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The hepatitis C virus E1 and E2 envelope proteins are targeted to the endoplasmic reticulum, but instead
of being secreted, they are retained in a pre-Golgi compartment, at least partly in a misfolded state. Since
secretory proteins which are retained in the endoplasmic reticulum frequently can activate the transcription
of intraluminal chaperone proteins, we measured the effect of the E1 and E2 proteins on the promoters of two
such chaperones, GRP78 (BiP) and GRP94. We found that E2 but not E1 protein activates these two promoters,
as assayed by a reporter gene system. Furthermore, E2 but not E1 protein induces the synthesis of GRP78 from
the endogenous cellular gene. We also found that E2 but not E1 protein expressed in mammalian cells is bound
tightly to GRP78. This association may explain the ability of E2 protein to activate transcription, since GRP78
has been postulated to be a sensor of stress in the endoplasmic reticulum. Since overexpression of GRP78 has
been shown to decrease the sensitivity of cells to killing by cytotoxic T lymphocytes and to increase tumori-
genicity and resistance to antitumor drugs, this activity of E2 protein may be involved in the pathogenesis of

hepatitis C virus-induced diseases.

Hepatitis C virus (HCV) is a member of the Flavivididae
family and causes the majority of non-A, non-B viral hepatitis
in developed nations (10). In contrast to most RNA viruses,
HCYV causes chronic infection in the majority of those infected.
In addition to being at risk for chronic hepatitis and cirrhosis,
these chronically infected people also show an increased sus-
ceptibility to hepatocellular carcinoma. The viral genome is a
single-stranded RNA approximately 9.5 kb in length (10, 23).
There is a single open reading frame just over 9 kb in length,
which codes for a polyprotein that is proteolytically processed
into at least 10 polypeptides. The structural proteins, compris-
ing the capsid (core) protein, the envelope proteins E1 and E2,
and possibly p7, are present in that order at the N-terminal end
of the polyprotein (Fig. 1). These proteins are released from
each other by the signal peptidase in the endoplasmic reticu-
lum (ER), to which the polyprotein is targeted by a signal
sequence in the core domain (14). The final result is that both
the E1 and E2 proteins end up as luminal ER proteins, with
their C termini anchored in the ER membrane.

The E1 and E2 proteins can interact with each other to form
noncovalently linked dimers, and it is presumed that these
dimers form the functional subunit of the viral envelope (8, 12,
21). However, when expressed in cultured cells, E1-E2 dimers
are formed both slowly and inefficiently (7-9). Instead, heter-
ogeneous complexes of disulfide-linked E1 and E2 are formed.
These complexes appear to be aggregates of misfolded pro-
teins that are probably incompetent for viral morphogenesis.
The reason for the formation of these aggregates is unclear.
One possibility is that they result from overexpression in cul-
tured cells. However, it is also possible that this represents a
mechanism for HCV to downregulate its replication rate so as
to avoid immune surveillance and/or cytopathic effects. Indeed,
electron microscopy of hepatocytes from HCV-infected people
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has revealed dilated ER with fluffy material within the lumen,
consistent with large protein aggregates (30).

It is known that in mammalian cells the accumulation of
misfolded proteins within the ER activates an intracellular
signaling pathway known as the ER stress response. The pres-
ence of misfolded proteins is sensed by the cell and leads to the
transcriptional activation of a subset of genes, including those
encoding ER luminal chaperone proteins, such as GRP78
(BiP) and GRP94 (15). This feedback response presumably
assists the cell in folding and secreting the misfolded proteins.
Since the E1 and E2 proteins can accumulate as misfolded
aggregates in the ER, we tested if expression of these proteins
would lead to increased transcription from the grp78 and grp94
promoters. Our results show that E2 but not E1 protein acti-
vates transcription from these two promoters and that E2 but
not E1 protein is stably associated with GRP78.

