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Abstract

Background: The morphogenesis of herpes simplex virus type 1 (HSV-1) comprises several events, of which some
are not completely understood. It has been shown that HSV-1 glycoproteins accumulate in the trans-Golgi network
(TGN) and in TGN-derived vesicles. It is also accepted that HSV-1 acquires its final morphology through a secondary
envelopment by budding into TGN-derived vesicles coated with viral glycoproteins and tegument proteins.
Nevertheless, several aspects of this process remain elusive. The small GTPase Rab27a has been implicated in
regulated exocytosis, and it seems to play a key role in certain membrane trafficking events. Rab27a also seems to
be required for human cytomegalovirus assembly. However, despite the involvement of various Rab GTPases in
HSV-1 envelopment, there is, to date, no data reported on the role of Rab27a in HSV-1 infection.

Results: Herein, we show that Rab27a colocalized with GHSV-UL46, a tegument-tagged green fluorescent protein-HSV-1,
in the TGN. In fact, this small GTPase colocalized with viral glycoproteins gH and gD in that compartment. Functional
analysis through Rab27a depletion showed a significant decrease in the number of infected cells and viral production in
Rab27a-silenced cells.

Conclusions: Altogether, our results indicate that Rab27a plays an important role in HSV-1 infection of oligodendrocytic
cells.
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Background
Several evidences indicate that a viral infection could be
involved in the aetiology of demyelinating diseases, such
as Multiple Sclerosis (MS) [1]. Several members of the
Herpesviridae family, including Herpes simplex virus
type 1 (HSV-1), have been suggested as possible causes
of this pathology [2,3]. Oligodendrocytes, the myelin-
producing glial cells in the central nervous system, have
proven to be susceptible to this alphaherpesvirus in vivo
[4-7] and in cultured cells [8]. Therefore, to deepen the
knowledge on HSV-1 infection of myelinating cells, will
contribute in clarifying relevant aspects of demyelination
aetiology.
HSV-1 is a highly prevalent neurotropic human patho-

gen that can infect and establish latency in neurons.
HSV-1 can cause, in certain circumstances, severe
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pathologies such as keratoconjunctivitis and encephalitis.
Following primary infection of epithelial cells, virions
spread to neurons and establish latent infections in the
trigeminal ganglia. The morphogenesis of HSV-1 has
been broadly studied [9-11], but several events of this
complex process remain unsolved. Viral transcription,
replication, packaging of the new viral particles and for-
mation of nucleocapsids all take place in the nucleus of
the infected cell. Thereafter, DNA-containing capsids ac-
quire a primary envelope when they enter the perinuclear
space by budding into the inner nuclear membrane, fol-
lowed by a subsequent de-envelopment process through
the outer nuclear membrane [12]. Once in the cytoplasm,
the nucleocapsids acquire their inner tegument [13].
Finally, virion assembly concludes through a secondary
envelopment process by budding into trans-Golgi net-
work (TGN)-derived vesicles coated with viral glycoproteins
and more tegument proteins [14]. During this process, vir-
ions acquire the outer tegument and the envelope. Although
this model of envelopment/de-envelopment/re-envelopment
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is widely accepted [15,16], many aspects of the process
remain to be unravelled, specifically those concerning
the molecular tools that HSV-1 uses to exploit the cel-
lular trafficking machinery.
Small GTPase Rab27 [17-19] subfamily consists –in

vertebrates– of two isoforms, Rab27a and Rab27b, which
display a high homology. Both isoforms, although differ-
ing in cell type specificity, have been implicated in regu-
lated exocytosis and might play a key role in certain
events of membrane trafficking. Rab27a and Rab27b are
functionally redundant but display differential expression
in tissues: while Rab27a is mainly expressed in a broad
range of secretory cells [20], melanocytes, endocrine
cells and cytotoxic T lymphocytes (CTLs), Rab27b is
expressed in platelets, endocrine cells, spleen and brain,
being absent in melanocytes and CTLs [21]. Hence,
Rab27a and Rab27b show different expression patterns,
especially in brain, although both proteins are expressed
in pituitary cells [22]. A recent work showed that down-
regulation of Rab27a blocked lysosomal exocytosis in
Schwann cells and reduced the remyelination of regener-
ated sciatic nerve, suggesting an important role for
Rab27a in remyelination within the peripheral nervous
system [23]. In addition, a role for Rab27 isoforms in exo-
some secretion has also been demonstrated [24]. Rab27a
was the first example of a Rab protein implicated in a
human genetic disease: Griscelli syndrome type 2 (GS2), a
rare autosomal recessive disorder caused by mutations in
the Rab27a gene [25]. Clinical features of this syndrome
include partial albinism and immune disorder. The ashen
mouse is the corresponding murine model [26]. In accord-
ance with the location of secretory granules, Rab27a is
polarized towards the apical domain of epithelial cells [20].
Rab27a regulates secretion of lysosome-related orga-

nelles (LROs), a heterogeneous group of organelles
which share features with multivesicular bodies (MVBs)/
lysosomes. Nevertheless, although LROs share various
features with late endosomes/lysosomes, they differ in
function, morphology, and composition. These orga-
nelles include, among others, melanosomes in melano-
cytes, lytic granules in CTLs, dense granules in platelets,
azurophilic granules in neutrophils and eosinophils and
Weibel-Palade bodies (WPB) in endothelial cells [27,28].
Although all these cellular compartments share several
characteristics, LROs and classic secretory granules dif-
fer in the source of their membrane and lumenal con-
tents: most of LROs content derives from the endosomal
system, whereas secretory granules derive directly from
the TGN. However, it is now accepted that LROs com-
prise a very heterogeneous group of organelles that seem
to have diverse origins [29].
Several Rab GTPases have been involved in the mor-

phogenesis of herpesviruses. In particular, recent works
have revealed the role for Rab1a/b, Rab3a and Rab43 in
HSV-1 envelopment [30,31]. Other Rab proteins, such as
Rab6 and Rab27a, have also been involved in HCMV –a
member of the betaherpesvirinae subfamily– assembly
[31-33]. Given the similarities in the assembly processes
amongst several members of the Herpesviridae [10], we
investigated the role of Rab27a in HSV-1 morphogen-
esis. We show that this small GTPase colocalizes in the
TGN with the viral glycoproteins gH and gD, together
with a pUL46-green fluorescent protein (GFP)-tagged
HSV-1 (GHSV-UL46). Moreover, Rab27a depletion
decreases the infection rate. Taken together, these data
point to a significant role for Rab27a in the infection of
oligodendrocytic cells with HSV-1.

