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Introduction

GBF1 is ubiquitously expressed in eukaryotic cells and is essen-
tial for cellular and organismal life. Depletion of GBF1 from
cultured cells induces apoptosis, while mouse GBF1 knockout
and D. melanogaster knockout of GARZ (the fly GBF1 ortho-
log) cause embryonic lethality.1,2 Silencing Garz in only the sal-
ivary glands leads to severely stunted and disorganized glands,
with disorganized lumens and dramatic disorganization of the
actin cytoskeleton in the epithelial salivary cells.3

GBF1 belongs to a sub-family of 3 “large GEFs” in a 15
member family of ARF activators.4,5 Only the large GEFs that
include GBF1, BIG1 and BIG2 are present in all eukaryotes,
consistent with their fundamental roles in organellogenesis and
membrane traffic. All large GEFs are inhibited by the fungal
metabolite Brefeldin A (BFA), a feature that distinguishes them
from the other ARF GEFs.

GBF1 regulates membrane traffic at the ER-Golgi interface
and is the only GEF capable of sustaining ARF activation
required for the recruitment of the COPI coat.6-11 Inactivation
of GBF1 through mutation of the catalytic Sec 7-domain or
BFA treatment leads to the dissociation of COPI from mem-
branes, the collapse of the Golgi into the ER, and inhibition of
secretory traffic. We and others have shown that in fibroblastic
cells such as HeLa, GBF1 is mostly (»90%) cytosolic, with the
remaining »10% localized to the Golgi complex.9,12 The 2
pools exist in equilibrium and GBF1 cycles between cytosol and
Golgi membranes with rapid turnover.12,13 Immunofluores-
cence and EM immunogold analyses of cells in culture and tis-
sues indicate that GBF1 is concentrated at the Golgi complex,
with a preferred localization to the cis- face of the Golgi stack.14

In addition to the well-documented localization and function
of GBF1 at the Golgi, GBF1 was also detected within »100 nm
proximity to the plasma membrane in D. melanogaster S2RC
cells, and was essential for constitutive fluid-phase endocytosis
from cell surface in a process that is dependent on active actin
remodeling.15 Furthermore, GBF1 has been detected at the lead-
ing edge in HL60 neutrophils stimulated with N-formyL-
methionyL-leucyL-phenylalanine (fMLP).16 Specifically, fMLP
binding to G-Protein Coupled Receptors (GPCRs) leads to the

recruitment and stimulation of Phosphatidyl Inositol 3-Kinase
g (PI3Kg). The PI3Kg–mediated production of Phosphatidyl
Inositol 3-Phosphates (PIP3s) at the leading edge then facilitates
GBF1 recruitment. PI3Kg activity is essential for GBF1 recruit-
ment as inactivation of PI3Kg either with the drug AS-604850
or by siRNA-mediated knockdown blocked fMLP-induced
GBF1 localization to the leading edge. Importantly, the PM
recruitment of GBF1 was observed only in HL60 cells stimulated
with fMLP, while GBF1 was found exclusively at the Golgi in
non-stimulated cells.

One of the key characteristics of stimulated HL60 cells is the
establishment of directional polarity, suggesting that GBF1
recruitment to the PM may occur in other cells that exhibit
directional motility or extrude directional processes. This
model predicts that in cells that exhibit strong polarized archi-
tecture, GBF1 might localize to PM domains independent of
acute chemotactic stimulation. Thus, we examined GBF1 locali-
zation in cell lines derived from human glioblastomas (GBM),
focusing on the possible recruitment of GBF1 to PM regions
specialized for adhesion and/or migration.

Results

Endogenous GBF1 localizes to the Golgi and cell
protrusions in GBM cells

We used immunofluorescence to compare the localization of
endogenous GBF1 in HeLa cells and in 3 cell lines derived from
human glioblastomas (WHO grade IV astrocytoma), specifi-
cally D54, U87 and U251. Prior studies showed GBF1 localiza-
tion at the Golgi in all cells examined to date.6-8,17 Consistent
with these findings, we detected GBF1 in a peri-nuclear region
where it co-localized with the cis-Golgi marker GM130 in HeLa
(Fig. 1A) and U87 (Fig. 1B) cells. In U87 cells, GBF1 staining
was also evident at the plasma membrane (PM), specifically at
the tips of extensions (Fig. 1B, arrows). In contrast, GM130 was
not detected at the PM, suggesting that GBF1 location is spe-
cific for this cellular component and does not represent a gen-
eral relocation of Golgi proteins (these images were
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purposefully overexposed to show the lack of GM130 on the
cell surface).

