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Guanine nucleotide-exchange factors (GEFs) activate ADP-
ribosylation factor (ARF) GTPases that recruit coat proteins to
membranes to initiate transport vesicle formation. Three mamma-
lian GEFs are inhibited by brefeldin A (BFA). GBF1, predominantly
associated with cis-Golgi membranes, functions early in the secre-
tory pathway, whereas BIG1 and BIG2 act in trans-Golgi or later
sites. Perturbation of endoplasmic reticulum (ER) functions can
result in accumulation of unfolded or misfolded proteins that
causes ER stress and unfolded protein response (UPR), with accu-
mulation of ER stress response element (ERSE) gene products. BFA
treatment of cells causes accumulation of proteins in the ER, ER
stress, and ultimately apoptosis. To assess involvement of BFA-
sensitive GEFs in the damage resulting from prolonged BFA treat-
ment, HepG2 cells were selectively depleted of BIG1, BIG2, or GBF1
by using specific siRNA. Only GBF1 siRNA dramatically slowed cell
growth, led to cell-cycle arrest in G0/G1 phase, and caused disper-
sion of Golgi markers �-COP and GM130, whereas ER structure
appeared intact. GBF1 depletion also significantly increased levels
of ER proteins calreticulin and protein disulfide isomerase (PDI).
Proteomic analysis identified ER chaperones involved in the UPR
that were significantly increased in amounts in GBF1-depleted
cells. Upon ER stress, transcription factor ATF6 translocates from
the ER to Golgi, where it is sequentially cleaved by site 1 and site
2 proteases, S1P and S2P, to a 50-kDa form that activates tran-
scription of ERSE genes. Depletion of GBF1, but not BIG1 or BIG2,
induced relocation of S2P from Golgi to ER with proteolysis of ATF6
followed by up-regulation of ER chaperones, mimicking a UPR
response.

ADP-ribosylation factor � ER stress � chaperone � ATF6

Coat protein recruitment to membranes for transport vesicle
generation at numerous intracellular sites between endo-

plasmic reticulum (ER) and plasma membrane is regulated by
ADP-ribosylation factors (ARFs), 20-kDa GTPases that cycle
between GDP-bound inactive and membrane-associated GTP-
bound active forms. ARF activation requires a guanine nucle-
otide-exchange factor (GEF) to accelerate the replacement of
GDP by GTP (1, 2). Mammalian cells contain diverse GEF
proteins, three of which are inhibited by brefeldin A (BFA), a
fungal fatty acid metabolite that reversibly causes disruption of
Golgi structure (3). All GEFs contain a central Sec7 domain
(�200 aa) that catalyzes the release of ARF-bound GDP to
permit GTP binding and is the site of its inhibition by BFA (4,
5). BFA binds the ARF–GDP–Sec7 domain complex of a
sensitive GEF, preventing ARF activation (6, 7).

BFA-inhibited BIG1 and BIG2 were purified together with
�670-kDa macromolecular complexes from bovine brain cytosol
(8). Both seemed to activate preferentially class I ARFs (8) and
localize to Golgi membranes (9). In contrast, GBF1 preferen-
tially activated ARF5 in vitro and both ARF5 and ARF1 in vivo
(10). Recently, GBF1 has been shown to coprecipitate with
ARF1 and ARF4 from cells (11), suggesting that GBF1 interacts

with both class II ARFs. GBF1, which promoted COPI recruit-
ment to membranes both in vitro and in vivo (12, 13), was
dynamically associated with elements termed vesicular tubular
clusters (VTCs) and cis-Golgi membranes (14, 15). The GBF1
molecule contains a dimerization motif, first identified in its
plant homolog GNOM (16), and likely exists as homodimer.
GBF1 is the BFA-sensitive ARF GEF responsible for membrane
association of COPI early in the secretory pathway (17), where
it is essential to the translocation of pre-Golgi intermediates and
the maintenance of Golgi integrity (18).