Results
Expression of Rab27a in HOG cells
Several reports have previously shown Rab27a expres-
sion on many different cell types. However, to date, no
study addressed Rab27a expression in oligodendrocytic
cultures. For this purpose, the expression of this GTPase
in the human HOG oligodendroglial model was investi-
gated using RTqPCR, immunoblot analysis and confocal
immunofluorescence microscopy.
Immunoblot assays showed the expression of Rab27a

in HOG cells. The Epstein Barr virus-transformed,
human lymphoblastoid HOM-2 cells and the human
melanoma MeWo cell line, which are known to express
high levels of Rab27a [33], were used as positive controls.
When compared with these two cell lines, HOG cells dis-
played a significant level of expression (Figure 1A). To fur-
ther determine whether Rab27a expression was modified
following cell differentiation, we first investigated the ex-
pression of Rab27a mRNA by RT-qPCR in cells cultured
either in growth (GM) or differentiation medium (DM). In
previous works, we have established the differentiation
stage of HOG cell line under different conditions, showing
that culturing cells for 24 hours in DM is sufficient to in-
duce an increment in PLP expression and an enrichment
of this protein in myelin-like sheets [34,35] Immunoblot
assays showed a moderate increase of Rab27a in DM cul-
tures (Figure 1B). Quantitative RT-PCR confirmed an ap-
proximate 10% increment of Rab27a expression in HOG
cells cultured under differentiation conditions in compari-
son to GM cultured cells (Figure 1C).
To perform microscopy analysis, HOG cells cultured

in DM were fixed and processed for confocal immuno-
fluorescence analysis with an anti-Rab27a polyclonal
antibody. An increase in Rab27a in differentiated com-
pared to undifferentiated cells was also found. Rab27a was
mostly detected in a region probably corresponding to the
pericentrosomal area, although it was also detected in
scattered cytoplasmic small vesicles (Figure 1D). More
Rab27a-positive scattered vesicles were found in the cyto-
plasm of cells cultured in GM, although their location was



Figure 1 Expression of Rab27a in HOG cell line. A. HOG cells cultured in GM were subjected to SDS–PAGE under non-reducing conditions
and analyzed by immunoblotting with anti-Rab27a polyclonal antibody. Compared to positive controls, Mewo and HOM-2 cell lines, HOG cells
show significant levels of Rab27a expression. B. RTqPCR quantification of relative Rab27a mRNA expression levels in HOG cells cultured in GM or
DM. C. Immunoblot analysis of Rab27a expression in HOG cells cultured in GM or DM. HOG cells were subjected to SDS–PAGE under non-
reducing conditions and analyzed by immunoblotting with anti-Rab27a polyclonal antibody Immunoblot assays showed a moderate increase of
Rab27a in DM cultures. D. HOG cells cultured in GM or DM were fixed and processed for confocal immunofluorescence analysis with anti-Rab27a
polyclonal antibody, detected using an Alexa Fluor 555 secondary antibody. The squares correspond to enlarged regions showing pericentrosomal
localization of Rab27a, more scattered in the case of GM cultures. Images correspond to the projection of the planes obtained by confocal microscopy.
(DIC: Differential Interference Contrast). All data are representative of, at least, 3 independent experiments. (a.u., arbitrary units).
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also mainly pericentrosomal. Despite this observation, the
pattern of of Rab27a distribution in cells cultured in DM
was quite similar to that observed in cells cultured in GM.
For this reason, we decided to show the results obtained
only in differentiated cells, essentially analogous to the
ones obtained with GM cultures.

Subcellular localization of Rab27a
To study the subcellular localization of Rab27a in HOG
cells, we performed further immunofluorescence analysis.
To this aim, HOG cells cultured in DM were fixed and
processed for confocal double-labeled indirect immuno-
fluorescence analysis with primary antibodies. First of all,
we tested lysosomal markers LAMP-1 and CD63, to assess
the plausible colocalization of these proteins with Rab27a.
However, in our hands, no colocalization was observed
(Figure 2). Other markers, such as CD9 and TGN46, were
tested as well. Among all of them, TGN46 seemed to be
the only one displaying colocalization with Rab27a
(Figure 2) (Manders coefficients: M1 = 0,89 M2 = 0,61).



Figure 2 Subcellular localization of Rab27a in HOG cells. A. HOG cells cultured in DM were fixed and processed for confocal double-label
indirect immunofluorescence analysis with anti-Rab27a polyclonal antibody and antibodies against LAMP-1, CD63 and TGN-46. Primary antibodies
were detected using Alexa Fluor 555 and 488 secondary antibodies. Images correspond to the projection of the planes obtained by confocal
microscopy. Colocalization (yellow spots) was detected between Rab27a and TGN-46. The squares show enlarged images corresponding to a
confocal slice of 0.8 μm. (DIC: Differential Interference Contrast).
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Expression and localization of Rab27a in HSV-1 -infected
cells
As a first approximation to assess the feasible relation-
ship between Rab27a and HSV-1, HOG cells cultured in
DM were infected at a m.o.i of 1 with two GFP-tagged
HSV-1, GHSV-UL46 and K26GFP. Subsequently, after
infection, mRNA levels and location were determined by
RTqPCR and confocal immunofluorescence microscopy
analysis, respectively. Immunofluorescence microscopy
analyses were carried out within 18 h p.i. RTqPCR ana-
lysis did not show significant changes in Rab27a expres-
sion within 8 h p.i. (data not shown).
Comparative analysis between GHSV-UL46 and K26GFP

infection showed that, unlike capsid-tagged K26GFP virus
(Figure 3A), tegument-tagged GHSV-UL46 displayed par-
tial colocalization with Rab27a (Figure 3B) (Manders coef-
ficients: M1 = 0,72 M2 = 0,45). Absence of colocalization
with capsids could be explained by the rapid transport of
capsids at the TGN. Other studies have also shown that
the relatively short life cycle of HSV-1 makes it difficult to
analyze the vectorial movement of this virus during its
rapid egress [36].
In this regard, it is widely accepted that HSV-1 acquires

tegument and envelope through a process of secondary
envelopment by budding into TGN-derived vesicles
coated with viral glycoproteins and tegument proteins.
Since we found a significant colocalization between
Rab27a and TGN, we carried out confocal triple-labeled



Figure 3 Expression and localization of Rab27a in HSV-1-infected
cells. Triple-label indirect confocal immunofluorescence analysis of
HOG cells infected with K26GFP (A) or GHSV-UL46 (B) with an
anti-Rab27a polyclonal antibody, detected with an Alexa Fluor
555 secondary antibody. The squares show enlarged images
corresponding to a confocal slice of 0.8 μm showing partial
colocalization of GHSV-UL46 with Rab27a (yellow spots). (DIC:
Differential Interference Contrast).