To determine if GBF1 localization to the PM was specific to
the U87 cell line or more broadly applicable to GBM cells, we
examined GBF1 distribution in D54 and U251 cells. As shown
in Fig. 1C, GBF1 was readily detected in a peri-nuclear region
consistent with Golgi localization in all cells. However,
GBF1 was also visible at tips of cellular extensions in cells with
spindle-like architecture or containing multiple long exten-
sions, and at the leading edge in cells with more compact archi-
tecture (arrows). All cells with clearly extended protrusions
contained GBF1 at the tips of such extensions, confirming the
generality of this observation. We stress that all cells were
grown in normal culture medium and were not acutely treated
with chemotactic stimuli, indicating that GBF1 recruitment to
the PM occurs under standard culture conditions.

The same Golgi and peripheral staining was observed with
polyclonal anti-GBF1 antibodies raised in rabbits (Fig. 1B), as
with monoclonal affinity-purified anti-GBF1 antibodies raised
in mice (Fig. 1C), reducing the possibility that the staining is
spurious. To ensure that the secondary antibodies did not con-
tribute to the staining, we omitted the primary anti-GBF1

antibodies and processed the coverslips with only secondary
anti-rabbit IgG or anti-mouse IgG antibodies. No signal what-
soever was detected (data not shown), indicating that the stain-
ing does not result from non-specific binding of the secondary
antibodies. To further ascertain the specificity of the GBF1 sig-
nal, we performed an antigen-inhibition study. His-tagged full-
length GBF1 was expressed in HEK293 cells and purified by
affinity adsorption on Ni-agarose beads. The isolation protocol
generated an enriched fraction of GBF1, as judged by Coomas-
sie Blue staining of an SDS-PAGE gel (Fig. 2A, lane 4). As a
control, analogous purification protocol was performed from
cells not transfected with His-GBF1, and the material eluted
from the Ni-agarose beads represents the control eluate (lane
8). Purified GBF1 or the control eluate were preincubated with
monoclonal anti-GBF1 antibodies, and such antibodies were
subsequently used for IF on U87 cells. While a GBF1 signal was
detected at the Golgi and at the tips of cellular extensions when
IF was done with antibodies pre-incubated with the control elu-
ate (Fig. 2B), no visible Golgi or peripheral signal was detected
when IF was done with antibodies presorbed with purified
GBF1 (Fig. 2C). We stress that the same settings of the micro-
scope were used during the acquisition of all images in this

Figure 1. Dual Golgi and PM localization of GBF1 in GBM cells. HeLa (A) and U87 (B) cells were probed by double label IF with polyclonal rabbit anti-GBF1 and monoclonal
mouse anti-GM130 antibodies. GBF1 co-localizes with GM130 to the Golgi, but is also present at tips of protrusions in U87 cells (arrows). (C) D54, U87 and U251 cells were
processed for IF with monoclonal mouse anti-GBF1 antibodies. GBF1 localizes to the peri-nuclear Golgi and at tips of protrusions and the leading edge (arrows). Represen-
tative images from more than 3 independent experiments. Bar is 10 mm.
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figure. This antigen competition results strongly suggest that
the IF signal observed with the anti-GBF1 antibodies is specific.

Endogenous GBF1 co-localizes with cellular adhesion
proteins

Tips of cellular protrusions and the leading edge are areas of sub-
strate adhesion that allow cells to extend processes by tethering
their PM to components of the extracellular matrix. Migration
and extension of cellular processes occurs in response to extra-
cellular signals and is mediated by localized actin polymeriza-
tion. This propels the extension of lamellipodia and necessitates
the formation of focal adhesions to anchor the newly-formed
protrusions. Focal adhesions are foci of functional linkage
between the extracellular matrix and the actin cytoskeleton. The
bridging function is provided by integrins, heterodimeric trans-
membrane proteins that bind matrix components through their
extracellular domains and interact with cytosolic focal adhesion
proteins through their cytoplasmic tails (reviewed in.18-20) One

of the key components of focal adhesions is a-actinin, which
binds both integrins and actin filaments to directly link the cyto-
plasmic tails of integrins to the actin cytoskeleton.21 a-actinin is
a homodimer that bundles actin filaments to increase the stiff-
ness of stress fibers originating from focal adhesions. Focal adhe-
sions are also enriched in paxillin that directly binds to integrins
and recruits vinculin, which in turn, directly interacts with actin
filaments to facilitate the stabilization of focal adhesions.