The complex system of ER membranes is the site of synthesis
and maturation for membrane and secreted proteins. Perturba-
tion of critical ER functions, such as Ca2� homeostasis, protein
glycosylation, or disulfide bond formation, can cause accumu-
lation of unfolded or misfolded proteins that initiates ER stress.
In the first of two major ER chaperone systems, lectin-like
chaperones calnexin and calreticulin are critical to correct
glycoprotein folding in the ER lumen (19, 20). In the second
system, ER chaperone GRP78 (BiP) recognizes and interacts
only with unfolded regions of proteins containing hydrophobic
residues (21). Additionally, there are thio-oxidoreductases that
catalyze folding, such as protein disulfide isomerase (PDI) and
Erp72, known to bind some nascent ER proteins (22, 23). It later
was reported that ER chaperones formed large ER-localized
multiprotein complexes, which bound unfolded protein sub-
strates (24). The unfolded protein response (UPR) in cells under
going ER stress is characterized by up-regulation of ER chap-
erones, which can improve cell survival by facilitating correct
folding or assembly of ER proteins and preventing their aggre-
gation (25).

Transcriptional activation in the UPR depends on cis-acting
ER stress response element (ERSE) in target gene promoters
(26). The transcription factor ATF6 is an ER transmembrane
protein that, in response to ER stress, translocates from the ER
to Golgi. It is processed in the Golgi, via sequential cleavage by
S1P and S2P, to a 50-kDa cytosolic form that activates tran-
scription of ERSE genes (27). ER stress-induced movement of
ATF6 to the Golgi is controlled by ER chaperone BiP. Disso-
ciation of BiP from ATF6 unmasks an ER export signal, allowing
its translocation to Golgi (28). When ER stress is not alleviated,
an apoptotic pathway is activated (29).

Here, we report that cellular depletion of the ARF GEF
GBF1, but not BIG1 or BIG2, induced UPR-like effects, with
translocation of the enzyme S2P from the Golgi to ER, proteo-
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lytic activation of ATF6, and increased amounts of ER chaper-
one proteins.

Results
Effects of BIG1, BIG2, and GBF1 siRNA on Proliferation of HepG2 Cells.
Although acute effects of BFA treatment on vesicular trafficking
and Golgi structure are apparently completely reversible, incu-
bation of cells with BFA for �24 h resulted in cell death (30). To
assess involvement of BFA-sensitive ARF-GEPs in these effects,
HepG2 cells were selectively depleted of BIG1, BIG2, and GBF1
by using specific siRNA. Fig. 1A shows BIG1, BIG2, and GBF1
proteins in cells incubated with the vehicle alone (M) or with
nontargeted (NT) or specific siRNAs against each of the three
GEFs. Amounts of the three proteins from M and NT cells did
not differ from those in untreated (C) cells, whereas the amount
of each siRNA-targeted protein was clearly and selectively
decreased after 48 h of transfection and was still lower after 72 h
(Fig. 1 A). The two bands of GBF1 diminished in parallel after
GBF1 siRNA treatment, consistent with the existence of two
forms of GBF1. Alternatively spliced variants of GBF1 with large
in-frame deletions have been reported (31).

After 24 h of incubation, numbers of viable cells in M, or NT,
and BIG1, BIG2, or GBF1 siRNA-treated cells were similar to
those of untreated cells (Fig. 1B). Depletion of BIG1, BIG2, and
GBF1 for 48 h, however, resulted in numbers of cells (18–20 �
105) significantly lower than those of C and M-treated or
NT-treated cells (28–30 � 105). After 72 h, differences in
numbers of BIG1-, BIG2-, and GBF1-depleted cells were even
larger. In particular, cells treated with GBF1 siRNA were fewer
in number after 72 h than 48 h, consistent with extensive cell
death (Fig. 1B).