Bello-Morales et al. BMC Microbiology 2012, 12:265 Page 5 of 14
http://www.biomedcentral.com/1471-2180/12/265
indirect immunofluorescence analysis with anti-Rab27a
and TGN46 antibodies, and GHSV-UL46 virus. Figure 4
shows partial colocalization between GHSV-UL46, Rab27a
and TGN-46 (Manders coefficients of colocalization
GHSV-UL46/TGN-46: M1 = 0,79, M2 = 0,70; GHSV-
UL46/Rab27a : M1 = 0,7 M2 = 0,51; colocalization TGN/
Rab27a : M1 = 0,77 M2 = 0,56).
It has been shown that HSV-1 glycoproteins accumu-

late in the TGN and in TGN-derived vesicles [10]. Since
we suspected a feasible role for Rab27a in viral morpho-
genesis, the next step was to assess whether Rab27a
colocalized with viral glycoproteins. To this end, we per-
formed confocal triple-labeled indirect immunofluores-
cence analysis with anti-Rab27a, anti-gH LP11 [37] and
anti-gD LP2 [38] antibodies. As expected, both gH (data
not shown) and gD colocalized with Rab27a (Figure 5)
(Manders coefficients Rab27a/gD: M1 = 0,78 M2 = 0,7).
Finally, triple-labeled indirect immunofluorescence ana-
lysis with antibodies anti-Rab27a, anti-gD LP2 and anti-
TGN46 demonstrated that colocalization of this viral
glycoprotein with Rab27a took place in the TGN (Figure 6)
(Manders coefficients of colocalization gD/TGN-46:
M1 = 0,7, M2 = 0,6; TGN/Rab27a : M1 = 0,7 M2 = 0,66;
colocalization gD/Rab27a : M1 = 0,73 M2 = 0,59).

Effect of Rab27a depletion in HSV-1 infection
Further analysis of the role of Rab27a during HSV-1 infec-
tion, was carried out by shRNA knockdown. To generate
stably silenced cell lines, HOG cultures were transfected
with two plasmids expressing Rab27a shRNAs. One of
them, named shRNA-313, induced an efficient knock-
down of Rab27a while, in comparison, a second one,
shRNA-735, elicited a weaker effect (Figure 7A and 7B).
Once our cellular model was established, susceptibility

to HSV-1 infection was assessed by plaque assay and
immunoblot analysis. In addition, viral entry was also
investigated using a recombinant HSV-1 (gL86) which
expresses β-galactosidase upon entry into cells. In
Rab27a-silenced cells, an important decrease in viral-
associated GFP signal was observed 18 h p.i. (Figure 7B).
Plaque assay showed a drastic reduction in plaque size
of silenced shRNA-313 cells compared to control cells
(Figure 7C). Moreover, the number of plaques also
decreased, suggesting that Rab27a depletion could be
affecting the viral egress. Moreover, cells were infected
at a m.o.i. of 1 with K26GFP and then, processed for
fluorescence activated cell sorter (FACS) analysis. The
number of GFP-expressing cells and their mean fluores-
cence were measured 24 hour after infection. As shown
in Figure 7D, a significant decrease in these parameters
was confirmed in Rab27a-silenced cells compared with
non-target control shRNA-expressing and non-transfected
cells. Histogram data have been expressed as percentage of
maximum (% of max), in which Y axis corresponds to the
number of cells for each fluorescence intensity of the X
axis, relative to the peak fraction of cells. To assess
whether Rab27a is involved in the viral cycle, we measured
viral yield of infected cells. Viral titer of Rab27a-silenced



Figure 4 Colocalization between GHSV-UL46 and Rab27a in the TGN. HOG cells cultured in DM and infected at a m.o.i. of 1 with GHSV-UL46
were fixed and processed for confocal triple-label indirect immunofluorescence analysis with anti-Rab27a and anti-TGN-46 polyclonal antibodies.
Low panels, corresponding to confocal slices of 0.8 μm, are enlargements of the square shown in upper panel, which corresponds to the
projection of the planes obtained by confocal microscopy. Images show colocalization between Rab27a and GHSV-UL46 in the TGN.
Colocalization between Rab27a and GHSV-UL46 appears cyan; between Rab27a and TGN, magenta; between GHSV-UL46 and the TGN, yellow;
colocalization between Rab27a, GHSV-UL46 and TGN appears white. (DIC: Differential Interference Contrast).
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infected cells also showed, within 24 h p.i., a significant
decrease compared with non-target control shRNA-
expressing and non-transfected cells (Figure 7E). This ef-
fect is not due to a differential entry capacity of virions
into the cell, since kinetics of viral entry showed no differ-
ence among silenced and control cultures (data not
shown). Altogether, these results suggest that Rab27a
might be required not only in viral egress, but also in viral
production.

Discussion
Many details on the molecular mechanism utilized by
HSV-1 to exploit the cellular trafficking machinery during
morphogenesis are uncertain. In particular, several aspects
regarding the process of the secondary envelopment and
viral egress need further enlightenment. Final steps of viral
assembly take place through secondary envelopment by
budding into TGN-derived vesicles coated with viral
glycoproteins and tegument proteins [10,11,36,39-41].
Herein, we suggest the involvement of the Rab-GTPase
Rab27a in this process.
Various Rab GTPases have been involved in HSV-1 –

as well as in other herpesviruses– envelopment [30-32].
In fact, Rab27a is required for assembly of HCMV [33].
Given the similarities among members of the herpes-
virus family [10], we decided to analyze whether Rab27a
plays any influential role in HSV-1 infection of oligoden-
drocytic cells.
First of all, our results showed a significant level of ex-

pression of Rab27a in HOG cells, compared to HOM-2



Figure 5 Colocalization between Rab27a and gD. HOG cells cultured in DM and infected at a m.o.i. of 1 with GHSV-UL46 were fixed and
processed for confocal triple-label indirect immunofluorescence analysis with polyclonal anti-Rab27a and anti-gD LP2 antibodies. Low panels,
corresponding to confocal slices of 0.8 μm, are enlargements of the squares shown in upper panels, which correspond to the projection of the
planes obtained by confocal microscopy. Images show colocalization between Rab27a and gD. Colocalization between Rab27a and GHSV-UL46
appears yellow; between Rab27a and gD, magenta; between GHSV-UL46 and gD, cyan; colocalization between Rab27a, GHSV-UL46 and gD
appears white. (DIC: Differential Interference Contrast).
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and MeWo cell lines, which were used as positive controls.
Although we found a slight increase of Rab27a expression
after culturing cells under differentiation conditions, results
obtained in both systems (DM versus GM) did not differ
substantially. Therefore, we decided to present only the
results corresponding to differentiated cells, that is, cells
cultured with DM.
To study the subcellular localization of Rab27a in our

oligodendrocytic system, we performed confocal im-
munofluorescence microscopy analysis. For this purpose,
and taken into account previous studies, we considered
the analysis of lysosomal markers LAMP-1 and CD63, to
check whether colocalization of these markers with
Rab27a actually occurred. However, and contrary to pre-
vious findings [24,42-46], no colocalization could be
observed. Interestingly, further experiments showed
colocalization between Rab27a and TGN46.
Thus, in HOG oligodendroglial cells, Rab27a expres-

sion was mostly detected in a region surrounding what
seems to be the pericentrosomal area displaying a posi-
tive signal for the TGN marker, TGN-46. To depict thor-
oughly the identity and features of the Rab27a-positive
structure found in our model, further studies will have
to be undertaken. However, given its lysosomal features,
it was expectable to find a certain degree of colocaliza-
tion between Rab27a and the late endosomal/lysosomal
proteins LAMP1 and CD63, as it has been described in
other systems.
Several previous findings may explain the absence of

