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Background information. Rab GTPases are key coordinators of eukaryotic intracellular membrane trafficking. In their
active states, Rabs localise to the cytoplasmic face of intracellular compartments where they regulate membrane
trafficking processes. Many Rabs have been extensively characterised whereas others, such as Rab30, have to
date received relatively little attention.
Results. Here, we demonstrate that Rab30 is primarily associated with the secretory pathway, displaying predominant localisation to the Golgi apparatus. We find by time-lapse microscopy and fluorescence recovery after
photobleaching studies that Rab30 is rapidly and continuously recruited to the Golgi. We also show that Rab30
function is required for the morphological integrity of the Golgi. Finally, we demonstrate that inactivation of Rab30
does not impair anterograde or retrograde transport through the Golgi.
Conclusions. Taken together, these data illustrate that Rab30 primarily localises to the Golgi apparatus and is
required for the structural integrity of this organelle.

Supporting Information available online

Introduction
The complex endomembrane system of membranebound compartments and organelles that exist in eukaryotic cells requires sophisticated mechanisms for
the transport of cellular material from one location
to another. Such a multifarious trafficking system requires several critical cellular transport events such
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as vesicle budding and formation, motility, docking
and fusion.
Central to the control and regulation of vesicle
trafficking is the Rab family of GTPases, the largest
subfamily of the small GTPases (Stenmark, 2009).
Rab proteins are low-molecular-weight (20–25 kDa)
monomeric GTPases that act as cellular molecular switches by alternating between two distinct
nucleotide-bound conformations (Stenmark, 2009).
When GDP-bound, Rabs are inactive and associate
with chaperone proteins termed GDP-dissociation
inhibitors (GDIs) which facilitate their extraction
from, and delivery to, appropriate membranes. In this
functional cycle, once a Rab becomes membrane associated, rapid exchange of GDP for GTP occurs and
it switches to its ‘active’ conformation. The active
Rab can recruit downstream effector proteins which
mediate its biological function. Following this, the
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Rab hydrolyses the bound GTP, returning the Rab to
its ‘inactive’ GDP-bound state, which is followed by
subsequent membrane extraction by GDI and, when
appropriate, delivery of the Rab to a new membrane
for another round of functional activity (Stenmark,
2009).
The eukaryotic biosynthetic pathway is composed
of the endoplasmic reticulum (ER), the Golgi apparatus and intermediate compartments between
these two organelles (Lee et al., 2004). The primary
function of these compartments is to correctly fold
newly synthesised proteins, to perform essential posttranslational modifications, and to package proteins
into vesicles for their transportation to a target intracellular destination or to the plasma membrane
(PM) (Glick and Nakano, 2009). The trafficking systems that exist between the ER and Golgi are tightly
regulated by a collection of small GTPases including Rab1a, Rab1b, Rab2, Arl1 and ARF1 (Lee et al.,
2004). These proteins have primarily been implicated
in directing the assembly of the COPI and COPII coat
complexes that facilitate vesicle budding from donor
compartments, and also in the control of vesicle fusion in conjunction with tethering proteins that are
anchored in acceptor compartments (Tisdale et al.,
1992; Moyer et al., 2001; Lee et al., 2004; Glick
and Nakano, 2009). Trafficking from the Golgi to
endosomes and to the PM is controlled by a different
subset of Rab proteins including Rab6, Rab8, Rab11
and Rab14 (Huber et al., 1993; Chen et al., 1998;
Wilcke et al., 2000; Grigoriev et al., 2007; Kitt et al.,
2008).
Rab30 is a ubiquitously expressed, 23 kDa GTPase
that was first identified from human melanocyte
cDNA and mapped to chromosome 11 (Chen et al.,
1996). An initial immunoelectron microscopy (IEM)
study revealed that epitope-tagged Rab30 is primarily associated with Golgi cisternae in simian COS-1
cells (de Leeuw et al., 1998). Subsequently, Rab30
was shown to associate with a number of golgin proteins in Drosophilia melanogaster, namely, dGolgin245, dGolgin-97, dGM130 and dGCC88 and with
the fly orthologues of the coiled-coil proteins p115
and Bicaudal D (BicD) (Sinka et al., 2008). However,
the functional significance of these interactions is currently unknown. Recent work has identified Rab30 as
a target of the jun-N-terminal kinase (JNK), an important regulator of gene expression (Thomas et al.,
2009). Continuous activation of the JNK pathway
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results in significant upregulation of Rab30 expression (Thomas et al., 2009). Depletion of Rab30 by
RNA interference (RNAi) results in defects in dorsal closure, head involution and thorax fusion during
D. melanogaster development (Thomas et al., 2009).
The increased activation of the JNK pathway during development may increase the cellular levels of
Rab30, resulting in a consequential increase in the
trafficking of material in leading-edge cells which
facilitates dorsal closure, head involution and thorax fusion (Thomas et al., 2009). Recent work has
also demonstrated that Rab30 is upregulated in polyaromatic hydrocarbon-induced tumourigenesis, suggesting that it may play an important role in the
development of certain human cancers (Shi et al.,
2010).
Here, through a combination of immunofluorescence, electron and time-lapse microscopy in combination with inactivation studies and trafficking assays, we provide an in-depth analysis of Rab30 localisation, and define a role for Rab30 in maintaining
the organisation of the Golgi compartment.