Cell-Cycle Arrest in G0/G1 Phase and Cell Death After Depletion of
GBF1. After 24 h of incubation with BIG1, BIG2, or GBF1
siRNA, no significant effects on the cell-cycle distribution of
HepG2 cells were detected (data not shown). After 48 h with

GBF1 siRNA, the S-phase population was significantly less than
that in untreated controls, i.e., 7.4 � 0.8% versus 14.1 � 0.7%
(C), and cells in G0/G1 were 69.6 � 1.6%, versus 61.9 � 1.6% (C),
with no significant change in percentages of G2/M cells [sup-
porting information (SI) Table 1]. These differences were even
larger after 72 h, when GBF1-depleted cells in G0/G1 were 82.9 �
2.1% versus 65.4 � 0.5% (C), and in S phase 2.2 � 0.4% versus
10.1 � 1.3% (C) (SI Table 1). The percentage of cells in G2/M
also was significantly lower in GBF1-depleted (14.4 � 1.1%)
than in C (23.6 � 0.7%) cells. There were no significant
differences in phase distribution among cells incubated with NT,
or BIG1, and BIG2 siRNA and control cells, suggesting that the
specific depletion of cellular GBF1 induced a cell-cycle arrest
with drastic reduction in the number of cells in the S phase and
accumulation of surviving cells in G0/G1.

Poly(ADP-ribose) polymerase (PARP) and its cleavage prod-
ucts were assessed by Western blotting analysis of cell lysates
(Fig. 2). After 48 h of incubation with siRNA, bands corre-
sponding to a �90-kDa PARP cleavage product were signifi-
cantly more prominent in samples from cells treated with BIG2
or GBF1 siRNA; after 72 h, the large accumulation of PARP
cleavage product in GBF1-depleted cells was consistent with
apoptosis. Amounts of 90-kDa PARP also were elevated in
BIG1- and BIG2-depleted cells but much less dramatically
(Fig. 2).

Effects of BIG1, BIG2, and GBF1 siRNA on Golgi- and ER-Associated
Proteins. For additional studies, incubation of cells with siRNA
was limited to 48 h to avoid the extensive cell death associated
with longer exposure to GBF1 siRNA. In untreated cells, BIG1
and BIG2 (Fig. 3) and GBF1 (Fig. 4A) were seen largely in
perinuclear structures, although none of these proteins colocal-
ized with other two (10). In cells depleted of BIG1 or BIG2,
�-COP, but not GM130, was dispersed somewhat from its
perinuclear concentration in control cells (Fig. 3), whereas in
GBF1-depleted cells, �-COP was redistributed and GM130
staining was widely scattered (Fig. 4A). The dissociation of
�-COP and the extensive dispersion of the Golgi are analogous
to the recently reported effects of GBF1 depletion in HeLa
cells (11).

In control cells, calreticulin and PDI distributions were con-
sistent with that of ER membranes, and no colocalization with
GBF1 was evident (Fig. 4A). After 48 h of GBF1 depletion,
localization of the two ER proteins appeared unchanged, al-
though each appeared more abundant in some cells (Fig. 4A),
and total amounts were significantly increased (Fig. 4B). Cell
levels of �-COP, GM130, p115, and golgin84 were not detectably
altered after 48 h of incubation with BIG1, BIG2, or GBF1
siRNA (Fig. 4B).

Fig. 1. Effect of siRNA-induced depletion of BIG1, BIG2, or GBF1 on HepG2
cell proliferation. (A) Cells were incubated without additions (C), with vehicle
alone (M), or with siRNA either nonspecific, NT, or specific for BIG1 (B1), BIG2
(B2), or GBF1 (G1) for 48 or 72 h before samples (30 �g) of total cell proteins
were separated by SDS/PAGE and reacted with antibodies against BIG1, BIG2,
GBF1, and �-tubulin. (B) Cells were treated as in A, and viable cells (identified
by exclusion of 0.4% Trypan blue) were counted. Data are means � SD of
values from three experiments (*, P � 0.05 versus control).

Fig. 2. Effect of GBF1 depletion on PARP cleavage. HepG2 cells were
incubated for 48 or 72 h as described in Fig. 1A, before separation of cell
proteins (30 �g) by SDS/PAGE and reaction with antibodies against PARP.
Representative blots and means � SD of densitometric values (cleaved PARP)
from three experiments are shown (*, P � 0.05 versus C).
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Effect of GBF1 Depletion with siRNA on ER Chaperones. To show the
effect of GBF1 depletion on protein composition, cells were
incubated for 48 h with NT or GBF1 siRNA before proteomic
analyses of whole extracts. MALDI-TOF identified five ER
chaperones (BiP, ERp72, calreticulin, PDI, and ER-60) and
mitochondrial chaperone Hsp60 as significantly increased (SI
Table 2). Proliferating cell nuclear antigen (PCNA) was �80%
decreased in GBF1-depleted cells, consistent with the limited
proliferation, as was to a lesser extent Hsp90� (SI Table 2).