LAMP-1 and CD63 in Rab27a-positive structures and



Figure 6 Colocalization between Rab27a and viral glycoproteins in the TGN. HOG cells cultured in DM and infected at a m.o.i. of 1 with
wild-type HSV-1 were fixed and processed for confocal triple-label indirect immunofluorescence analysis with polyclonal anti-Rab27a and anti-
TGN-46 antibodies. Low panels, corresponding to confocal slices of 0.8 μm, are enlargements of the squares shown in upper panels, which
correspond to the projection of the planes obtained by confocal microscopy. Colocalization between gD and the TGN appears yellow; between
Rab27a and the TGN, magenta; between Rab27a and gD, cyan. Arrow points to colocalization of Rab27a with gD in the TGN. (DIC: Differential
Interference Contrast).
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the colocalization of Rab27a with TGN-46. LROs com-
prise a heterogeneous group of organelles that share
various features with late endosomes/lysosomes, but dif-
fer in function, morphology, and composition. The exist-
ence of a high variety of apparently related organelles,
suggests that not all LROs share a common biogenetic
pathway. Thus, LROs comprise a very heterogeneous
group of organelles that seem to have diverse origins: for
example, whereas melanosomes originate from early
endosomes, WPBs emerge from the TGN. [29]. In
addition, although the majority of LROs share certain
characteristics, many of them display completely differ-
ent features as well. Maturation stage of the cells must
also be considered, since the recruitment of Rab27a is a
dynamic process that depends on the maturation and
polarization stage of the cell [45,47]. In this sense, for
instance, when von Willebrand factor (VWF) is hetero-
logously expressed in some cultured cell lines, such as
HEK-293, it causes the formation of structures similar to
WPBs that can recruit endogenous Rab27a. In HEK-293
cells, endogenous Rab27 was observed in a compact
pericentriolar region probably corresponding to the
microtubule organizing centre. This endogenous Rab27
did not show colocalization with LAMP1 suggesting
that there was little or no enrichment of Rab27 on late
endosomes/lysosomes. Nevertheless, in VWF expressing
HEK-293 cells, significant enrichment of endogenous
Rab27 was found on the VWF-containing WPB-like
organelles that had formed. Thus, Rab27a was recruited
specifically to the VWF-containing organelles and not to
the lysosome in a maturation-dependent process that
was independent of the cell type [47]. Therefore, the



Figure 7 Effect of Rab27a depletion on HSV-1 infection. HOG cells mock-transfected or transfected with Rab27a-silencing shRNA-313 or shRNA-
735, and shRNA non target control, were fixed and processed for confocal immunofluorescence analysis with polyclonal anti-Rab27a antibody. As images
show, shRNA-313 induced an efficient knockdown of Rab27a while shRNA-735 produced a weaker effect (A). Equal number of cells were subjected to
SDS–PAGE and analyzed by immunoblotting with anti-HSV-1 and anti-GFP antibodies. In Rab27a-depleted cells, a significant decrease in viral-associated
GFP signal can be observed (B). Plaque assay shows a drastic reduction in plaque size and a decrease in the viral production determined by the number of
plaque forming units (p.f.u.) per ml in silenced shRNA-313 cells compared to control cells (C). Silenced cells and controls infected at a m.o.i. of 1 with
K26GFP were processed for flow cytometry, analyzing fluorescence of GFP (D). Percentage (%) of max designates the number of cells relative to the
maximum fraction. For each fluorescence intensity within positive cells, the percentage of silenced cells corresponding to shRNA-313 and 735 is
considerably lower than controls. Data are representative of 3 independent experiments. E. Rab27a-depleted cells and controls were infected at a m.o.i. of
0.5 with HSV-1. 18 h p.i., viral titers were determined by TCID50. Virus yield was significantly reduced in shRNA-313 silenced cells.

Bello-Morales et al. BMC Microbiology 2012, 12:265 Page 9 of 14
http://www.biomedcentral.com/1471-2180/12/265



Bello-Morales et al. BMC Microbiology 2012, 12:265 Page 10 of 14
http://www.biomedcentral.com/1471-2180/12/265
recruitment of Rab27a is a complex process driven by ele-
ments such as the maturation stage and the cargo mole-
cules in which protein markers follow a dynamic pattern of
expression and reorganization depending on those factors.
Once the study model was established, we investigated

the relationship between Rab27a and HSV-1 infection.
For this goal, HOG cells were infected with GHSV-UL46
and K26GFP. GHSV-UL46 is a tegument tagged HSV-1
[48], whereas K26GFP was obtained fusing GFP to a
HSV-1 capsid protein [49]. After finding a high degree
of colocalization between Rab27a and TGN, we pro-
ceeded to assess whether HSV-1 colocalized with Rab27a
in that compartment. We found that Rab27a colocalized
with tegument-tagged GHSV-UL46 in the TGN, whereas
only a very low level of colocalization with capsid-tagged
K26GFP was ascertained. This fact might be explained
by the fast transit of capsids through the TGN during its
rapid egress.
HSV-1 acquires tegument and envelope through a

process of secondary envelopment by budding into
TGN-derived vesicles coated with viral glycoproteins
and tegument proteins. Consequently, we investigated
whether viral glycoproteins were associated with Rab27a,
finding that this small GTPase colocalized with viral gly-
coproteins gH and gD, and with GHSV-UL46. On the
other hand, viral titer of Rab27a-silenced infected cells
showed a significant decrease compared with non-target
control shRNA-expressing and non-transfected cells,
supporting the idea of an involvement of Rab27a in
HSV-1 cycle. Finally, functional studies showed that
Rab27a depletion produced a significant decrease on the
infection rate. Analysis of the number of GFP-expressing
cells 24 hours after infection with K26GFP virus, showed a
significant decrease of these parameters in Rab27a-silenced
cells compared to non-target control shRNA-expressing
and non-transfected cells. Taken together, these results
suggest a possible role for Rab27a in HSV-1 infection of
oligodendrocytic cells. Also, the reduction of the size and
number of viral plaques in silenced cells, points to an effect
of Rab27a in the process of viral egress. Therefore, Rab27a
might be involved in viral secretion. Since, colocalization
between viral glycoproteins and Rab27a takes place in the
TGN or in TGN-derived vesicles, and given that Rab27a
depletion also induced a reduction in the viral production,
we suggest that Rab27a might be required in both pro-
cesses, viral morphogenesis and egress.
Finally, our results show that Rab27a depletion reduced