Results
Rab30 is primarily associated with the Golgi

To examine the subcellular distribution of Rab30 in
a human cell line, HeLa cells were transfected with
GFP–Rab30. We found by confocal immunofluorescence microscopy that Rab30 was primarily associated with a compartment proximal to the nucleus,
but also displayed some dispersed reticular staining, with a minor proportion also present in the
cytosol (Figure 1A). The GFP–Rab30-positive juxtanuclear compartment stained strongly for GM130,
Rab6 and TGN46, markers of the cis-, medial- and
trans-Golgi and trans-Golgi network (TGN), respectively (Figure 1A). Extending these observations,
immunoelectron microscopy (IEM) on cells expressing FLAG–Rab30 revealed that Rab30 is distributed
throughout the Golgi cisternae (Figure 1B). A quantitative evaluation of the distribution of FLAG–
Rab30 on ultrathin cryosections of cells that were
double immunogold labelled for FLAG–Rab30 and
the (Lys–Asp–Glu–Leu) endoplasmic reticulum protein retention receptor (KDEL-R), which cycles between the Golgi and ER, indicated that Rab30
is primarily distributed to the Golgi, TGN and
to the cytoplasm with lower proportions in the
ER, endosomes and cytoplasmic vesicles (Figures
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Figure 1 Exogenous Rab30 localises to the Golgi apparatus
(A) HeLa cells were transfected with pEGFP-C1/Rab30. Sixteen to 18 h after transfection, the cells were processed for immunofluorescence microscopy and immunostained with antibodies to GM130, Rab6 or TGN46. Scale bar indicates 10 μm.
(B) Ultrathin cryosections of HeLa cells expressing a Rab30-Flag construct were double immunogold labelled with an anti-Flag
antibody (PAG15) and an anti-KDEL-R antibody (PAG10). Arrows and inset indicate vesicles, some of which are labelled for
FLAG–Rab30 and the KDEL-R (arrows and inset). Scale bar indicates 0.4 μm. (C) Quantification of the labelling for Rab30 on
ultrathin cryosections of HeLa cells. Results are presented as the percentage of the total number of gold particles for Rab30 in
the morphologically distinct compartments (mean +
−SD). GA, Golgi apparatus; TGN, trans-Golgi network; End, endosome; ER,
endoplasmic reticulum; Ves, vesicles; CF, cytosolic fraction. All data are typical of at least three independent experiments.

1B and 1C). To further examine the distribution
of GFP–Rab30 to Golgi cisternae, HeLa cells transfected with GFP–Rab30 were treated with nocodazole for 3 h to disrupt the microtubule cytoskeleton and fragment of the Golgi apparatus, dispersing
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the Golgi elements yet maintaining their identity
as cis-, medial- or trans-Golgi and the TGN. Upon
nocodazole treatment, GFP–Rab30 continued to display significant co-localisation with cis-, medialand trans-Golgi or TGN marker proteins indicating
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Figure 2 GFP–Rab30 associates with cis-, medial- and trans-Golgi cisternae in nocodazole treated cells
(A) HeLa cells were transfected with pEGFP-C1/Rab30. Sixteen to 18 h after transfection, the cells were incubated for 3 h
with 10 μM nocodazole. Following this, the cells were processed for immunofluorescence microscopy and immunostained with
antibodies to GM130, Rab6 or TGN46. (B) Quantification of the proportion of GFP–Rab30-positive structures that are also positive
for GM130, Rab6 or TGN46 in nocodazole-treated cells. Figures presented represent the total number of GFP–Rab30 pixels that
are also positive for GM130, Rab6 or TGN46 in 16 individual cells in each of three independently performed experiments (mean
+
−SD). All data are typical of at least three independent experiments. Scale bar indicates 10 μm.

that Rab30 is indeed distributed throughout the
Golgi (Figures 2A and 2B). Conversely, little or
no co-localisation was evident between GFP–Rab30
and markers of the endocytic pathway including
EEA1, LBPA, LAMP1 or Rab11a (Supplementary
Figure S1). Notably, minor co-localisation was evident between GFP–Rab30 and the transferrin receptor (TfnR), a marker of the endosomal-recycling pathway (Supplementary Figure S1). However, treatment
of cells with nocodazole to allow better distinction
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to be made between the Golgi and the endosomalrecycling compartment (ERC) revealed that this colocalisation between GFP–Rab30 and the TfnR was
markedly reduced. The coincidental co-localisation
is most likely due to the proximity of the Golgi and
ERC–also known as the recycling endosome–in HeLa
cells (data not shown).
To investigate the subcellular distribution of
endogenous Rab30, we utilised a commercially
available mouse monoclonal anti-Rab30 antibody.
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Figure 3 Endogenous Rab30 and Rab30 Q68L localise to the Golgi and Rab30 T23N localises to the cytoplasm
(A) HeLa cells were processed for immunofluorescence microscopy and immunostained with antibodies to Rab30 and Rab6 or
TGN46. (B) HeLa cells were transfected with pEGFP-C1/Rab30 Q68L. Sixteen to 18 h after transfection, cells were processed for
immunofluorescence microscopy and immunostained with antibodies to GM130 or TGN46. (C) HeLa cells were transfected with
pmCherry-C1/Rab30 T23N. Sixteen to 18 h after transfection, the cells were processed for immunofluorescence microscopy.
4’,6-Diamidino-2-phenylindole was used to visualise nuclei. Data are typical of at least three independent experiments. Scale
bar indicates 10 μm.

First, we confirmed that this antibody specifically
detected Rab30, and not several other Rab GTPases,
by immunofluorescence microscopy (Supplementary
Figure S2). In agreement with our exogenous GFP–
Rab30 data, we found by confocal immunofluorescence microscopy that Rab30 localised to the Golgi
where it co-localised with TGN46 and Rab6, whilst
also displaying some fine punctate pattern which was
dispersed throughout the cell (Figure 3A). To examine the possibility that Rab30 may localise to ER–
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Golgi intermediate compartments (ERGICs), HeLa
cells were incubated at 15◦ C for 3 h, then fixed and
immunolabelled for Rab30 and β-COP, a marker
protein of the COPI coat complex. At 15◦ C, there
is impaired delivery of proteins from the ERGIC to
the Golgi, resulting in the accumulation of proteins
which cycle between the ER and the Golgi on a preGolgi 15◦ C compartment (Saraste and Kuismanen,
1984; Klumperman et al., 1998). We did not observe a shift in Rab30 localisation to peripheral 15◦ C
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Figure 4 Rab30-positive vesicles are not observed to arrive at or exit the Golgi apparatus
HeLa cells were transfected with pEGFP-C1/Rab30 or pEGFP-C2/Rab6a and time-lapse microscopy performed at 16 h after
transfection. The arrows point to a single structure that was monitored over time at 10-s intervals.