Thus, we examined whether the surface localized GBF1 co-
localized with these adhesion proteins. As shown in Fig. 3,
endogenous GBF1 was concentrated at regions enriched in
a-actinin (A) and vinculin (B) and was largely absent from
other domains of the cell surface (arrows). Focal adhesions and
the leading edge of cells are enriched in actin filaments that can
be selectively visualized with phalloidin, a bicyclic heptapeptide
that binds and stabilizes filamentous actin (F-actin) and pre-
vents the depolymerization of actin fibers.22,23 As shown in
Fig. 3C, endogenous GBF1 was concentrated at the leading
edge as determined by enriched phalloidin staining (arrows).

Exogenously expressed GBF1 is recruited to adhesion sites

As GBF1 localization to adhesion sites has not been described
previously to our knowledge, we sought to further ensure that
the staining was not an artifact of antibody cross-reactivity. We
therefore transfected GBM cells with GFP-tagged GBF1 and
assessed the localization of the construct with anti-GFP antibod-
ies. In agreement with Golgi localization of endogenous GBF1 in
all cells, GFP-GBF1 co-localized with the Golgi marker GM130
in D54 cells (Fig. 4A). In addition, and confirming results evalu-
ating the localization of endogenous GBF1, the exogenously
expressed GFP-GBF1 was detected at the tips of cellular exten-
sions (arrows). Echoing the localization of endogenous GBF1 to
protrusions in all examined cells, GFP-GBF1 also was detected
at tips of protrusions in all transfected cells. These GBF1-con-
taining foci represent adhesion sites, as shown by the co-locali-
zation of GFP-GBF1 with paxillin, a protein found in focal
adhesions and other actin-rich structures such as peripheral ruf-
fles, dorsal ruffles and invadopodia/podosomes (Fig. 4B). Analo-
gous results were obtained in U87 cells expressing GFP-GBF1:
the construct was detected at the Golgi where it co-localized
with GM130 and also at the tips of cellular projections (Fig. 4C).
The cell surface centers of GFP-GBF1 represent adhesion sites
as shown by their content of paxillin (Fig. 4D). We stress that we
only observed staining at the Golgi and at the tips of cellular
extensions in cells expressing GFP-GBF1, while untransfected
cells had no visible signal. This indicates that the primary and
secondary antibodies used in these IFs do not recognize any
endogenous antigen that could generate a non-specific signal.

Taken together, our data show that both endogenous and
exogenously expressed GBF1 show dual localization within
GBM cells, with a pool of GBF1 concentrated at the Golgi com-
plex and another pool localized to cellular adhesion sites at the
tips of PM protrusions and the leading edge.

Discussion

GBF1 and its orthologues have been shown to localize to the
Golgi complex in all examined cells ranging from mammalian

Figure 2. Specificity of GBF1 antibodies person (A) HEK293 cells were transfected
with His-tagged GBF1 (lanes 1–4) or mock-transfected (lanes 5–8), lysed 48 h later,
and the lysates subject to Ni-agarose purification. Equivalent volume of indicated
sample was processed by SDS-PAGE. (SM: starting material; B: beads after elution;
W: wash E: elution. An »200 kD GBF1 band is visible in lane 4, but not in lane 8. (B)
D54 cells were probed with monoclonal mouse anti-GBF1 antibodies that were
pre-incubated with eluate from mock-transfected cells. (C) D54 cells were probed
with monoclonal mouse anti-GBF1 antibodies that were pre-incubated with puri-
fied GBF1. Peri-nuclear Golgi staining and PM staining is evident in cells processed
with antibodies pre-incubated with control eluate, but both signals are abrogated
when the antibodies are pre-incubated with purified GBF1. Representative images
from 2 independent experiments. Bar is 10 mm.
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to D. melanogaster and yeast (7, 8, 17, 24). The Golgi localiza-
tion is consistent with the well characterized role of GBF1 in
COPI recruitment to membranes, a process essential for the
formation of COPI vesicles and ER-Golgi traffic. The essential
Golgi function of GBF1 is underscored by the collapse and dis-
assembly of the Golgi and inhibition in membrane traffic when
GBF1 is inactivated or depleted.10,24,25

