’ of the Golgi 
membrane in order to generate a Rab6-positive tubular carrier.
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perturbed tubule fusion at the ER [62]. The mechanics 
through which BicD2 mediates tubules fusion remain 
to be elucidated.

Recent work by Shomron and colleagues [96] sug
gests a role of Rab6 and BicD2 in the positioning of 
ERES sites in the perinuclear region at the cell centre. 
In these experiments, the overexpression of the GDP- 
restricted Rab6 mutant (Rab6A’[T27N]) reduced the 
clustering of both Sec23-positive and Sec16-positive 
ERES in close proximity to the Golgi apparatus, and 
this phenotype was replicated in cells overexpressing 
the N-terminal fragment of BicD2, which lacks the 
Rab6-binding region. VSV-G accumulation at the 
Golgi was also impaired upon overexpression of 
Rab6A’[T27N] or the N-terminus of BicD2. These find
ings suggest that it is Rab6 in cooperation with BicD2 
which plays a role in the positioning of ERES. While 
this work does not directly explore Rab6-dependent 
retrograde traffic, it cannot be ignored that there are 
likely to be indirect links. If the principal function of 
the Rab6-dependent pathway is indeed the recycling of 
Golgi-resident molecules such as enzymes, as is the 
current understanding, it would be reasonable to sug
gest that this recycling of cargo would be targeted at 
destinations of the ER close to ERES to facilitate their 
swift secretion and re-entry to the Golgi apparatus. 
Furthermore, as Rab6 is predominantly localized to 
the trans-Golgi and TGN, and not the ER, arguably 
the only explanation for its involvement in the posi
tioning of ERES is linked to its role in Golgi-to-ER 
retrograde transport.

Our own recent work has implicated Sec1 family 
domain containing protein 1 (SCFD1), also known as 
SLY1, in the fusion of Rab6-dependent tubular carriers 
at the ER [97]. SCFD1 interacts with syntaxin-17 at the 
ER, in conjunction with COG4. COG4 forms lobe A of 
the COG complex in conjunction with COG1, COG2 
and COG3, with lobe B being formed by COG5–8 [98]. 
In a systematic RNAi screen investigating molecules 
involved in mediating the fusion of Rab6-dependent 
retrograde tubules at the ER, syntaxin-5 (STX5), vesicle 
associated membrane protein 4 (VAMP4) and SCFD1 
were identified as candidates whose depletion resulted 
in delayed ER redistribution of Rab6 in a COPI- 
independent pathway. Further experiments on the 
impact of SCFD1 depletion in conjunction with Shiga- 
like toxin B chain (SLTxB) retrograde transport assays 
demonstrated that depletion of SCFD1 prevented 
SLTxB from relocalising to the ER, and instead loca
lized to punctate structures which colocalised with 
Rab6. In cells depleted of SCFD1, and treated with 
BFA, live-cell microscopy revealed substantially 
impeded tubulation of the Golgi apparatus – tubules 

emerging from the Golgi apparatus were shorter than 
those in control cells, and EGFP-Rab6 failed to redis
tribute to the ER over the entire imaging period. The 
role of SCFD1 and its associated partner molecules at 
the ER, namely syntaxin-17 and COG4, will require 
further investigation, although it is very promising 
that the COG complex, lobe A specifically, has been 
implicated in Rab6-dependent retrograde transport in 
two independent works – pointing to an important role 
of this complex in the pathway [57,97].