compartments, suggesting that Rab30 does not actively cycle between ERGIC compartments and the
Golgi (Supplementary Figure S3). Similar results
were observed with exogenous Xpress-fused Rab30
(data not shown).
Several studies have demonstrated that mutations
in Rab proteins, equivalent to the Q61L mutation in
p21-ras, inhibit both their intrinsic and the GTPase
activating protein (GAP)-stimulated GTPase activity, thus locking the mutant in the GTP-bound, and
thus ‘active’, conformation (Tisdale et al., 1992; Stenmark et al., 1994). Confocal immunofluorescence microscopy of this ‘active’ mutant of Rab30 (Rab30
Q68L) revealed that its distribution broadly mirrored
that of the wild-type protein, whereby it co-localised
significantly with all Golgi marker proteins tested
(Figure 3B), but displayed little or no co-localisation
with endosomal proteins (Supplementary Figure S4).
We next examined the distribution of the GDPlocked, and thus ‘inactive’, Rab30 mutant (Rab30
T23N) and found that it was primarily present in the
cytosol and nucleus (Figure 3C). In cells expressing
relatively high levels of the Rab30 T23N protein,
some distribution to punctate structures was also observed (data not shown). To confirm these data, we
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permeabilised cells prior to fixation to allow the cytosolic fraction to wash out of the cell. After this
treatment, we observed that the cytosolic fraction of
mCherry–Rab30 T23N was removed in the majority
of cells; however, the minority of cells that retained
mCherry–Rab30 T23N displayed some punctate pattern in the vicinity of the nucleus and also in dispersed
puncta throughout the cell (data not shown). Taken
together, these data indicate that Rab30 is primarily
associated with the Golgi apparatus.
Rab30 is dynamically associated with the Golgi
apparatus

Many Rab GTPases localise to the Golgi apparatus reflecting its role as a central hub of intracellular membrane trafficking in eukaryotic cells. One such Rab,
Rab6, localises to the medial- and trans-Golgi and
functions in retrograde transport through successive
Golgi stacks, and to the ER, and has also been implicated in the regulation of exocytic transport from
the Golgi (Martinez et al., 1997; White et al., 1999;
Sannerud et al., 2003; Grigoriev et al., 2007). To
examine the dynamics of Rab30 transport in epithelial cells, we compared GFP–Rab30 to GFP–Rab6a
by time-lapse microscopy and fluorescence recovery
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after photobleaching (FRAP) experiments. For this
work, HeLa cells were plated onto imaging discs,
transfected with GFP–Rab30 or GFP–Rab6a and imaged at 10 s intervals for several minutes (Figure 4
and Movies 1 and 2). Time-lapse microscopy revealed
that although both Rab30 and Rab6a are primarily
associated with the Golgi, no GFP–Rab30-positive
vesicles or tubules were observed to enter or exit the
Golgi area (Figure 4 and Movies 1 and 2). Indeed,
GFP–Rab30-positive material appeared to fluctuate
or oscillate in the reticular/cytosolic fraction which
is not indicative of long-range vesicular transport to
endosomes or the PM (Figure 4 and Movie 1). On
the contrary, in HeLa cells, expressing GFP–Rab6a
punctate vesicular structures and tubules were readily observed to move from the Golgi area towards the
cell periphery, and others were observed to move from
peripheral locations towards the Golgi which is characteristic of post-Golgi anterograde and endosomal
to Golgi retrograde transport, respectively (Figure 4
and Movie 2).
Next, as Rab30-positive vesicular structures were
not observed to enter or exit the Golgi area, we
investigated the nature of Rab30 association with
the Golgi by selectively photobleaching the Golgi
fraction of GFP–Rab30. After photobleaching, we
observed considerable recovery (>60% over 6 min)
of GFP–Rab30 fluorescence to the Golgi suggesting that Rab30 is continuously and rapidly recruited
at the Golgi compartment (Figures 5A and 5B and
Movie 3). We compared these results to the same
experiment performed with GFP–Rab6a and found
that there is comparable recovery to the Golgi area for
both these Rab GTPases, both displaying a half-life
(T1/2 ) of approximately 10 s (Figures 5A and 5B and
Movie 4). To confirm these results, we performed fluorescence loss in photobleaching (FLIP) experiments
in which we continuously bleached the Golgi fraction of GFP–Rab30 at 50 s intervals over a period
of 594 s (Figure 5C and Movie 5). We found that
there is considerable loss of GFP–Rab30 fluorescence
from the area excluding the Golgi, again suggesting
that there is continuous recruitment of Rab30 onto
the Golgi (Figure 5C, upper panel and Movie 5).
Equivalent FLIP experiments on the non-Golgi region revealed that there is some local loss of cellular
fluorescence in proximity to the site of bleaching, and
some loss from bulk of the GFP–Rab30 labelling at
the Golgi; however, the majority of the cellular flu-
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orescence remains within the cell (Figure 5C, lower
panel and Movie 6).
To further explore the trafficking dynamics of
Rab30, we performed a FRAP experiment whereby
the non-Golgi fractions of GFP–Rab30 and GFP–
Rab6a were photobleached. We found that the recovery GFP–Rab30 to the non-Golgi region was exclusively cytosolic with no distinct vesicular structures or tubules observed to exit the Golgi area
(Figure 5D and Movie 7). These data are in agreement with our previous FLIP experiment of the nonGolgi region suggesting that the non-Golgi fraction
of GFP–Rab30 is principally cytosolic and not indicative of directional vesicular trafficking. In contrast, GFP–Rab6a displayed distinct, numerous and
rapidly moving vesicles exiting the Golgi area 10 s
after photobleaching and continuing for the duration
of recording (Figure 5D and Movie 8).
We also examined the dynamics of GFP–Rab30
in nocodazole-treated cells. In the absence of microtubules, there is little or no movement of GFP–
Rab30-positive material with the exception of random fluctuations of the cytosolic fraction (Movie 9).
Interestingly, dispersed GFP–Rab30 fragments due
to nocodazole treatment showed significant recovery
during FRAP experiments, suggesting that GFP–
Rab30 is recruited onto Golgi membranes independent of the integrity of the microtubule cytoskeleton
(Movie 10).
Taken together, these data suggest that although
Rab30 and Rab6a are both distributed to the Golgi,
and associate dynamically with this compartment,
they likely serve distinct cellular roles on this organelle and that Rab30 is primarily recruited to the
Golgi from the cytosol.
Depletion of Rab30 disrupts the structural
integrity of the Golgi