Elevated amounts of the ER chaperones BiP (Fig. 5), calre-
ticulin, and PDI (Fig. 4B) were seen in cells incubated for 48 h
with GBF1, but not BIG1 or BIG2 siRNA. Similarly, the amount
of �1-antitrypsin protein was 4-fold that in control or BIG1- or
BIG2-depleted cells (Fig. 5). Accumulation of �1-antitrypsin,
associated with GBF1 depletion, resembled that reported after
BFA treatment (32). Specificity of the decrease in Hsp90�
content revealed by proteomic analyses was confirmed by the
lack of similar changes in BIG1- or BIG2-depleted cells (Fig. 5).

Effect of GBF1 Depletion on ATF6 Processing. To assess potential
involvement of ATF6 in effects of GBF1-depletion, we moni-
tored its 50-kDa proteolytic cleavage product, not seen after
BIG1 or BIG2 depletion (Fig. 5).

With depletion of GBF1, an accumulation of ATF6 in nuclei
and absence from its previous perinuclear colocalization with
calreticulin at the ER was seen (Fig. 6A). Fig. 6B shows a decline
in 90-kDa ATF6 and concomitant increase in amounts of the
50-kDa cleavage product with time after addition of GBF1
siRNA to cells. Again, after 48 h with GBF1 siRNA, cell content
of ER chaperones calreticulin, BiP, and PDI was significantly

increased (Fig. 6B). ER stress initiates ATF6 translocation from
ER to Golgi, where it is cleaved sequentially by S1P and S2P to
the 50-kDa form that activates transcription of ERSE genes (30).
No changes in amounts of S2P were detected in cells after
incubation for 48 h with BIG1, BIG2, or GBF1 siRNA (Fig. 6C).

Redistribution of Enzyme S2P into the ER After GBF1 Depletion. After
48 h of exposure to GBF1 siRNA, S2P was dispersed from its
perinuclear colocalization with the Golgi marker �-COP (Fig. 7).
The wide dispersion of S2P and �-COP in ER structures of
GBF1-depleted cells resembles that reported in HeLa cells (33)
and also seen in the HepG2 cells incubated for 1 h with BFA (Fig.
7). These data are consistent with cleavage of ATF6 at the ER
to which the S2P enzyme responsible for ATF6 processing was
relocated as a consequence of GBF1 depletion.

Discussion
In mammalian cells, disregulation of proteins involved in vesic-
ular membrane trafficking, such as GTP-binding proteins like
ARFs that ensure coordinated fission–fusion or correct target-
ing of intracellular transport vesicles, may affect Golgi structural
and functional integrity (34). In cells treated with BFA, Golgi
membranes fuse with those of the ER, and anterograde vesicular

Fig. 3. Effect of BIG1 or BIG2 depletion on Golgi complex. Cells depleted of
BIG1 or BIG2 by incubation with specific siRNA were washed and fixed with 4%
formaldehyde in PBS followed by immunostaining of BIG1 or BIG2 (green),
�-COP, or GM130 (red). Findings were similar in three experiments. (Scale bar:
32 �m.)