In addition to the physical fusion machinery, other 
highly localized biochemical reactions are also likely 
to be required for membrane fusion to occur. 
Tenorio and colleagues [86] showed that PKA activ
ity is important for facilitating tubule fission, as dis
cussed above. In the same work, they showed that 
tubule fusion at the ER is also significantly abrogated 
in cells treated with pharmacological inhibitors of 
PKA. Following on from their experiments in which 
myr-PKI-A was temporarily withdrawn from cells in 
the continuous presence of BFA, cells were then re- 
incubated with myr-PKI-A, and fixed at different 
time points. The cut tubules observed following the 
initial withdrawal of myr-PKI-A were still present 
and, interestingly, these cut tubules of ca. 5 µm in 
length persisted as long as 15 min following myr-PKI 
-A reintroduction. There was no re-distribution of 
resident enzymes to the ER, or of matrix proteins to 
ERES. The persistence of these cut tubules shows that 
not only is PKA activity important for the initial 
fission of the tubules from the Golgi membrane but 
also fusion at the ER membranes. This work is also 
suggestive that tubule fission occurs in advance of 
tubule fusion at the ER membrane, and therefore that 
free tubules may exist. We are still left with more 
questions than answers, however. What are the 
downstream targets of PKA – could they be molecu
lar motors such as NM2A? Also, is tubule fission 
from the Golgi a necessary prerequisite to tubule 
fusion at the ER, or can a tubule fuse with the ER 
prior to its scission from the Golgi thereby creating 
transient connections between the two organelles? 
This latter question has never been explored in the 
context of Golgi-to-ER retrograde transport, however 
recent work from the Stephens lab has suggested that 
continuous anterograde-directed membrane connec
tions between the ER and Golgi may exist as 
a mechanism for the transport of large secretory 
molecules, such as pro-collagen [99,100]. 
Conventional ER-to-Golgi COPII carriers tend to 
range between 60 and 90 nm in size, whereas the 
secretory cargo pro-collagen is ca. 300 nm in length, 
falling well outside the limits of COPII vesicles. In 
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Figure 2. An overview of Rab6-dependent Golgi-to-ER transport. Schematic outlining our current understanding of molecules 
involved in the different steps of Rab6-dependent Golgi-to-ER transport (a: biogenesis, b: motility and elongation, c: tubule fission, d: 
tubule fusion at the ER). Proteins speculated but not explicitly confirmed to play a role in this pathway are indicated with a ‘?’, and 
proteins confirmed to play a role in mediating anterograde Rab6-dependent transport, but have not been investigated in the 
context of retrograde transport, are marked with an asterisk.
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a series of live-cell experiments employing a GFP- 
tagged pro-collagen construct (herein referred to as 
GFP-COL), the secretion of which could be induced 
and controlled using the Retention Using Selective 
Hooks (RUSH) system, McCaughey and colleagues 
observed that GFP-COL tended not to localize to 
large membrane-bound intermediates between the 
ER and the Golgi as reported by other groups, but 
instead gradually emptied from the ER, and just as 
gradually appeared in the Golgi apparatus. To 
explain these findings, they hypothesized that there 
may be a short-range trafficking loop connecting 
juxtanuclear ER membranes with membranes of the 
ER-Golgi intermediate compartment (ERGIC). In 
this scenario, due to the limited spatial separation 
between the ERGIC and some ER membranes, and 
the size of the large secretory cargo such as pro- 
collagen, transport carriers arising from the ER may 
fuse with the ERGIC before carrier scission at the ER 
has occurred. It would be interesting to explore the 
possibility of continuous membrane joins between 
the Golgi and ER in the context of tubule-mediated 
retrograde transport.

Conclusions and future directions

Despite almost one-quarter of a century having elapsed 
since the discovery of the Rab6-dependent Golgi-to-ER 
transport pathway, there are evidently still many unre
solved questions with respect to how it is regulated. In 
this review, we have attempted to reconcile the avail
able evidence for how this pathway is mechanistically 
controlled to produce a consolidated view (Figure 2). 
Our lack of knowledge of the mechanics of this path
way is in stark comparison to our level of understand
ing of how coated vesicular carriers, such as COPI, 
COPII and clathrin-coated vesicles, are formed and 
utilized within cells. There are a number of factors 
explaining why our knowledge of the molecular com
position of Rab6 carriers is relatively sparse.

Firstly, initial identification of the core components 
of coated vesicular carriers came from elegant biochem
ical isolation approaches, in which the vesicles were 
purified in high abundance and their composition 
determined. Given that there seems to be no conven
tional coat on Rab6 tubular carriers, they are likely to 
be highly labile such that biochemical isolation meth
ods would be futile. Secondly, we are still unclear about 
their physiological function. While a variety of studies 
clearly show their presence in both perturbed and 
homoeostatic cells, and some involvement in recycling 
Golgi glycosylation enzymes back to the ER, to date, the 
specific range of cargo types associated with them has 

remained elusive. Thirdly, the molecules that have thus 
far been linked to Rab6 tubule function are not solely 
involved in this pathway. It may indeed be the case that 
this pathway does not utilize any unique machinery, 
but rather ‘borrows’ a subset of molecules from other 
transport pathways.

Resolving these points is essential if we are to shed 
light on this pathway. Not only is this important from 
an academic perspective, in particular addressing the 
curious question of why the cell needs to be able to 
generate long membrane tubules rather than conven
tional vesicles, but also from a physiological one. The 
pathway was discovered, almost by chance, through 
experiments investigating the trafficking pathways 
taken by a number of protein toxins [101]. What has 
emerged is that it seems to be the primary pathway 
parasitized by the Shiga and E. coli Shiga-like toxins in 
order to reach the ER and then dislocate their catalytic 
subunits into the cytoplasm [102]. Given the unique 
nature of the pathway, effectively linking the plasma 
membrane and endosomal system with the primary 
organelle in the early secretory pathway, it is not unsur
prising that it is also now being viewed in the context of 
a novel pathway for therapeutic delivery [103]. If that 
potential is to be realized, it is imperative that it does 
not take us another quarter of a century to precisely 
define how its molecular regulation is achieved.
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