MATERIALS AND METHODS

Plasmids. The plasmids used for expressing HCV proteins contain the cyto-
megalovirus immediate-early promoter and are derived from the plasmid
pCMV6 (2). The HCV-derived inserts were amplified by PCR of cDNA clones
of HCV-1 (4, 25), using appropriate primers. The HCV966 clone expresses
codons 1 through 966, the core clone expresses codons 1 through 191, the NS3
clone expresses codons 1027 through 1711, the E1 clone expresses codons 192
through 382, and the E2 clone expresses codons 383 through 715. The last two
plasmids also contain the tissue plasminogen activator signal peptide fused to the
HCV sequences at the N terminus (2), to allow direction of the expressed
proteins into the ER. The reporter plasmids contain the chloramphenicol acetyl-
transferase (CAT) gene under the control of either the grp78 or grp94 promoter
and were kindly provided by A. Lee, University of Southern California (13, 22).
The control CAT reporter plasmid under the control of the herpes simplex virus
type 1 thymidine kinase (tk) promoter was kindly provided by B. M. Peterlin,
University of California, San Francisco (28a).

Transient and stable transfections. For transient-expression experiments,
HuH-7 human hepatoma cells were transfected by the calcium phosphate
method (29). Each 60-mm-diameter plate of cells was transfected with 5 pg of
each plasmid. After 2 days, the cells were harvested and assayed for CAT activity
by thin-layer chromatography. Triplicate plates were used for each experiment.
For stable expression of E1 or E2 protein, CHO cells were cotransfected with the
appropriate expression plasmid and a plasmid expressing dihydrofolate reduc-
tase, and stable transfectants were selected by growth in medium containing
hypoxanthine-aminopterin-thymidine. Clones were evaluated for E1 and E2 pro-
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FIG. 1. Map of the HCV genome, with the untranslated regions shown as
lines and the open reading frame shown as a box divided into the final protein
products. The thick lines indicate the regions included in the various expression
plasmids used in this study.

tein expression by Western blotting, and one high expresser each was picked for
subsequent analysis.

Immunofluorescence, Western blotting, and immunoprecipitation. For immu-
nofluorescence, transfected cells were fixed, permealized with methanol, and
exposed first to goat antibody to GRP78 (1:100 dilution; obtained from Santa
Cruz Biochemicals) and then to fluorescein-labeled rabbit antibody to goat
immunoglobulin G (1:40 dilution; obtained from Sigma). To localize the trans-
fected cells, E1 or E2 protein was similarly detected by immunofluorescence
(with a 1:200 dilution of murine monoclonal antibody 3D5/C3 to E1 protein or
monoclonal antibody 3ES-1 to E2 protein and a 1:50 dilution of rhodamine-
labeled rabbit antibody to mouse immunoglobulin G [obtained from Dako])
(25).

For immunoprecipitation of E2 protein, CHO cells stably expressing E2 pro-
tein were lysed with 1% Triton X-100 in phosphate-buffered saline, pH 7.4. After
two rounds of centrifugation at 100,000 X g for 45 min each, the cleared lysates
were divided into equal aliquots and incubated at 4°C with one of two mono-
clonal antibodies against E2 protein (3E5-1, which recognizes a linear epitope, or
TES5/H7, which recognizes a conformational epitope), with a monoclonal anti-
body against GRP78 (SPA827 from StressGen), or with no antibody. After 1 h,
protein A-Sepharose 4B beads (Sigma) were added, and the mixture was incu-
bated for another hour with gentle rocking. Following washing four times with
1% Triton X-100 in phosphate-buffered saline (pH 7.4), the beads were resus-
pended in sodium dodecyl sulfate (SDS) sample buffer and boiled for 3 min. The
supernatants were electrophoresed on SDS-10 to 20% polyacrylamide gels and
then transferred to a nitrocellulose membrane. The membrane was analyzed by
Western blotting with rabbit antibodies to GRP78 (StressGen SPAS826), using
the alkaline phosphatase (Promega) detection system. Immunoprecipitation of
E1 protein was performed similarly with CHO cells stably expressing E1 protein,
except that monoclonal antibody 3D5/C3 to E1 protein was used.