However, in HL60 neutrophil cell line acutely stimulated
with fMLP, GBF1 was recruited to the leading edge oriented
toward the chemotactic stimulus and was required for direc-
tional motility.16 Importantly, GBF1 was not detected at the
PM in unstimulated HL60 cells, suggesting that only acute acti-
vation of surface GPCRs results in GBF1 relocation. These data
also suggested that GBF1 recruitment to the PM may be specific
to only neutrophils migrating toward a chemotactic stimulus.

Herein, we report that GBF1 is found at the leading edge and
in adhesion sites in several human GBM cell lines grown under
standard conditions and without acute stimulation. This repre-
sents a novel finding since the previous report has shown GBF1
localization to the cell surface only in stimulated human neu-
trophils, but not in unstimulated cells.16 Our results support
and extend data in Drosophila, where Garz (the fly GBF1) has
been detected close to the cell surface (within »100 nm)

and facilitated fluid-phase pinocytosis in non-stimulated
S2RC cells.15

The potential functional relevance of GBF1 recruitment to
adhesion sites in GBM cells remains to be determined, but it is
possible that GBF1 directly or indirectly affects cell motility. This
is consistent with our earlier finding that siRNA-mediated deple-
tion of GBF1 from D54 cells inhibited the migratory potential of
these cells.10 However, in those experiments, depletion of GBF1
would affect GBF1 functions throughout the cell (at the Golgi
and at adhesions) making it impossible to assign the motility
defect as inhibition of GBF1 function in the cell periphery. GBF1
is a large multi-domain protein and could impact motility directly
by providing a scaffolding function to organize proteins that reg-
ulate actin dynamics. Alternatively, GBF1 could function indi-
rectly, by activating ARF, which then could directly impact
motility. Activated ARF1 has been shown to recruit the RhoGap
domain-containing protein, ARHGAP10, which modulates
Cdc42 dynamics at the cell surface.26 The exact role that GBF1
plays at the periphery of GBM cells and how GBF1 activity may
contribute to GBM invasiveness remain to be determined.

GBF1 may affect actin dynamics and assembly, as suggested by
our previous report that depletion of Garz in salivary glands of D.
melanogaster causes marked disruption of the actin network.3 A

Figure 3. Co-localization of GBF1 with adhesion proteins in GBM cells person D54 cells were probed by double label IF with polyclonal anti-GBF1 and either monoclonal
anti-a-actinin, monoclonal anti-vincullin or phalloidin staining. In addition to peri-nuclear Golgi staining, GBF1 localizes to focal adhesions and the leading edge contain-
ing adhesion proteins or actin-rich foci (arrows). Representative images from more than 2 independent experiments. Bar is 10 mm.

e1308900-4 T. BUSBY ET AL.



putative function for GBF1 in actin dynamics is also supported by
the described previously links between Gea1p and Gea2p (yeast
orthologs of GBF1) and actin architecture in S. cerevisiae.27 First,
GEA1 and GEA2 were identified as multicopy suppressors of pro-
filin deletion that could rescue the disassembly of actin cables and
the lack of polarized actin cortical patches in S. cerevisiae lacking
profilin. Second, cells deleted of GEA2 and expressing inactive
mutant alleles of GEA1 were defective in actin cytoskeleton and
budding (an actin-dependent process). Third, overexpression of
GEA1 or GEA2 in wild-type cells increased the appearance
of actin cable-like structures. The mechanisms through which
GEA1/2 influence actin dynamics remain to be determined.