The data outlined above suggest a role for Rab30
in the regulation of intracellular trafficking along
the secretory pathway. To investigate the functional
effects of depletion of Rab30, HeLa cells were transfected with control or one of two Rab30-specific small
interfering RNA (siRNA) oligonucleotides, and efficient knockdown of Rab30 was confirmed by reversetranscription polymerase chain reaction (RT-PCR)
and Western blotting (Figures 6A and 6B).
Electron microscopy (EM) analysis of control siRNA-treated cells revealed a typical Golgi
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Figure 5 Rab30 associates dynamically with the Golgi apparatus
(A) HeLa cells were transfected with pEGFP-C1/Rab30 or pEGFP-C2/Rab6a and time-lapse microscopy performed 16 h after
transfection. The Golgi area (indicated by ROI outline) was bleached on 100% laser power for 125 iterations. Recovery to the
ROI was recorded at 10 s intervals for 350 s. (B) Quantification of fluorescence recovery to the ROI is the mean of five recordings
each for three independently performed experiments (mean +
−SD). (C) HeLa cells were transfected with pEGFP-C1/Rab30 and
time-lapse microscopy performed at 16 h after transfection. The ROI was bleached on 100% laser power for 125 iterations at 50 s
intervals for the indicated time. Images were recorded at 10 s intervals. (D) HeLa cells were transfected with pEGFP-C1/Rab30
or pEGFP-C2/Rab6a and time-lapse microscopy performed at 16 h after transfection. Non-Golgi area (indicated by two distinct
ROI outlines) was bleached on 100% laser power for 125 iterations. Recovery to the ROI was recorded at 10 s intervals for a
total of 280 s. The arrows point to vesicles that emanated from the Golgi area after bleaching. All data are typical of at least three
independent experiments. Scale bar indicates 10 μm.
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Figure 6 Rab30 is essential for normal Golgi morphology
(A) Quantitative RT-PCR of siControl (siCtrl)- or Rab30 siRNA (siRAB30)-treated HeLa cells. y-axis: 2ˆ(−dCt) value represents
differences between the mean Ct (cycle threshold) values of Rab30 gene and reference gene (S26). (B) Western blot analysis of
lysates from cells treated with control or RAB30 siRNAs using anti-Rab30 and anti β-tubulin as a loading control. (C–F) HeLa
cells treated with control (siCtrl; C and D) or Rab30 (siRAB30; E and F) siRNAs were analysed by conventional EM. (D) and (F) are
higher magnifications of Golgi area in (C) and (E), respectively. GA, Golgi apparatus; End, endosome; Lys, lysosome; N, nucleus;
m, mitochondria. Scale bar indicates 0.8 μm. (G) Quantification of the number of Golgi structures in Rab30-depleted and control
cells. Data are presented as percentage (mean +
−SD). (H) Measure of the length (nm) of Golgi cisternae in Rab30-depleted and
Ctrl cells. Values (nm) are the mean of two separate experiments +
−SD.

morphology in which the normal cisternal structure
of the Golgi stacks is positioned in the juxtanuclear
region of the cell (Figures 6C and 6D). Interestingly,
we found in cells depleted of Rab30 that the morphology of the Golgi apparatus was significantly perturbed, such that the normal Golgi cisternae were
mostly abnormal and fragmented (Figures 6E and
6F). We found that siRab30 cells displayed significantly more Golgi fragments than in siCtrl-treated
cells and conversely, the length of Golgi cisternae in
the control cells was notably longer than those in
siRab30 cells (Figures 6G and 6H).
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To further investigate the phenotypic effect of
Rab30 knockdown, we performed confocal immunofluorescence microscopy in which HeLa cells
were transfected with independent control and
Rab30-targeting siRNA oligonucleotides and immunostained with a range of Golgi marker proteins
(Figures 7A and 7B). In agreement with our EM data
(Figure 6), and using a distinct Rab30 siRNA, we
observed that GM130, Rab6 and TGN46 localisation was altered from the compact Golgi structure
observed in control cells, to a scattered, and in some
cases tubulated, morphology in Rab30-depleted cells
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Figure 7 Rab30 is required for normal Golgi morphology
(A) HeLa cells were transfected with control or Rab30 siRNA. Seventy-two h after transfection, cell lysates were analysed by
Western blot with the anti-Rab30 antibody and anti-β-actin as a loading control. (B) HeLa cells were treated with control- or
Rab30-specific siRNA. At 72 h after transfection, cells were processed for immunofluorescence microscopy and immunostained
with antibodies to GM130, Rab6 or TGN46. (C) Quantification of Golgi fragmentation because of Rab30 knockdown. Fifteen
fields of cells, for each of three independently performed experiments, containing an average of 34 and minimum of 16 cells
were counted and the degree of Golgi fragmentation scored on the basis of dispersed or compact GM130 distribution. Figures
represent the mean +
−SD. (D) HeLa cells were treated with Rab30 siRNA. Fifty-four h after transfection, cells were transfected
with siRNA resistant pEGFP-C1/Rab30. Sixteen h later, the cells were processed for immunofluorescence microscopy and
immunostained with an antibody to TGN46. (E) HeLa cells were transfected with pmCherry–Rab30 T23N. Sixteen h after
transfection, cells were processed for immunofluorescence microscopy and immunostained with an antibody to TGN46. All data
are typical of at least three independent experiments. Scale bar indicates 10 μm.

(Figure 7B). Quantification of this data revealed
that approximately 41% of siRab30-treated cells displayed an abnormal Golgi apparatus compared with
approximately 8% for control (Figure 7C). Interestingly, markers of other cellular compartments, in-
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cluding endosomes and lysosomes, remained largely
unaffected in Rab30-depleted cells (data not shown).
We confirmed that the effect of Rab30 knockdown
on Golgi morphology was specific by demonstrating
that the phenotype could be reversed through the
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introduction of GFP–Rab30 which is not targeted
by the Rab30 siRNA (Figure 7D). In further support
of these data, we found that HeLa cells transfected
with the mCherry-fused dominant-negative Rab30
mutant (Rab30 T23N) also displayed a fragmented
and scattered Golgi apparatus (Figure 7E). Taken together, these data indicate that Rab30 is essential for
the perinuclear distribution and structural integrity
of the Golgi apparatus.
Perturbation of Rab30 function does not affect the
trafficking of anterograde or retrograde cargo
through the secretory pathway