Partial purification of E1 and E2 proteins. E1 protein was extracted from
stably transfected CHO cells with 1% Triton X-100 in 50 mM Tris-HCI, pH 8.0.
The extract was cleared by a 45-min centrifugation at 10,000 X g and loaded on
a Galanthus nivalis agglutinin (GNA) lectin column. After washing with 1 M
NaCl in buffer A (0.1% Triton X-100 in 20 mM sodium phosphate, pH 6.8), the
E1 protein was eluted with 1 M methyl-a-D-mannopyranoside in buffer A. The
El-containing eluate was dialyzed against buffer A, and E1 protein was further
concentrated by passing the dialysate through a Sepharose 4B column (Pharma-
cia) eluted with 0.5 M NaCl in buffer A. The El-containing fraction was analyzed
by electrophoresis on SDS-10 to 20% polyacrylamide gels, followed by Western
blotting for GRP78 as detailed above or for E1 protein with monoclonal antibody
3D5/C3. Purification of E2 protein was performed in a similar manner with stably
transfected CHO cells. In addition, one aliquot of the crude total extract was
incubated with 10 mM each ATP and MgCl, (Mg-ATP) for 15 min before being
loaded onto the GNA column.

RESULTS

To determine the effect of HCV envelope proteins on the
grp78 and grp94 promoters, we used a transient-transfection
assay with HuH-7 human hepatoma cells. One plasmid ex-
presses the structural proteins of HCV, including core, E1, E2,
and p7, as well as a fragment of the nonstructural protein NS2
(HCV966 in Fig. 1). The other plasmid contains the CAT
reporter gene driven by the grp78 or grp94 promoter. As the
control plasmid for basal CAT expression, pUC19 was used
instead of the expression plasmid. As seen in Fig. 2A, expres-
sion of the HCV structural proteins induced a strong induction
of CAT expression from both the grp78 and grp94 promoters.
This cannot be a nonspecific effect of the expression plasmid
we used, since the same vector expressing the HCV NS3 pro-
tein did not have any effect on these promoters (Fig. 2A).
Furthermore, the HCV structural proteins do not have a global
effect on gene expression, since they were not able to activate
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expression from the herpes simplex virus tk promoter (Fig.
2A).

To determine which of the HCV structural proteins were
affecting the grp78 and grp94 promoters, we used the same
vector to drive the separate expression of each the individual
proteins except p7. As shown in Fig. 2B, neither the core nor
the E1 protein had a significant effect on the grp78 and grp94
promoters. In contrast, the E2 protein was able to induce both
promoters >12-fold (Fig. 2B), while having no effect on the tk
promoter (data not shown). Note that the p7-coding sequences
are not present in this plasmid, thereby ruling out a role for p7.
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FIG. 2. (A) Effects of various HCV proteins on CAT expression driven by
the grp78, grp94, or tk promoter in transient transfection into HuH-7 hepatoma
cells. The results are normalized to CAT expression in the presence of pUC19
and are shown as the means and standard deviations from three transfections.
(B) Effects of the individual HCV structural proteins on CAT expression driven
by the grp78 or grp94 promoter in transient transfection into HuH-7 hepatoma
cells. The results are normalized to CAT expression in the presence of pUC19
and are shown as the means and standard deviations from three transfections.
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FIG. 3. Titration of the amount of E2-expressing plasmid cotransfected with
the CAT plasmid driven by the grp94 promoter into HuH-7 cells. The total
amount of transfected plasmids was held constant by using pUC19. The results
are normalized to CAT expression in the presence of pUC19 only and are shown
as the means and standard deviations from three transfections.

This effect of E2 is neither cell nor species specific, since it was
also able to activate the grp78 promoter in HT1080 human
fibrosarcoma cells (by 6.0-= 0.9-fold) and in AML12 murine
hepatocytes (by 4.6-* 0.2-fold).

Because the E2 protein is expressed to high levels in the
transfected cells, it may be argued that the activation of the
grp78 and grp94 promoters seen here may be simply due to
overload of the ER. However, the E1 protein is expressed at
similarly high levels (24a) (Fig. 3), rendering this possibility
unlikely. Furthermore, when a titration of the E2-expressing
plasmid is performed, it is observed that even upon transfec-
tion of small amounts of this plasmid (0.25 pg/60-mm-diameter
dish), there is a substantial activation of the grp94 promoter
(Fig. 3). It should be noted that the total amount of transfected
DNA was held constant in these experiments to prevent fluc-
tuations in the transfection efficiency. Therefore, even rela-
tively small amounts of E2 protein have the ability to activate
transcription.