Precise regulation of actin and focal adhesion dynamics is
required for cell migration during normal physiologic processes
such as developmental morphogenesis, but it also contributes
to pathologies by increasing the invasive potential of cancer
cells. GBM is the most common and aggressive primary brain
cancer in adults. GBM remains a lethal disease due in part to
the ability of these cells to infiltrate healthy brain tissue making
surgical removal of all tumor cells impossible. GBM cells form
PM protrusions and invadopodia to facilitate cell-cell interac-
tions and motility. Our finding that GBF1 is concentrated at
adhesion sites in GBM cells raises the possibility that it might
be involved in processes regulating actin dynamics at those sites

Figure 4. Golgi and PM localization of exogenously expressed GBF1 in GBM cells person D54 (A and B) and U87 (C and D) cells were transfected with GFP-tagged GBF1
and probed by double label IF with polyclonal anti-GFP and either monoclonal anti-GM130 (A and C) or monoclonal anti-paxillin antibodies (B and D). Exogenous GFP-
GFP1 co-localizes with GM130 at the Golgi and co-localizes with paxillin at tips of cellular protrusions and the leading edge (arrows). Representative images from more
than 3 independent experiments. Bar is 10 mm.
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and, consequently, may be fundamentally involved in the inva-
sive capacity of GBM cells.

GBF1 joins an ever-increasing number of proteins with mul-
tiple cellular localizations and functions. Such “moonlighting”
proteins are exemplified by ARL2, which regulates both mito-
chondrial fusion and microtubule dynamics,28-30 Orc6 which
participates in DNA replication and cytokinesis31-34 and the
exocyst complex which facilitates polarized deliver of secretory
cargoes as well as regulates actin dynamics.35-37 It is likely that
such functional duality reflects the cellular need for coordina-
tion since the utilization of a single protein in multiple pro-
cesses provides a mechanism for cross-talk and coordination of
distinct cellular responses.

Materials and methods

Antibodies

The following antibodies were commercially obtained: rabbit
polyclonal anti-GFP (Abcam, Ab290), mouse monoclonal affin-
ity-purified anti-GBF1 (BD Bioscience, 612116; this antibody
detected a single band on Western blots), mouse monoclonal
affinity purified anti-GM130 (BD Transduction Laboratories,
610823), mouse monoclonal anti-paxillin (ThermoFisher,
AHO0492), mouse monoclonal anti-vinculin (Abcam, Ab18058)
and mouse monoclonal anti-a-actinin (Abcam, Ab18061). Poly-
clonal anti GM130 were raised in a rabbit and have been
described previously.38 Secondary anti-rabbit or anti-mouse anti-
bodies conjugated with Alexa 488 or Alexa 594 were obtained
from Invitrogen (A11001, A11034, A11037, A11032). Phalloidin
conjugated with Alexa 594 was purchased from Invitrogen
(A12381). In some experiments, monoclonal anti-GBF1 antibod-
ies (0.05mg) were incubated with 0.3mg of purified GBF1 or with
equivalent volume of control eluate (material from a control puri-
fication; see below) for 2 hours at 4�C before being used in IF.

Plasmids

N-terminally GFP-tagged GBF1 (GFP-GBF1) was constructed by
sub-cloning human GBF1 into the pEGFP vector using XhoI and
Xmas restriction enzymes and has been described in.12 C-teminally
his-tagged GBF1 was generated by subcloning human GBF1 into
the pcDNA4-myc-His B vector using EcoRI and XhoI restriction
enzymes.

Cell culture and transfection

D54 cells originated from a surgical resection from a GBM
patient. D54 is a commonly studied cell line that has been
extensively characterized. U-87 cell line is also derived from
a grade 4 patient. Similarly, U-251 is derived from a human
malignant glioblastoma multiforme isolated from a patient
with grade III-IV malignant tumor by explant technique.
D54, U87 and U251 cells were grown in cell culture dishes,
some containing glass coverslips (ᴓ12mm), in Dulbecco’s
Modified Eagle’s Medium, supplemented with L-glutamine
(10–090-CV), 20% fetal bovine serum (35–010 CV),
100 units/mL penicillin/streptomycin (30–001-CI). All these
reagents were purchased from Corning. Cells were grown at

37�C in 5% CO2 until »75% confluent and were transfected
with Mirus TransIT-X2 Transfection Reagent (Mirus Bio
Corporation, MIR6004), according to the manufacturer’s
instructions. After transfection, cells were incubated for
24 hours and processed for immunofluorescence.