Fig. 4. Effect of GBF1 depletion on ER and Golgi proteins and structure. (A)
Cells were incubated for 48 h with GBF1 siRNA, washed, and reacted with
antibodies against GBF1 (green) and �-COP, GM130, calreticulin, or PDI (red).
(Scale bar: 32 �m.) (B) Cells were incubated as described in Fig. 4A for 48 h
before samples of cell proteins (30 �g) were separated by SDS/PAGE and
reacted with antibodies against �-COP, GM130, p115, Golgin84 (Golgi mark-
ers), calreticulin, and PDI (ER markers). Representative blots and means � SD
of densitometric values from three experiments are shown (*, P � 0.05
versus C).
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traffic from ER exit sites to cis-Golgi rapidly ceases, without
effect on retrograde transport from Golgi to ER (6). Three
BFA-sensitive mammalian GEFs are known: BIG1, BIG2, and
GBF1 (8, 14). GBF1 and the BIGs are required for assembly and maintenance of the Golgi stack and trans-Golgi network (TGN),

respectively (35). Most studies have been concerned with the
reversible effects of BFA after relatively brief exposure to the
drug, and alterations in Golgi morphology within 20 s are
reported (3). Incubation of cells with BFA for �24 h, however,
resulted in extensive swelling of the ER (36) and cell death (30).
Treatment of cells with BFA causes an accumulation of proteins
in the ER, which leads to ER stress and apoptosis (30), but BFA
target proteins responsible for those effects have not been
identified.

To assess involvement of BFA-sensitive ARF-GEPs in the
injury resulting from prolonged BFA treatment, HepG2 cells
were selectively depleted of BIG1, BIG2, or GBF1, by using
specific siRNA. Only GBF1 siRNA dramatically slowed cell
growth and led to cell-cycle arrest in G0/G1 phase. Growth arrest
was evident after 72 h of GBF1 siRNA exposure with decreased
cell content of cyclin D1, which is required for the progression
from G1 to S phase (data not shown). Cells arrested in G0/G1
might proceed to apoptosis or could recover and then enter S
phase. PARP and its cleavage products were quantified by
Western blot analyses of lysates, revealing a large increase in
amounts of �90-kDa proteolyzed PARP between 48 and 72 h of
incubation with GBF1 siRNA, consistent with apoptosis.

To explore the ability of the Golgi and ER structures to
maintain or organize themselves in the absence of individual
GEFs, they were examined in cells treated with BIG1, BIG2, or
GBF1 siRNA. Specific depletion of cellular GBF1 led to the
dissociation of COPI coat complex from Golgi membranes, and
redistribution of GM130, whereas ER structure appeared unal-
tered (Fig. 4A). All evidence indicated that the cell-cycle arrest
and eventual apoptosis would be directly linked to the observed
Golgi disintegration. COPI vesicles are tethered by a giantin–
p115–GM130–GRASP65 complex that has important implica-
tions for both vesicle trafficking during interphase and Golgi
breakdown at mitosis (37). p115 is required for membrane traffic
from ER to and through the Golgi and for Golgi reassembly after
mitosis (38). p115 binds to GM130 and giantin on Golgi mem-
branes, and the interactions are important for COPI vesicle
tethering in vitro (33). A novel interaction between p115 and

Fig. 5. Effect of GBF1 depletion on amounts of ER (BiP) and cytosolic
(Hsp90�) chaperones, secreted protein �1-antitrypsin, and ER stress sensor
ATF6. Cells were incubated for 48 h with NT, BIG1, BIG2, or GBF1 siRNA before
samples of cell proteins (30 �g) were separated by SDS/PAGE and reacted with
antibodies against BiP, HsP90�, �1-antitrypsin, or ATF6. Representative blots
and means � SD of densitometric values from three experiments are shown.

Fig. 6. Proteolysis of ATF6 in cells incubated with GBF1 siRNA. (A) After
incubation for 48 h with NT or GBF1 siRNA, cells were reacted with antibodies
against ATF6 (green) and calreticulin (red). (Scale bar: 20 �m.) (B) Cells were
incubated for the indicated time with GBF1 siRNA or for 48 h with NT siRNA
before separation of proteins (30 �g) by SDS/PAGE and reaction with anti-
bodies against ATF6, calreticulin, PDI, BiP, or GBF1. (Left) Representative blot
showing full-length 90-kDa and activated 50-kDa ATF6. (Right) Representa-
tive blots are from the same experiment as that in Left. (Left Lower) Means �
SD of densitometric values from three experiments are shown. (C) Cells were
incubated for 48 h with NT, BIG1, BIG2, or GBF1 siRNA before samples of cell
proteins (30 �g) were separated by SDS/PAGE and reacted with antibodies
against S2P. Findings were similar in three experiments.