To investigate the role of Rab30 in intracellular transport events within the Golgi, we performed a number of trafficking assays to assess the involvement of
Rab30 in anterograde and retrograde transport events
through this organelle. To determine the ability of
Rab30 to influence the trafficking of material through
the secretory pathway, we utilised the vesicular stomatitis virus glycoprotein (VSV-G) tsO45 protein trafficking assay. VSV-G tsO45 is a temperature-sensitive
mutant of VSV-G which traffics from the ER to the
Golgi and subsequently onwards to the PM (Presley et al., 1997). At the non-permissive temperature
of 40◦ C, this mutant remains ‘blocked’ in the ER;
however, this block can be released by shifting the
cells to the permissive temperature of 32◦ C, sending
a wave of VSV-G tsO45 from the ER to the Golgi
when de novo protein biosynthesis is halted by treating cells with cycloheximide (Presley et al., 1997)
(Figure 8A). To investigate the functional effects of
Rab30 on the trafficking of VSV-G tsO45, we coexpressed YFP/VSV-G tsO45 with mCherry–Rab30
or mCherry–Rab30 T23N and performed the trafficking assay as outlined above. Upon shifting cells
expressing to the permissive temperature, we found
that VSV-G moved from the ER to the Golgi after
20 min and was observed at the PM and peripheral cytoplasmic vesicles after 120 min, indicating that the
overexpression of Rab30 or Rab30 T23N does not
affect the trafficking of VSV-G through the secretory
pathway (Figure 8A, Supplementary Figure S5 and
data not shown).
We next examined the effect of Rab30 depletion on the localisation of β1, 4-galactosyltransferase
I (GalT), an enzyme which cycles slowly between
the ER and the Golgi and thus acts as an endogenous indicator of transport between these compart-
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ments (Nilsson et al., 1991; Storrie et al., 1998).
We found that in control or Rab30 siRNA-treated
cells, GalT was capable of accessing the Golgi apparatus as evinced by co-localisation between GalT and
TGN46 (Figure 8B). To further examine anterograde
transport processes, we performed an experiment utilising brefeldin A (BFA), a fungal metabolite that acts
as an interfacial inhibitor of ARF GTPase activation
resulting in the tubulation of Golgi membrane and
the redistribution of Golgi membrane into the ER
(Klausner et al., 1992; Mardones et al., 2006). Retrograde Golgi-to-ER transport was induced by initially
treating cells with BFA (for example, see Figure 9B)
followed by washout to allow ER–Golgi transport to
proceed normally. We found that upon BFA washout,
both GalT and GM130 were transported to a fragmented, albeit reforming, Golgi apparatus after 1
h in both control siRNA and siRab30-treated cells
(Supplementary Figure S6). These data further suggest that Rab30 does not play a role in anterograde
ER-to-Golgi trafficking processes.
To investigate the role of Rab30 in retrograde
transport we followed the trafficking of cholera toxin
fragment B (CTxB) in Rab30-depleted HeLa cells.
CTxB binds to the GM1 cell surface receptors and is
transported to the ER via endosomes and the Golgi
(Lencer and Tsai, 2003). For this work, HeLa cells
were treated with control or Rab30-specific siRNA
and allowed to internalise Alexa Fluor-594 labelled
CTxB. In both control and siRab30-treated cells,
CTxB reached the Golgi compartment after 30 min
of uptake, followed by a 1 h chase (Figure 9A, upper
panels). These data suggest that Rab30 does not function in the transport of material from the cell surface
to the Golgi. Similarly, after a 6 h chase, CTxB was
transported through the Golgi compartment and onwards to the ER (Figure 9A, lower panels). Following
a 6 h chase, we found that the distribution of CTxB
was unaffected by depletion of Rab30 (Figure 9A,
lower panels). These data indicate that Rab30 does
not function in the transport of CTxB from the Golgi
to the ER. We also examined the distribution of a
GM130 and GalT upon BFA treatment in the context
of Rab30 depletion. We observed that GM130 and
GalT were similarly distributed to ER exit sites and
the ER, respectively, in both control and siRab30treated cells indicating that BFA-induced retrograde
Golgi-to-ER transport was unaffected by depletion
of Rab30 (Figure 9B).
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Figure 8 Rab30 does not affect anterograde transport of VSV-G tsO45 or GalT
(A) HeLa cells were transfected with the indicated plasmid constructs and incubated at 37◦ C or 8–10 h. Cells were then moved
to 40◦ C for a further 12 h in order to accumulate VSV-G on the ER (time 0). Cells were washed and fixed in 3% PFA or washed
and the media replaced with complete DMEM supplemented with 50 μg/ml cycloheximide and transferred to a 32◦ C incubator
for a further 20 or 120 min. Cells were then processed for immunofluorescence microscopy. (B) HeLa cells were treated with
control- or Rab30-specific siRNA. At 72 h after transfection, cells were processed for immunofluorescence microscopy and
immunostained with antibodies against TGN46 and GalT. All data are typical of at least three independent experiments. Scale
bar indicates 10 μm.
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Figure 9 Rab30 does not affect retrograde trafficking of cholera toxin to the Golgi or ER
(A) HeLa cells treated with siCtrl or siRab30 were allowed to continuously internalise AlexaFluor-594 labelled CTxB for 30 min.
Following this, cells were washed extensively with PBS before incubation with normal DMEM for the indicated time points, fixed,
processed for immunofluorescence microscopy and immunostained with an antibody to TGN46. (B) HeLa cells treated with siCtrl
or siRab30 were treated with 5 μg/ml of BFA for 30 min, processed for immunofluorescence microscopy and immunostained
with an antibody to GM130 or GalT. All data are typical of at least three independent experiments. Scale bar indicates 10 μm.

Taken together, these data suggest that Rab30 is
unlikely to play a critical role in the anterograde
transport pathway from the ER to the PM via the
Golgi apparatus or in the retrograde transport pathway from the PM to the ER.