HEK (GripTiteTM 293 MSR, R79507) cells were purchased
from ThermoFisher scientific, NY, USA. Cells were cultured in
vitro in DMEM Eagle medium (Cellgro, Manassas, VA)
supplemented with L- glutamine, 10% fetal bovine serum,
100/units/ml penicillin, 100 mg/ml streptomycin, and 1 mM
sodium pyruvate (Cellgro, Manassas, VA) at 37�C in humidi-
fied atmosphere and transfected with Mirus TransIT-LT1
Transfection Reagent (Mirus Bio Corporation, Madison, WI),
according to the manufacturer’s instructions.

GBF1 purification

His-GBF1 was purified from HEK293 cells 48 hours after trans-
fection. Cells were lysed in 50 mM HEPES (pH 7.4), 100 mM
NaCl, protease inhibitor, scraped and lysed by passage 5 times
through 21G needles (BD Bioscience, CA, USA) and twice
through 27G needles (BD Bioscience, CA, USA). Cell debris
was removed by centrifugation at 14 000 rpm for 15 min at
4�C. Supernatants were pre-cleaned using Pierce Glutatione
Agarose (Thermo Scientific, IL, USA); at 4�C for 1 hour and
centrifuged 1 000 rpm for 2 mins. Proteins were purified using
Ni-NTA Agarose beads (Qiagen, CA, USA) for 3 hours at 4�C.
Beads were recovered by centrifugation at 1 000 rpm for 1 min
and washed with 20mM HEPES (pH 7.4), 100mM NaCl,
20mM imidazole buffer 5 times 5 min at 4�C, then centrifuged
at 1 000 rpm for 2 min. Proteins were eluted from the beads
with 25 mM HEPES (pH 7.4), 100 mM NaCl, 250 mM imidaz-
ole, 3 times 5 mins at 4�C and centrifuged 2 000rpm for 1 min.
The same protocol was used to prepare “control eluate” sample
from cells not transfected with GBF1. Purified proteins were
stored at ¡80�C. For antigen competition analysis, 0.05 mg
monoclonal anti-GBF1 antibodies were incubated with 0.3 mg
of purified GBF1 (> 4-fold molar excess) or with equivalent
volume of eluate from mock-transfectedcells. The mixtures
were incubated at 4�C for 1 hour and then used for IF as
described below.

SDS-PAGE

Proteins were resolved on 8% SDS-PAGE as described
previously.39

Immunofluorescence and confocal microscopy

Cells were processed for IF as described in8: cells on coverslips
were washed 3 times in PBS, fixed in 3% paraformaldehyde in
PBS for 10 minutes and quenched with 10mM ammonium
chloride in PBS for another 10 min. Subsequently cells were
washed 3 times with PBS. Cells were then permeabilized in
0.1% Triton X-100 in PBS for 7 min. The coverslips were then
washed in PBS, blocked in PBS containing 2.5% goat serum
and 0.2% Tween 20 for 5 min, and in PBS, 0.4% fish skin gela-
tin, 0.2% Tween-20 for another 5 min. Cells were incubated
with primary antibody diluted in 0.4% fish skin gelatin for
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1 hour at room temperature, washed in PBS 0.2% Tween-20,
and blocked like described above. Subsequently cells were incu-
bated with secondary antibodies diluted in 2.5% goat serum for
45 minutes at room temperature. For coverslips processed with
phalloidin, the phalloidin was diluted in 2.5% goat serum and
cells were incubated with this phalloidin for 15 minutes at
room temperature. Nuclei were stained using Hoechst; cover-
slips were washed with PBS-0.2% Tween-20 and mounted on
slides in ProLong Gold antifade reagent (Invitrogen, P36930).

Fluorescence was visualized with a Leitz Orthoplan epifluor-
escence microscope (Wetzlar, Germany). Images were captured
with a 12 bit CCD camera from Q imaging using iVision-Mac
software. Confocal imaging studies were performed using a
Perkin Elmer Ultraview ERS 6FE spinning disk confocal
attached to a Nikon TE 2000-U microscope equipped with laser
and filter sets for FITC, TRITC and DAPI fluorescence. Images
were captured using a Hamamatsu C9100–50 EM-CCD camera
(Hamamatsu Photonics K.K) and 60X or 100X Plan APO oil-
immersion objectives. The imaging system was controlled by
Velocity 6.2 software (Perkin Elmer).
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