both the viral production and viral egress, effect that is
not due to a differential entry capacity of virus. Therefore,
the reduction in the cell-associated infectious viruses
under Rab27a shRNA silencing, and the colocalization be-
tween viral glycoproteins and Rab27a in the TGN, suggest
that Rab27a might be relevant for virus morphogenesis,
maybe for secondary envelopment.
Conclusions
Our work suggests a role for the small Rab GTPase
Rab27a during HSV-1 infection. First of all, herein we
show for the first time the expression of this small
GTPase in oligodendroglial cells. In spite of the fact
that several Rab GTPases have been involved in the
morphogenesis of herpesviruses, no data about the role
of Rab27a in HSV-1 infection has been reported to
date.
Microscopy studies demonstrated partial colocalization

of Rab27a with viral glycoproteins in the TGN. More-
over, viral titer of Rab27a-silenced infected cells showed
a significant decrease compared with control cells. In
addition, functional analysis confirmed a significant de-
crease of GFP-expressing cells 24 hour after infection of
Rab27a-silenced cells with a GFP-tagged HSV-1. Reduc-
tion of the size and number of viral plaques in Rab27a-
depleted infected cells, points to an effect of this protein
in the process of viral egress. On the other hand, coloca-
lization between viral glycoproteins and Rab27a takes
place in the TGN or in TGN-derived vesicles, and given
that Rab27a depletion also induced a reduction in the
viral production, we suggest that Rab27a might be
required in viral morphogenesis and egress.

Methods
Antibodies and reagents
Horseradish peroxidase-conjugated secondary anti-IgG
antibodies were from Millipore (Billerica, MA, USA).
Anti-LAMP1 mouse monoclonal antibody H4A3 was
from DSHB (Developmental Studies Hybridoma Bank,
University of Iowa, USA). Anti-Rab27a rabbit polyclonal
antibody [50] was kindly provided by Dr P. van der
Sluijs, (University Medical Center Utrecht, The Nether-
lands). Sheep anti-TGN-46 polyclonal antibody was from
Serotec. Anti-GFP rabbit polyclonal serum A6455, Alexa
488-, Alexa 647- and Alexa 594-conjugated secondary
antibodies were obtained from Molecular Probes (Eugene,
OR, USA). Low-glucose DMEM, fetal bovine serum
(FBS), o-nitrophenyl-β-D-galactopyranoside (ONPG), car-
boxymethylcellulose sodium salt (CMC) medium-viscosity
and protease inhibitor cocktail were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Mowiol was
from Calbiochem (Merck Chemicals, Germany). Jet-PEI
was from Polyplus-transfection (Illkirch, France).

Cell lines and virus
The human HOG cell line, established from a surgically
removed human oligodendroglioma [30] was kindly pro-
vided by Dr. A. T. Campagnoni (University of California,
UCLA, USA). Cells were cultured on Petri dishes in GM
containing low-glucose DMEM supplemented with 10%
fetal bovine serum (FBS), penicillin (50 U/mL) and
streptomycin (50 μg/mL) at 37°C in an atmosphere of
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5% CO2. To induce differentiation, cells were cultured in
serum-free DM containing low-glucose DMEM supple-
mented with additives [35].
The Epstein Barr virus-transformed, human lympho-

blastoid cell line HOM-2 was generously provided by Dr.
M. Izquierdo (Instituto de Investigaciones Biomédicas
“Alberto Sols”, Madrid, Spain). MeWo cells were a kind
gift of Dr. L. Montoliu (CNB, Madrid, Spain).
GHSV-UL46, purchased from ATCC (American Type

Culture Collection), is a recombinant HSV-1 labeled by
fusing GFP to a structural protein of its tegument
(VP11/12), the product of the UL46 gene [48]. K26GFP
was a kind gift of Dr. Desai (Johns Hopkins University,
Baltimore, USA). It was obtained by fusing GFP to the
HSV-1 capsid protein VP26 [49]. Viruses were propa-
gated and titrated on Vero cells. HSV-1 (KOS) gL86, a
b-galactosidase–expressing version of KOS strain [51],
was propagated in 79VB4 cells, a Vero-derived cell line sta-
bly expressing gL. CHO-K1 and 79VB4 cells, and HSV-1
(KOS) gL86, were a kind gift of Dr. R. Longnecker
(Northwestern University, Chicago, USA).
Immunoblot analysis
Equal number of cells were subjected to SDS-PAGE in
12% acrylamide gels and transferred to Immobilon-P
membranes (Millipore). To detect Rab27a, electrophor-
esis was performed under non-reducing conditions. After
blocking with 5% nonfat dry milk 0.05% Tween 20 in PBS,
blots were incubated for 1 hr at room temperature with
primary antibodies. After several washes with 0.05% Tween
20 in PBS, blots were incubated for 1 hr with secondary
antibodies coupled to horseradish peroxidase, washed
extensively, and developed using an enhanced chemilu-
minescence Western blotting kit (ECL, Amersham, Little
Chalfont, UK).
RNA-interference mediated silencing
HOG cells were transfected with plasmids expressing
shRNAs previously described [33]. Transfection protocol
was performed as described [34]. Briefly, twenty-four
hours prior transfection of the HOG cell line, one mil-
lion cells were plated in 100 mm tissue culture dishes
with GM. Cells were transfected with 3 μg of DNA,
using the JetPEI reagent according to the manufacturer’s
instructions. Cells were incubated with DNA for 24 h in
GM and, 48 h after transfection, selection of stable
HOG cell transfectants was carried out by treatment
with GM containing 2 mg/ml puromycin, and Rab27a
silencing was analyzed by immunoblot. Plasmids encod-
ing non-target control (SHC002) and Rab27a shRNAs
TRCN0000005294 (313) and TRCN0000005295 (735)
were from Sigma (MissionH TRC-Hs shRNA libraries,
Sigma Aldrich).
Viral infections
For viral infection assays, 1.2 × 106 HOG cells growing
in 60-mm tissue culture dishes were mock infected or
infected with the corresponding virus. During viral ad-
sorption, cells were maintained in DMEM with antibio-
tics in the absence of FCS. Subsequently, cultures were
rinsed and cultured in DM. Viral titer was quantified by
an endpoint dilution assay determining the 50% tissue
culture infective dose (TCID50) in Vero cells, consider-
ing the final dilution that shows cytopathic effect and
using the Reed and Muench method.
For plaque assay, confluent monolayers of cells plated in

6-well tissue culture dishes were infected with serial dilu-
tions of HSV-1. After viral adsorption, cells were washed
and overlayed with CMC. The CMC solution was prepared
in distilled water at 2% (w/v) and stirred at room
temperature for one hour. CMC overlay (1% final concen-
tration) was prepared by mixing equal volumes of CMC
2% and DM double-strength. Two millilitres of CMC over-
lay were added to each well. Plates were incubated at 37°C
in a humidified 5% CO2 incubator for 48 hours. After that,
CMC overlay was aspirated and cells were washed with
PBS. Plaques were visualized by staining with crystal violet.