Discussion
The critical role served by the Rab family of small
GTPases in all aspects of intracellular membrane trafficking has led to their intensive study and characterisation over the past 20 years. Many Rabs have
been studied at length, whereas others have received
relatively little attention. Rab30 has previously been
shown to associate with the Golgi compartment in
several non-human cell lines but its functional role
has remained largely elusive (de Leeuw et al., 1998;
Sinka et al., 2008; Thomas et al., 2009).
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Several membrane trafficking processes occur along
the secretory pathway through the Golgi apparatus.
In the anterograde pathway, material leaves the ER
at ER-exit sites where it is packaged into COPII
coated vesicles which fuse with each other to form
ERGICs (Lee et al., 2004). These ERGICs then fuse
together to form new cis-Golgi cisternae as the existing Golgi cisternae matures to medial-Golgi, transGolgi and TGN with subsequent accumulation and
packaging at the TGN for onward trafficking to the
PM for excretion or to other intracellular destinations (Lee et al., 2004). Conversely, the retrograde
transport pathway material arrives at the Golgi at
the TGN where it is transported through successive Golgi stacks to the ERGIC and the ER. Efficient secretory pathway transport requires complex
interplay between several protein families, including small GTPases, coat proteins, microtubule-based
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motors, golgins and tethering proteins (Lee et al.,
2004; Short et al., 2005). In order to gain insight into
the possible role of Rab30 in secretory pathway trafficking processes, we performed a detailed subcellular
distribution analysis and number of time-lapse microscopy experiments using GFP-fused Rab30. We
have demonstrated here that Rab30 is principally
associated with the Golgi compartment where it is
distributed to each of the Golgi cisternae. Our analysis of GFP–Rab30 by time-lapse microscopy and its
intracellular localisation and analysis of trafficking
assays implies that Rab30 is not primarily involved
in trafficking at pre- or post-Golgi compartments,
suggesting its function lies within the Golgi apparatus.
We have observed here that depletion of Rab30 results in a dramatic alteration of the morphology of the
Golgi apparatus. A number of Rab30-mediated cellular mechanisms could explain this phenotypic effect.
The cisternal maturation model for ER-to-Golgi and
subsequent intra-Golgi transport predicts that the
formation of new Golgi cisternae occurs from the fusion of ERGIC that mature to form the cis-face of the
Golgi which itself subsequently matures to form the
medial- and trans-Golgi cisternae (Glick and Malhotra, 1998; Pelham, 1998). As such, a blockade of
secretory cargo can prevent the fusion of new membrane from ERGICs at the cis-Golgi, thus disrupting
the formation of new cisternae and leading to a scattering effect of the Golgi compartment. However, we
have observed that depletion/inactivation of Rab30
does not influence the ability of anterograde cargoes
to move through the secretory pathway, indicating
that loss of the loss Golgi integrity is not likely because of a blockade in anterograde transport.
Despite the dramatic effect of Rab30 knockdown
on the morphological integrity of the Golgi apparatus, neither anterograde nor retrograde transport appears to be perturbed. However, it is known that the
Golgi is capable of maintaining its function when its
integrity is severely disrupted, as in the case of drug
disruption of microtubules (Rogalski et al., 1984). As
such, depletion of Rab30 could disrupt Golgi structural integrity without grossly affecting fundamental
Golgi trafficking processes. Indeed, although several
cases have been documented in D. melanogaster where
there is a lack of correlation between loss of Golgi
architecture and transport efficiency, such cases in
mammalian cells are rare (Kondylis and Rabouille,
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2009). Despite this, depletion of a number or proteins such as Golgin-84, a Rab1 effector, is known to
result in the loss of Golgi organisation without inhibiting anterograde transport processes (Diao et al.,
2003). Recent reports have indicated that Rab30 is
capable of interacting with the D. melanogaster orthologues of several members of a family of extensive
coiled-coil proteins known as golgins (Sinka et al.,
2008). These golgins are recruited in a tightly regulated manner to the cytoplasmic face of Golgi membranes where they are believed to function as scaffold
molecules to bind an array of protein partners (Goud
and Gleeson, 2010). Rab GTPases are now believed
to be important players in the regulation of golgin
function. Several reports have demonstrated that Rab
GTPases are known to directly recruit golgins to
specific membrane subdomains. These include the
direct recruitment of BicD by Rab6 and of p115 by
Rab1 (Allan et al., 2000; Matanis et al., 2002; Short
et al., 2002). Rab30 has been shown to bind the
D. melanogaster orthologues of several human golgins
including, BicD, p115, Golgin-97, GCC88, Golgin245 and GM130 (Sinka et al., 2008). Although it
has not been confirmed that Rab30 directly binds
these golgins in mammalian cells, it is tempting to
speculate that loss of recruitment by Rab30 of one
or many of these golgins to Golgi cisternae could result in the overall loss of Golgi structural integrity.
The characteristics of Golgi remnants after knockdown can vary substantially depending on the degree
of fragmentation of particular cells; however, for the
most part, it appears that they are indicative of a loss
of cohesion between Golgi membranes which may
be because of the unlinking of distinct Golgi cisternae. Indeed, similar effects on the morphology of
the Golgi have also been observed upon disruption of
the function of golgins such as p115 and GM130
(Alvarez et al., 1999; Puthenveedu and Linstedt,
2001; Puthenveedu et al., 2006). Clearly, further investigation of the interactions between Rab30 and
its putative effector golgins will be required to determine if this is the cause of loss of Golgi integrity
during Rab30 depletion/inactivation.
It may also be the case that Rab30 does not directly
recruit golgins to Golgi cisternae but may regulate
and organise the function of golgins already localised
to Golgi membranes. Indeed, GM130 is known to
interact with Rab1, Rab2 and Rab33b; however, it is
known to be dependent on GRASP65 for membrane
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association (Barr et al., 1998). Rab30 may regulate
golgin insertion or extraction from particular Golgi
membranes or facilitate conformational changes in
golgin structure, thus modulating the function of
the golgin in the membrane. It is possible that the
primary function of Rab30 is to regulate and organise the function of golgins and thus, loss of Rab30
function could result in the unlinking and separation
of Golgi membranes. Indeed, inactivation of other
Golgi-associated Rabs known to associate with golgins such as Rab1 and Rab2 are known to result
in loss of Golgi structural integrity (Wilson et al.,
1994; Haas et al., 2007). Given that Rab30 appears
to interact with a broad subset of golgins (both TGN
and cis-Golgi), it is possible that Rab30 performs a
generalised function in regulating golgin dynamics
and may perform synergistic function with other Rab
GTPases such as Rab1, Rab2 or Rab6 in performing
essential membrane trafficking events linked to Golgi
organisation.
Previous work has suggested that Rab30 colocalises with TGN46 and Rab11a on the TGN
and may regulate exocytic trafficking from the Golgi
compartment to the PM in D. melanogaster S2 cells
(Thomas et al., 2009). Although we did observe colocalisation between Rab30 and TGN46, our timelapse microscopy analyses of Rab30 demonstrate that
GFP–Rab30-positive vesicles or tubules do not exit
the Golgi compartment, nor do they enter the Golgi
area from peripheral endosomal structures. Indeed,
our data support the recruitment of Rab30 from the
cytosol as recruitment is still observed in the absence
of the integrity of the microtubule cytoskeleton. It
is also interesting to note that FRAP of other Golgi
Rab GTPase have been known to show full recovery
to the Golgi, such as that of Rab1b, but with a slower
T1/2 than that observed for Rab30 (Monetta et al.,
2007). This may be indicative of direct recruitment
of Rab30 to the Golgi from the cytosol rather than
its arrival from subcellular compartments such as the
ERGIC. Furthermore, we have observed that depletion of Rab30 does not affect the ability of CTxB to
access the Golgi or the ER in the retrograde transport
pathway. Given the subcellular distribution, trafficking dynamics, inactivation phenotype and previously
published interactions with Golgi matrix proteins,
the model that we favour for Rab30 function is in the
maintenance of Golgi structural integrity via interactions with golgin proteins. Despite this, a role for
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Rab30 in intra-Golgi transport or in cargo selection
cannot be ruled out.
In summary, we have characterised the distribution
of Rab30 in HeLa cells, shown that it dynamically associates with the Golgi apparatus and demonstrated
that it is necessary to maintain the structural integrity of this organelle. The challenge now remains
to identify and characterise the machinery regulating
Rab30 function in order to further understand the
functional significance of this small GTPase.