In the experiments described above, E2 protein was targeted
to the ER lumen. Therefore, it appears that E2 protein acti-
vates transcription indirectly by influencing an intracellular
signaling pathway rather than acting in the nucleus. Neverthe-
less, since rare proteins have been described as being localized
to both the ER and the nucleus (1, 6, 19), it was conceivable
that a small fraction of the E2 protein had somehow escaped
from the ER to effect a nuclear function. To rule out this
possibility, we deleted the signal sequence from the E2-ex-
pressing plasmid. Indeed, this plasmid did not activate CAT
expression from the grp78 promoter. Instead, for unknown
reasons, it actually decreased expression (0.07 = 0.01, relative
to pUCI19). Possibly the ectopic expression of E2 protein in the
cytosol led to a cytotoxic effect.

Since the CAT reporter plasmid represents an artificial gene
expression system, it was important to determine if E2 protein
also affected the expression of the endogenous cellular grp78
and grp94 genes. To answer this question, we first transiently
transfected the E2-expressing plasmid into HuH-7 cells and
used immunofluorescence to estimate the amount of GRP78
protein in these cells. As exemplified in Fig. 4, top panels, all
cells expressing E2 protein also contained high levels of
GRP78. In contrast, when the same experiment was performed
with cells transfected with the El-expressing plasmid, the cells
that express E1 protein did not show elevated levels of GRP78
(Fig. 4, bottom panels). Therefore, E2 but not E1 protein is
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FIG. 4. Immunofluorescence detection of GRP78 and E2 or E1 protein ex-
pression in HuH-7 cells transiently transfected with either the E2 (top) or E1
(bottom) expression plasmid. A low level of GRP78 is detectable in the untrans-
fected cells, as revealed in the original photographs.

capable of inducing the synthesis of endogenous cellular
GRP78. We were not able to evaluate GRP94 expression in
these cells, since nonmurine antibody to GRP9%4 is not com-
mercially available. Because immunofluorescence data are not
quantitative, we also used Western blotting to assess the effect
of E2 protein on GRP78 and GRP94 expression in a CHO cell
line stably transfected with E2 protein. As seen in Fig. 5, this
cell line expresses substantially more GRP78 and GRP94 than
the parental CHO cells, thus confirming the immunofluores-
cence data.

The immunofluorescence studies (Fig. 4) revealed a substan-
tial overlap in the distribution of GRP78 and E2 protein in the
cell. This colocalization raised the possibility that these two
proteins may be stably bound to each other. This inference is
consistent with the observation that GRP78 was coimmuno-
precipitated from crude cell extracts when either of two anti-
bodies to E2 protein was used (Fig. 6, lanes 2 and 3) but was
not present when the antibody was omitted (Fig. 6, lane 1). The
intensity of the band was similar to that of the band when
anti-GRP78 antibody was used for immunoprecipitation (Fig.
6, lane 4), indicating that the majority of the GRP78 was
associated with E2 protein, since in these experiments the
antibodies were present in excess. Interestingly, antibodies to
E1 protein did not precipitate GRP78 from E1-expressing cells
(data not shown), suggesting that E1 protein does not bind
strongly to GRP78.
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FIG. 5. Western blot detection of GRP78 and GRP94 in CHO cells (lane 1)
or CHO cells stably expressing E2 protein (lane 2). Equal amounts of total cell
extracts were separated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane for Western blotting against GRP78. The
monoclonal antibody against GRP78 (StressGen SPAS826) cross-reacts with
GRPY4. Numbers on the left are molecular weights in thousands.
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FIG. 6. Coimmunoprecipitation of E2 protein and GRP78. Proteins were
immunoprecipitated from lysates of E2-expressing CHO cells with either of two
different antibodies (Ab) to E2 protein (lanes 2 and 3) or an antibody to GRP78
(aGrp78) (lane 4), electrophoresed on an SDS-polyacrylamide gel, and probed
for GRP78 by Western blotting. GRP78 was precipitated by all three antibodies;
in contrast, no GRP78 was precipitated when the antibody was omitted (lane 1).
Numbers on the left are molecular weights in thousands.