Entry assay
To determine HSV-1 entry, confluent monolayers of
HOG cells plated in 96-well tissue culture dishes were
infected with serial dilutions of recombinant HSV-1
(KOS) gL86, which expresses β-galactosidase upon entry
into cells. After 6 h p.i., β-galactosidase assays were per-
formed using a soluble substrate ONPG assay. The en-
zymatic activity was measured at 410 nm using a
Benchmark microplate reader (Bio Rad). HSV-1 resistant
CHO-K1 cells were used as control.

Real-time quantitative RT-PCR assay
Total RNA from triplicate samples of HOG cells cul-
tured in 60-mm dishes under growth or differentiation
conditions was extracted using RNeasy Qiagene Mini kit
(Qiagen, Valencia, CA, USA). RNA integrity was evalu-
ated on Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Then, RNA was quantified in a Nanodrop
ND-1000 spectrophotometer (Thermo Fisher Scientific). All
the samples showed 260/280 ratio values around 2, which
correspond to pure RNA. Yield range was between 405 and
639 ng/μl. RNA Integrity Number (RIN) values were be-
tween 9.3 and 9.8, corresponding to RNA samples with high
integrity. Genomic DNA contamination was assessed by
amplification of representative samples without retrotran-
scriptase (RT).
RT reactions were performed using the High Cap-

acity RNA-to-cDNA Master Mix with No-RT Control
(Applied Biosystems PN 4390712) following manufacturer’s
instructions. Briefly, 1 μg of total RNA from each sample
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was combined with 4 μl of master mix (including all neces-
sary reagents among which a mixture of random primers
and oligo-dT for priming). RT- controls were obtained by
using the No-RT master mix included in the master mix
pack. The reaction volume was completed up to 20 μl with
DNAse/RNAse free distilled water (Gibco PN 10977).
Thermal conditions consisted of the following steps:
5’ × 25°C, 30’ × 42°C and 5’ × 85°C. RT- amplifications
of the representative samples were either negative or
delayed more than 5 cycles compared to the corre-
sponding RT + reactions. Intron-spanning assays were
designed using Probe Finder software (Roche Applied
Science). Primer sequences were as follows: 5’-AGG
CCAGAGAATCCACCTG-3’ (forward), and 5’-GCAT
CTCTGAAGAACGCTGTC-3’ (reverse). Manufacturer
of oligonucleotides was Sigma Aldrich. Oligo design,
RT-qPCR and data analysis was performed by the Gen-
omics Core Facility at Centro de Biología Molecular
Severo Ochoa (CSIC-UAM).
In order to know the most suitable genes for the

normalization, the stability of four candidates –β-Actin,
GAPDH, 18S and UBQ– were assayed using the Norm-
Finder algorithm. Given its exceptionally high stability,
18S was chosen as the most appropriate. On the con-
trary, β-Actin showed the highest instability through the
process of differentiation.
qPCR reactions were performed in triplicates in a final

volume of 10 μl with a cDNA amount equivalent to
10 ng of total RNA, 500 nM of each primer and 5 μl of
SsoFast EvaGreen SuperMix (Bio-Rad, CN 172-5204),
according to the manufacturer’s instructions. For all the
genes we carried out an initial denaturation of 30’’ × 95°C
followed by 40 two-step cycles (5’’ × 95°C + 5’’ × 60°C). We
also included a melting curve from 60°C to 95°C
(0.5°C/seg) at the end of the program to verify the
specificity of the PCR. Fluorescence was acquired
during both the 60°C and melting steps. Reactions
were set up robotically, with an Eppendorf pipetting
robot (epMotion 5075). qPCR instrument was a
CFX384 Real Time System C1000 Thermal Cycler
(Bio-Rad). No Template Control (NTC) amplifications
were always either negative or delayed more than 5 cycles
with respect to the experimental samples.
In order to estimate the individual efficiency of each

primer pair and to validate a quantitative range for each
assay we performed a qPCR over a six-point ¼ dilution
curve made from a “pool” cDNA sample (cDNA input
range equivalent to 50-0.05 ng total RNA). The quantifi-
cation cycles (Cqs) of the experimental samples were
within the ranges validated by the dilution curves.

Flow cytometry analysis
To perform FACS analysis, HOG cells were dissociated
by incubation for 1 minute in 0.05% trypsin/0.1% EDTA
(Invitrogen) at room temperature and washed and fixed
in 4% paraformaldehyde for 15 minutes. Then, cells were
rinsed and resuspended in PBS. Cells were analyzed
using a FACSCalibur Flow Cytometer (BD Biosciences).

Immunofluorescence microscopy
Cells grown on glass coverslips were fixed in 4% parafor-
maldehyde for 20 min, rinsed with PBS and treated with
20 mM glycine for 5 min to quench aldehyde groups.
Cells were then permeabilized with 0.2% Triton X-100,
rinsed and incubated for 30 min with 3% bovine serum
albumin in PBS with 10% human serum, to block the
HSV-1-induced IgG Fc receptors. For double and triple-
labeled immunofluorescence analysis, cells were incu-
bated for 1 hr at room temperature with the appropriate
primary antibodies, rinsed several times and incubated
at room temperature for 30 min with the relevant fluor-
escent secondary antibodies. Antibodies were incubated
in the presence of 10% human serum. Controls to assess
labeling specificity included incubations with control pri-
mary antibodies or omission of the primary antibodies.
After thorough washing, coverslips were mounted in
Mowiol. Images were obtained using an LSM510 META
system (Carl Zeiss) coupled to an inverted Axiovert 200
microscope. Quantification of colocalization, was per-
formed using M1 and M2 Manders coefficients [52]. We
calculated Manders overlap coefficients selecting regions
of interest corresponding to the areas where the colocali-
zation seemed to be high, that is, areas in yellow, magenta
and cyan. Processing of confocal images and colocalization
analysis was made by FIJI-ImageJ software.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
RB-M performed the experiments and wrote the manuscript. AJC carried out
the viral infections and titrations. ET and AA participated in the experimental
design and helped to edit the manuscript. JAL-G and AF-R conceived and
designed the study, and participated in experimental design. JAL-G
coordinated the study and edited the manuscript. All authors read and
approved the final manuscript.

Acknowledgements
We are grateful to Dr. P. Desai for the K26GFP virus and Dr. Longnecker for
CHO-K1 cells and HSV-1 (KOS) gL86. We are also indebted to Dr. van der
Sluijs for the anti-Rab27a antibody, Dr. M. Izquierdo for the HOM-2 cells, Dr.
L. Montoliu for MeWo cell line and Dr. Campagnoni for his kind gift of the
HOG cell line. Carlos Sánchez, M. Angeles Muñoz and Verónica Labrador, are
also acknowledged for their assistance with the use of the confocal
microscope. We are also grateful to Fernando Carrasco, Laura Tabera, Alberto
Mudarra and Sandra Gonzalo, members of the Genomics Core Facility at
CBMSO, for their technical assistance. Silvia Andrade is also acknowledged
for her technical assistance with flow cytometer and Beatriz García for her
technical support.