Fig. 7. Effect of GBF1 depletion or BFA treatment on localization of S2P and
�-COP. Cells were incubated with NT or GBF1 siRNA for 48 h or with 10 �g/�l
BFA for 1 h before immunostaining for S2P (green) and �-COP (red). Findings
were similar in three experiments. (Scale bar: 32 �m.)
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GBF1 that is not required for targeting GBF1 or p115 to
membranes has been described (39), although expression of the
p115-binding region of GBF1 led to Golgi disruption, indicating
that the p115-GBF1 interaction is functionally relevant.

At the onset of mitosis, dramatic breakdown of the Golgi
structure results in clusters of small vesicles and tubules that are
partitioned between two daughter cells. During telophase, clus-
ters of vesicles and tubules fuse to generate stacked cisternae,
which then reform the Golgi. Evidence indicates that the COPI
complex is largely responsible for mitotic Golgi vesicle formation
(40). Proteins implicated in COPI vesicle docking undergo
alterations in phosphorylation at mitosis. Cdc2-cyclin B1-
mediated phosphorylation of GM130 serine 25 inhibited its p115
interaction (41) so that COPI vesicles, unable to dock with Golgi
cisternae, would accumulate followed by eventual cell-cycle
arrest. No evidence of GM130 phosphorylation and no alteration
in the interaction GM130 and p115 were detected in GBF1-
depleted cells (data not shown), suggesting that COPI dissoci-
ation from Golgi membranes or GM130 redistribution induced
by GBF1 siRNA was not directly responsible for the effects
described.

Cell content of Golgi-associated �-COP, GM130, p115, and
golgin84 was not detectably altered after 48 h of incubation with
BIG1, BIG2, or GBF1 siRNA (Fig. 4B), but GBF1 depletion did
significantly increase levels of ER proteins calreticulin and PDI
(Fig. 4B; SI Table 2). Protein export from the ER takes place at
ER exit sites, adjacent to clusters of elaborate tubule/vesicle
membranes, and only when proteins are properly folded. Per-
turbation of ER functions can result in accumulation of unfolded
or misfolded proteins that causes ER stress and the UPR. The
last is characterized by up-regulation of ER chaperones that can
be critical for cell survival by facilitating correct folding and
assembly of ER proteins (25).

Induction of the mammalian UPR involves, in part, enhanced
transcription of at least seven genes that encode ER chaperone
molecules, such as BiP/GRP78 (23), which serves to correct
protein misfolding. This response is concomitant with a marked
decrease in the rate of overall protein synthesis and with arrest
in the G1 phase of the cell division cycle (42). We examined the
possibility that cell-cycle arrest and death resulting from GBF1
depletion were caused by an initial disruption of ER function
attributable to retention and accumulation of proteins in this
compartment. To identify proteins that were changed in amount
after depletion of GBF1, proteomic analysis was used. Five ER
chaperones (BiP, ERp72, calreticulin, PDI, and ER-60) and the
mitochondrial chaperone Hsp60 were significantly increased in
amounts.

Early in the UPR, proteolytic cleavage of the 90-kDa form of
ATF6 releases the 50-kDa N-terminal portion (p50ATF6) contain-
ing the transcription activation region that moves into the nucleus
and activates expression of the ER chaperone GRP78 and other
proteins involved in protein folding (27). Amounts of p50ATF6
clearly increased with time of cell exposure to GBF1 siRNA but not
to BIG1 or BIG2 siRNAs (Figs. 5 and 6B). Because translocation
of p50ATF6 from ER to nucleus (Fig. 6A) is presumably part of the
UPR, we investigated effects of GBF1 depletion on ATF6 and its
cleavage enzymes S2P, which reside in ER and cis/medial-Golgi,
respectively, of unstressed cells. GBF1 siRNA treatment specifically
resulted in translocation of S2P from Golgi to ER, mimicking the
effect of BFA described earlier.