Materials and methods
Plasmid constructs

pEGFP-C1/Rab30 and pmCherry-C1/Rab30
were constructed

-AAAGGATCCATGAGTATGGAA
using a forward primer
(5


(5 -AAAGGATCC
GATTATGATTTC-3 ) and a reverse primer

TTAGTTGAAATTACAACAAGTCAA-3 ) to amplify human
Rab30 cDNA from pGEX-2T Rab30 (kindly provided by Dr
Bruno Goud). The 612bp PCR fragment was subsequently
cloned into the BamHI site of pEGFP-C1 or pmCherry-C1 (Clon-
tech). pFLAG–Rab30 was constructed using a forward primer
(5

-CCCAAGCTTAGTATGGAAGATTATGATTTCCT-3
)
and
a

-CGCGGATCCTTAGTTGAAATTACAACA
reverse primer
(5

AGTCAA-3 ) to amplify human Rab30 coding sequence from
cDNA extracted from HeLa cells. The 612bp PCR fragment
was subsequently cloned into HindIII/BamHI-digested
site of p3XflagCMV10 (Sigma). pEGFP-C1/Rab30 Q68L
was created by site-directed mutagenesis (SDM) on the
corresponding wild-type plasmids using a forward primer (5 GGGACACAGCAGGTCTAGAGAGATTTCGGTC-3 ) and a
reverse primer (5 -GACCGAAATCTCTCTAGACCTGCTGTG
TCCC-3 ). pmCherry-C1/Rab30 T23N was created by SDM on
the corresponding wild-type plasmid using a forward primer
(5 -GCAACGCTGGTGTGGGGAAGAATTGCCTCGTCCG3 ) and a reverse primer (5 -CGGACGAGGCAATTCTTCCCC
ACACCAGCGTTGC-3 ). pEGFP-C2/Rab8a was constructed
using a forward primer (5 -AAAAGAATTCGCGAAGACCTAC
GATTAC-3 ) and a reverse primer 5 -AAAAGTCGACGTC
GACAAGGCGGTGTTCCTCACA-3 ) to amplify human
Rab8a cDNA. The resulting 634bp PCR fragment was cloned
into the EcoRI/SalI-digested site of pEGFP-C2 (Clontech).
pEGFP-C2 Rab6a was generated by subcloning the EcoRI
624bp fragment from the previously described pLexA/Rab6a
construct (Janoueix-Lerosey et al., 1995). pEGFP-C3/Rab11a
has been previously described (Kelly et al., 2010). pYFP/VSV-G
tsO45 was previously described and a kind gift from Dr Jeremy
Simpson (Presley et al., 1997). All constructs made by PCR
were verified by DNA sequencing.
Antibodies and Western blotting

Primary antibodies used were mouse monoclonal anti-TfnR
(Zymed), EEA1 (BD Transduction Laboratories), GM130
(BD Transduction Laboratories), LBPA (kind gift from Jean
Gruenberg), LAMP1 (Abcam), β-actin (Sigma) and Rab30 (Abcam: ab76622); rabbit polyclonal anti-human Rab11a (Zymed),
Rab6 (Santa Cruz) (Abcam) β-COP (kind gift from Jeremy
Simpson) and sheep polyclonal anti-TGN46 (Serotec). Anti-flag
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(Sigma) and anti-human KDEL-R (kind gift from H. Pelham)
were used for IEM. Secondary antibodies used were goat antimouse conjugated to Alexa Fluor-488 or Alexa Fluor-594, goat
anti-sheep conjugated to Alexa Fluor-488 or Alexa Fluor-594,
goat anti-rabbit Alexa Fluor 488 (all Molecular Probes) and donkey anti-rabbit conjugated to indocarbocyanine (CY3) (Jackson
ImmunoResearch). Protein A–gold (PAG) was purchased from
Cell Microscopy Centre, Utrecht, the Netherlands. Nuclei were
visualised using 4 ,6-diamidino-2-phenylindole (Sigma). Western blotting was performed as previously described (Giordano
et al., 2009; Kelly et al., 2010). For Western blotting, the
secondary antibody used were anti-mouse horseradish peroxidase conjugated (Jackson ImmunoResearch) or anti-mouse and
IRDye680 (LI-COR).
Cell lines, plasmid transfection and RNAi

The HeLa (human cervical carcinoma) cell line was cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% v/v foetal bovine serum, 2 mM L-glutamine
and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and grown in 5% CO2 at 37◦ C. For overexpression
studies, cells were transfected with plasmid constructs using
Lipofectamine 2000 (Invitrogen) as transfection reagent. Rab30
expression in HeLa cells was depleted by transfection with a
duplex of the following siRNA oligonucleotides Rab30 (5 AAGAGAGATTTCGGTCCATTA-3 ) (QIAGEN) which targets the coding sequence of Rab30 and was used for EM experiments; and (5 -GCATTAGCAGAACATATAA-3 ) (Sigma)
which targets the 3 UTR of Rab 30 and was used for immunofluorescence experiments. As a control, cells were transfected with
small interfering non-targeting oligonucleotides (Sigma and
QIAGEN). Control or Rab30 siRNA was transfected using Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen). All siRNA knockdown experiments were carried out
over a period of 72 h.
Quantitative real-time PCR