Author details
1Centro de Biología Molecular Severo Ochoa, CSIC-UAM, Nicolás Cabrera 5,
Cantoblanco, 28049, Madrid, Spain. 2Universidad Complutense de Madrid,
Facultad de Medicina, Ciudad Universitaria, 28040, Madrid, Spain.
3Universidad Autónoma de Madrid, Facultad de Medicina, Arzobispo Morcillo



Bello-Morales et al. BMC Microbiology 2012, 12:265 Page 13 of 14
http://www.biomedcentral.com/1471-2180/12/265
4, 28029, Madrid, Spain. 4Instituto de Parasitología y Biomedicina López
Neyra, CSIC, Parque Tecnológico de Ciencias de la Salud, Avenida del
Conocimiento s/n, 18100Armilla, Granada, Spain.

Received: 3 July 2012 Accepted: 1 November 2012
Published: 19 November 2012
References
1. Noseworthy JH: Progress in determining the causes and treatment of

multiple sclerosis. Nature 1999, 399:A40–A47.
2. Christensen T: Human herpesviruses in MS. Int MS j/MS Forum 2007,

14:41–47.
3. Sanders VJ, Waddell AE, Felisan SL, Li X, Conrad AJ, Tourtellotte WW: Herpes

simplex virus in postmortem multiple sclerosis brain tissue. Arch Neurol
1996, 53:125–133.

4. Charpin C, Gambarelli D, Lavaut MN, Seigneurin JM, Raphael M, Berard M,
Toga M: Herpes simplex virus antigen detection in human acute
encephalitis: an immunohistochemical study using avidin-biotin-
peroxidase complex method. Acta neuropathol 1985, 68:245–252.

5. Skoldenberg B: Herpes simplex encephalitis. Scand J Infect Dis 1996,
100:8–13.

6. Kastrukoff LF, Lau AS, Kim SU: Herpes simplex virus type 1 induced
multifocal demyelination of the central nervous system in mice. Ann N Y
Acad Sci 1988, 540:654–656.

7. Kastrukoff LF, Lau AS, Kim SU: Multifocal CNS demyelination following
peripheral inoculation with herpes simplex virus type 1. Ann Neurol 1987,
22:52–59.

8. Bello-Morales R, Fedetz M, Alcina A, Tabares E, Lopez-Guerrero JA: High
susceptibility of a human oligodendroglial cell line to herpes simplex
type 1 infection. J neurovirol 2005, 11:190–198.

9. Mettenleiter TC: Budding events in herpesvirus morphogenesis. Virus res
2004, 106:167–180.

10. Mettenleiter TC, Klupp BG, Granzow H: Herpesvirus assembly: an update.
Virus res 2009, 143:222–234.

11. Johnson DC, Baines JD: Herpesviruses remodel host membranes for virus
egress. Nature rev 2011, 9:382–394.

12. Granzow H, Klupp BG, Fuchs W, Veits J, Osterrieder N, Mettenleiter TC:
Egress of alphaherpesviruses: comparative ultrastructural study. J Virol
2001, 75:3675–3684.

13. Mettenleiter TC: Intriguing interplay between viral proteins during
herpesvirus assembly or: the herpesvirus assembly puzzle. Vet Microbiol
2006, 113:163–169.

14. Murphy MA, Bucks MA, O’Regan KJ, Courtney RJ: The HSV-1 tegument
protein pUL46 associates with cellular membranes and viral capsids.
Virology 2008, 376:279–289.

15. Skepper JN, Whiteley A, Browne H, Minson A: Herpes simplex virus
nucleocapsids mature to progeny virions by an envelopment – >
deenvelopment – > reenvelopment pathway. J Virol 2001, 75:5697–5702.

16. Reynolds AE, Wills EG, Roller RJ, Ryckman BJ, Baines JD: Ultrastructural
localization of the herpes simplex virus type 1 UL31, UL34, and US3
proteins suggests specific roles in primary envelopment and egress of
nucleocapsids. J Virol 2002, 76:8939–8952.

17. Seabra MC, Ho YK, Anant JS: Deficient geranylgeranylation of Ram/Rab27
in choroideremia. J Biol Chem 1995, 270:24420–24427.

18. Izumi T, Gomi H, Kasai K, Mizutani S, Torii S: The roles of Rab27 and its
effectors in the regulated secretory pathways. Cell struc func 2003,
28:465–474.

19. Chen D, Guo J, Miki T, Tachibana M, Gahl WA: Molecular cloning and
characterization of rab27a and rab27b, novel human rab proteins shared
by melanocytes and platelets. Biochem mol med 1997, 60:27–37.

20. Tolmachova T, Anders R, Stinchcombe J, Bossi G, Griffiths GM, Huxley C,
Seabra MC: A general role for Rab27a in secretory cells. Mol biol cell 2004,
15:332–344.

21. Barral DC, Ramalho JS, Anders R, Hume AN, Knapton HJ, Tolmachova T,
Collinson LM, Goulding D, Authi KS, Seabra MC: Functional redundancy of
Rab27 proteins and the pathogenesis of Griscelli syndrome. J Clin Invest
2002, 110:247–257.

22. Zhao S, Torii S, Yokota-Hashimoto H, Takeuchi T, Izumi T: Involvement of
Rab27b in the regulated secretion of pituitary hormones. Endocrinology
2002, 143:1817–1824.
23. Chen G, Zhang Z, Wei Z, Cheng Q, Li X, Li W, Duan S, Gu X: Lysosomal
exocytosis in Schwann cells contributes to axon remyelination. Glia 2012,
60:295–305.

24. Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A, Moita CF,
Schauer K, Hume AN, Freitas RP, et al: Rab27a and Rab27b control
different steps of the exosome secretion pathway. Nature cell biol 2010,
12:19–30. sup pp 11-13.

25. Menasche G, Pastural E, Feldmann J, Certain S, Ersoy F, Dupuis S, Wulffraat
N, Bianchi D, Fischer A, Le Deist F, et al: Mutations in RAB27A cause
Griscelli syndrome associated with haemophagocytic syndrome. Nat
Genet 2000, 25:173–176.

26. Wilson SM, Yip R, Swing DA, O’Sullivan TN, Zhang Y, Novak EK, Swank RT,
Russell LB, Copeland NG, Jenkins NA: A mutation in Rab27a causes the
vesicle transport defects observed in ashen mice. Proc Natl Acad Sci U S A
2000, 97:7933–7938.