Elucidation of the mechanisms of these processes should tell
us whether an unrecognized action(s) of GBF1, in addition to its
unique function in activation of ARF for transport of newly

synthesized proteins from ER exit sites to cis-Golgi, is respon-
sible for cell-cycle arrest and death that result from its depletion
or from prolonged inhibition of cells by BFA. Because BIG1 and
BIG2, the only other BFA-inhibited GEFs in mammalian cells,
are responsible for ARF activation at different sites of vesicular
transport distal to that of introduction of new proteins to the
trafficking system, their absence may not cause ER stress
as quickly as does GBF1 depletion. The possibility that addi-
tional activities of the large, evolutionally conserved GBF1
molecule contribute to the drastic effects of its loss also must be
considered.

Methods
Antibodies and Reagents. Preparation and purification of antibodies against
BIG1 and BIG2 are reported in refs. 13 and 43. Mouse monoclonal antibodies
against GBF1, GM130, PARP, Golgin84, and BiP were purchased from BD,
against ATF6 from Lifespan Biosciences, and against Hsp90� from Calbiochem.
Rabbit antibodies against �-COP, GM130, and �1-antitrypsin were purchased
from Abcam, p115 from Santa Cruz Biotechnology, S2P (MBTPS2) from Cell
Signaling Technology, and calreticulin and PDI from Sigma. Horseradish per-
oxidase-conjugated anti-rabbit IgG and anti-mouse IgG were purchased from
Amersham Pharmacia.

Cell Culture. HepG2 cells were grown (37°C, 5% CO2/95% air) on collagen
I-coated 10-cm dishes (Becton Dickinson) in DMEM (GIBCO) with 10% FBS
(GIBCO), penicillin (100 units/ml), and streptomycin (100 �g/ml). Cells (2 � 105)
were grown for 24 h before incubation with vehicle alone (mock) or with NT,
BIG1, BIG2, or GBF1 siRNA for 24, 48, or 72 h. Cell viability was assessed by 0.4%
(wt/vol) Trypan blue (GIBCO) exclusion.

Cell-Cycle Analysis by Flow Cytometry. Samples of cells (105-106) collected by
centrifugation were dispersed in 0.5 ml of Vindelov’s PI (10 mM Trizma base,
10 mM NaCl, 0.05 mg/ml propidium iodide, and 0.1% Nonidet P-40) containing
70 units of RNase for 2 h, before analysis using a FACScalibur flow cytometer
(Becton Dickinson).

Experiments with siRNA. siRNAs were designed and synthesized by Dharmacon
Research. HepG2 cells were incubated with 100 nM siRNA or NT siRNA as
negative control plus DharmaFECT 4 Transfection Reagent (Dharmacon Re-
search) according to the manufacturer’s directions for 24, 48, or 72 h before
analysis. In three experiments, mean percentages of protein depletions with
specific siRNA relative to control cells were 85%, 89%, and 90% for BIG1, BIG2,
and GBF1, respectively, after 48 h of incubation and 95% after 72 h.

Western Blotting Analysis. Cells collected by centrifugation after scraping were
dispersed in lysis buffer (10 mM Tris�HCl, pH 8.0, 150 mM NaCl, and 1% Triton
X-100) containing protease inhibitors. Proteins (30 �g) were separated by
SDS/PAGE in 4–12% gel before transfer to nitrocellulose membranes for
reaction with antibodies. Horseradish peroxidase-conjugated goat anti-rabbit
and horse anti-mouse IgG secondary antibodies were detected by using
SuperSignal Chemiluminescent substrate (Pierce Biotechnology). Densitome-
try was performed by using Fuji Image Gauge software (Fujifilm).

Confocal Immunofluorescence Microscopy. Confocal immunofluorescence pro-
cedures are described in ref. 43.

2D-DIGE and MALDI TOF. After treatment with NT or GBF1 siRNA for 48 h, cells
(2 � 106) were washed three times in cold PBS and lysed in 250 �l of DIGE buffer
(30 mM Tris�HCl, pH 8.5, 7 M urea, 2 M thiourea, and 4% CHAPS) containing
protease inhibitors. Proteomic analysis was performed as described in ref. 44.
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