Total RNA was extracted from siRAB30 and control transfected HeLa cells using RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. Equal amounts of cDNA
were synthesised using Superscript II (Invitrogen) and random
primers. Real-time PCR was carried out with the ABI PRISM
7000 HT Sequence Detection System (Applied Biosystems)
as previously described (Giordano et al., 2007). The following primers were used for quantitative PCR: Rab30 forward
(5 -CTGTGAGGAATCCTTCCGTT-3 ) and reverse (5 -AACC
TCTCTCCTTTCAGCCA-3 ), and control S26 forward (5 CCGTGCCTCCAAGATGACAA-3 ) and reverse (5 -GCAA
TGACGAATTTCTTAATGGCC-3 ).
Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described
previously (Horgan et al., 2005). For BFA treatments, cells were
washed once with phosphate-buffered saline (PBS) and incubated
for 30 min with 10 μg/ml of BFA diluted in complete DMEM
before being processed for immunofluorescence microscopy. For
BFA washout experiments, cells were washed once with PBS and
incubated for 30 min with 10 μg/ml of BFA diluted in complete
DMEM, cells were then washed three times with PBS before being incubated for 60 min with fresh complete DMEM. For 15◦ C
incubations, cells were removed from the 37◦ C incubator washed
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twice in PBS and overlaid with complete DMEM cooled to 15◦ C.
Cells were then incubated for 3 h in a 15◦ C water bath before
being processed for immunofluorescence microscopy. For nocodazole treatments, cells were overlaid with complete DMEM
supplemented with 10 μM of nocodazole for 3 h at 37◦ C. Colocalisation quantification analyses were performed using the
co-localisation module of the Zeiss ZEN software. All fluorescent micrographs shown are three-dimensional projections from
the optical sections of the entire Z-stack. For quantification of
co-localisation between the fluorescence signals of overexpressed
proteins, a minimum of 16 randomly chosen cells were analysed.
Percentage co-localisation between respective sets of proteins is
presented as mean values from at least three experiments +
−SD.
Co-localisation values were calculated by expressing the number of pixels in a given co-localisation mask as a percentage
of total pixels for a given fluorophore. Co-localisation masks
represent yellow pixels (overlapping green and red pixels) that
have been extracted from the merged image. For quantitation of
Golgi fragmentation due to siRNA treatments, 15 randomly selected fields containing a minimum of 16 cells were analysed per
siRNA (Control or Rab30) over three independently performed
experiments. Cells were scored on the basis of the distribution
of GM130 displaying a dispersed or compact localisation.
Time-lapse microscopy

For time-lapse imaging, FRAP and FLIP experiments, HeLa
cells were plated on 35-mm glass bottom culture dishes (MatTek) and transfected with the indicated GFP-fusion constructs.
At 16–20 h after transfection, the culture dishes were mounted
on a Heater Insert P (CarlZeiss), maintained at 37◦ C, and images were recorded at the indicated time intervals using a Zeiss
LSM 510 META confocal microscope fitted with a 63 × 1.4
plan apochromat lens. For FRAP experiments, regions of interest (ROIs) were bleached at 100% laser power for 125 iterations
and subsequent images were recorded at the indicated time intervals. For FLIP experiments, the ROI was bleached at 100%
laser power for 125 iterations each minute for 7–9 min. For
quantification of FRAP, the fluorescence recovery to the ROI
was monitored for 350 s for five individual cells in each of three
independently performed experiments. The data presented in
the recovery curve represent the average fluorescence intensity
+
−SD for five recordings at 10 s intervals in three independently
performed experiments. The data presented in the bar chart represent the mean +
−SD of this data expressed as a percentage of
total recovery to the ROI at 350 s. Time stamps were added
using ImageJ.
Electron microscopy

For conventional EM, HeLa cells grown on coverslips were transfected with the indicated oligonucleotides as described. The cells
were then fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 24 h. After several washes with 0.1 M cacodylate buffer, the cells were post-fixed with reduced osmium for
45 min (2% OsO4 and potassium ferrocyanide), dehydrated in
ethanol, and embedded in Epon whilst on the coverslips. Ultrathin sections were counterstained with uranyl acetate before
observation at the electron microscope. For ultrathin cryosectioning and immunogold labelling, cells were fixed with a mixture of 2% paraformaldehyde (PFA) and 0.2% glutaraldehyde
in 0.1 M phosphate buffer, pH 7.4. Cells were processed for
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ultracryomicrotomy and single- or double-immunogold labelled
using protein A conjugated to 10 nm gold (PAG10) or 15 nm
gold (PAG15) as reported previously (Giordano et al., 2009). Sections of resin embedded cells or immunogold labelled cryosections were observed under an electron microscope (FEI, CM120)
equipped with a numeric camera KeenView (Soft Imaging
System).
For quantification of Rab30 labelling, 300 gold particles
(FLAG–Rab30) were counted and assigned to the compartment
over which they were located in randomly selected profiles of
cells in each of two experiments. The definition of the distinct
compartments was based on their morphology and their previous characterisation by immunogold labelling with different
organelle markers as reported by Giordano et al. (2009). Data
are presented as a mean +
−SD.
For evaluation of the Golgi phenotype, Golgi structures were
counted in the same number of randomly selected Rab30depleted or Control HeLa cells in each of two experiments. The
results, expressed as percentage, are presented as a mean +
−SD.
The length of Golgi cisternae was measured in a total number
of 30 Golgi structures from randomly acquired micrographs of
siRab30- or siCtrl-treated cells by using the iTEM software (Intelligent Micrograph, Soft Imaging System) and was expressed
in nanometres.
CTxB trafficking assay

HeLa cells were incubated for 30 min with complete DMEM
supplemented with 4 μg/ml of Alexa Fluor-594 CTxB. Following this, cells were washed three times with PBS, incubated
with fresh DMEM for the indicated chase time points and then
processed for immunofluorescence microscopy.
VSV-G trafficking assay

HeLa cells were transfected with the indicated constructs. Six
to 10 h after transfection, cells were transferred from a 37◦ C
to 40◦ C incubator with a 5% CO2 supply, for a further 10–12
h. Following this, the cells were either washed once briefly in
PBS and then immediately fixed in 3% PFA or washed once,
overlaid with complete DMEM supplemented with 50 μg/ml
cycloheximide and transferred to a 32◦ C incubator for either 20
or 120 min. Cells were washed briefly after each time point, fixed
in 3% PFA and processed for immunofluorescence microscopy
as previously described (Horgan et al., 2005).
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