27. Huizing M, Helip-Wooley A, Westbroek W, Gunay-Aygun M, Gahl WA:
Disorders of lysosome-related organelle biogenesis: clinical and
molecular genetics. Annual rev genomics human genet 2008, 9:359–386.

28. Dell’Angelica EC, Mullins C, Caplan S, Bonifacino JS: Lysosome-related
organelles. FASEB J 2000, 14:1265–1278.

29. Raposo G, Marks MS, Cutler DF: Lysosome-related organelles: driving
post-Golgi compartments into specialisation. Curr Opin Cell Biol 2007,
19:394–401.

30. Zenner HL, Yoshimura S, Barr FA, Crump CM: Analysis of Rab GTPase-
activating proteins indicates that Rab1a/b and Rab43 are important
for herpes simplex virus 1 secondary envelopment. J Virol 2011,
85:8012–8021.

31. Miranda-Saksena M, Boadle RA, Aggarwal A, Tijono B, Rixon FJ, Diefenbach
RJ, Cunningham AL: Herpes simplex virus utilizes the large secretory
vesicle pathway for anterograde transport of tegument and envelope
proteins and for viral exocytosis from growth cones of human fetal
axons. J Virol 2009, 83:3187–3199.

32. Indran SV, Britt WJ: A role for the small GTPase Rab6 in assembly of
human cytomegalovirus. J Virol 2011, 85:5213–5219.

33. Fraile-Ramos A, Cepeda V, Elstak E, van der Sluijs P: Rab27a is required for
human cytomegalovirus assembly. PLoS One 2010, 5:e15318.

34. Bello-Morales R, de Marco MC, Aranda JF, Matesanz F, Alcina A, Lopez-
Guerrero JA: Characterization of the MAL2-positive compartment in
oligodendrocytes. Experiment cell res 2009, 315:3453–3465.

35. Bello-Morales R, Perez-Hernandez M, Rejas MT, Matesanz F, Alcina A, Lopez-
Guerrero JA: Interaction of PLP with GFP-MAL2 in the human
oligodendroglial cell line HOG. PLoS One 2011, 6:e19388.

36. Turcotte S, Letellier J, Lippe R: Herpes simplex virus type 1 capsids transit
by the trans-Golgi network, where viral glycoproteins accumulate
independently of capsid egress. J Virol 2005, 79:8847–8860.

37. Buckmaster EA, Gompels U, Minson A: Characterisation and physical
mapping of an HSV-1 glycoprotein of approximately 115 X 10(3)
molecular weight. Virology 1984, 139:408–413.

38. Kapoor AK, Buckmaster A, Nash AA, Field HJ, Wildy P: Role of neutralizing
antibodies and T-cells in pathogenesis of herpes simplex virus infection
in congenitally athymic mice. Immunol Lett 1982, 5:259–265.

39. Sugimoto K, Uema M, Sagara H, Tanaka M, Sata T, Hashimoto Y, Kawaguchi
Y: Simultaneous tracking of capsid, tegument, and envelope protein
localization in living cells infected with triply fluorescent herpes simplex
virus 1. J Virol 2008, 82:5198–5211.

40. Farnsworth A, Goldsmith K, Johnson DC: Herpes simplex virus glycoproteins
gD and gE/gI serve essential but redundant functions during acquisition of
the virion envelope in the cytoplasm. J Virol 2003, 77:8481–8494.

41. McMillan TN, Johnson DC: Cytoplasmic domain of herpes simplex virus
gE causes accumulation in the trans-Golgi network, a site of virus
envelopment and sorting of virions to cell junctions. J Virol 2001,
75:1928–1940.

42. Hume AN, Collinson LM, Rapak A, Gomes AQ, Hopkins CR, Seabra MC:
Rab27a regulates the peripheral distribution of melanosomes in
melanocytes. J cell biol 2001, 152:795–808.

43. Sanchez-Ruiz Y, Valitutti S, Dupre L: Stepwise maturation of lytic granules
during differentiation and activation of human CD8+ T lymphocytes.
PLoS One 2011, 6:e27057.

44. Laulagnier K, Schieber NL, Maritzen T, Haucke V, Parton RG, Gruenberg J:
Role of AP1 and Gadkin in the traffic of secretory endo-lysosomes. Mol
biol cell 2011, 22:2068–2082.



Bello-Morales et al. BMC Microbiology 2012, 12:265 Page 14 of 14
http://www.biomedcentral.com/1471-2180/12/265
45. Kiskin NI, Hellen N, Babich V, Hewlett L, Knipe L, Hannah MJ, Carter T:
Protein mobilities and P-selectin storage in weibel-palade bodies. J cell
sci 2010, 123:2964–2975.

46. Knipe L, Meli A, Hewlett L, Bierings R, Dempster J, Skehel P, Hannah MJ,
Carter T: A revised model for the secretion of tPA and cytokines from
cultured endothelial cells. Blood 2010, 116:2183–2191.

47. Hannah MJ, Hume AN, Arribas M, Williams R, Hewlett LJ, Seabra MC, Cutler
DF: Weibel-Palade bodies recruit Rab27 by a content-driven, maturation-
dependent mechanism that is independent of cell type. J cell sci 2003,
116:3939–3948.

48. Willard M: Rapid directional translocations in virus replication. J Virol 2002,
76:5220–5232.

49. Desai P, Person S: Incorporation of the green fluorescent protein into the
herpes simplex virus type 1 capsid. J Virol 1998, 72:7563–7568.

50. Neeft M, Wieffer M, de Jong AS, Negroiu G, Metz CH, van Loon A, Griffith J,
Krijgsveld J, Wulffraat N, Koch H, et al: Munc13-4 is an effector of rab27a
and controls secretion of lysosomes in hematopoietic cells. Mol biol cell
2005, 16:731–741.

51. Montgomery RI, Warner MS, Lum BJ, Spear PG: Herpes simplex virus-1
entry into cells mediated by a novel member of the TNF/NGF receptor
family. Cell 1996, 87:427–436.

52. Manders EMM, Verbeek FJ, Aten JA: Measurement of co-localization of
objects in dual-colour confocal images. J microscopy 1993, 169:375–382.

doi:10.1186/1471-2180-12-265
Cite this article as: Bello-Morales et al.: Role of the small GTPase Rab27a
during Herpes simplex virus infection of oligodendrocytic cells. BMC
Microbiology 2012 12:265.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Expression of Rab27a in HOG cells
	Subcellular localization of Rab27a
	Expression and localization of Rab27a in HSV-1 -infected cells
	Effect of Rab27a depletion in HSV-1 infection

	Discussion
	Conclusions
	Methods
	Antibodies and reagents
	Cell lines and virus
	Immunoblot analysis
	RNA-interference mediated silencing
	Viral infections
	Entry assay
	Real-time quantitative RT-PCR assay
	Flow cytometry analysis
	Immunofluorescence microscopy

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