Our conclusion that E2 protein stably binds to GRP78 was
strengthened by the observation that a protein migrating at the
position expected for GRP78 copurified with E2 protein after
lectin affinity chromatography on GNA (Fig. 7, lane 2). Indeed,
N-terminal sequencing of this protein revealed the sequence
EEEDKK, which corresponds to the known sequence of ham-
ster GRP78 (27). It should be noted that GRP78 is not glyco-
sylated (15, 24) and thus cannot bind directly to GNA. It is
known that complexes of GRP78 and misfolded proteins are
dissociated by Mg-ATP (18, 28). To determine if this is the
case for GRP78 and E2 protein, we added Mg-ATP to lysates
of cells expressing E2 protein before purifying the E2 protein
on a GNA column. As seen in Fig. 7, lane 4, GRP78 was
indeed absent from E2 protein purified in this manner. This
absence was not due to protein degradation, since Mg-ATP
had no apparent effect on the total proteins present in the
crude lysate (Fig. 7, compare lane 3 to lane 1).

In contrast, GRP78 does not appear to be copurified with E1
protein, as no protein migrating at the expected position was
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FIG. 7. Copurification of E2 protein and GRP78 in the absence but not the
presence of Mg-ATP. Lysates from E2-expressing CHO cells were electropho-
resed on an SDS-polyacrylamide gel and stained with Coomassie blue, either
before (lanes 1 and 3) or after (lanes 2 and 4) chromatography on a GNA lectin
column. In lanes 3 and 4, the lysate was preincubated with Mg-ATP for 15 min.
Numbers on the left are molecular weights in thousands.
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FIG. 8. No evidence for copurification of E1 protein and GRP78. Lysates
from El-expressing CHO cells were electrophoresed on an SDS-polyacrylamide
gel, transferred to a membrane, and probed for E1 protein (lanes 1 and 2) or
GRP78 (lanes 3 and 4) by Western blotting, either before (lanes 1 and 3) or after
(lanes 2 and 4) chromatography on a GNA lectin column. Numbers in the center
are molecular weights in thousands.

copurified with E1 protein (data not shown). To confirm that
GRP78 does not associate with E1 protein, we performed
Western blotting for GRP78 with crude and partially purified
El protein. As seen in Fig. 8, there was only a small amount of
GRP78 in the crude lysate (lane 3), and this was lost upon
enrichment for El protein (lane 4; contrast with the large
enrichment for E1 protein in lane 2 compared to lane 1). These
results confirm that there is a strong and stable association
between GRP78 and E2 protein but not between GRP78 and
El protein.

DISCUSSION

We have shown that the HCV structural proteins can acti-
vate CAT gene transcription driven by both the grp78 and
grp94 promoters. This property can be ascribed solely to the E2
envelope protein, which must be targeted to the ER lumen to
show this effect. Furthermore, E2 protein can also increase
expression of the endogenous cellular GRP78. Therefore, E2
protein must activate an intracellular signaling pathway from
the ER to the nucleus to influence cellular transcription of
ER-resident chaperone proteins.

Because the E1 and E2 proteins can form large disulfide-
linked aggregates that accumulate in a pre-Golgi compartment
(8, 9), we initially suspected that it is the presence of these
presumably misfolded intraluminal proteins that induces grp78
and grp94 transcription. However, while E2 protein can acti-
vate transcription, E1 protein cannot. Yet it has been shown
that E1 protein actually folds much slower than E2 protein and
that its folding is dependent on E2 protein (17). Therefore, the
ability to activate transcription may involve a specific property
of E2 protein and not be simply related to the presence of large
amounts of misfolded proteins in the ER. Thus, even if there
is lower expression of E2 protein in the infected hepatocyte, it
may be sufficient to increase chaperone protein expression.
This inference is strengthened by our observation that even
small amounts of the cotransfected E2-expressing plasmid
have a trans-activation effect.

The mechanism by which E2 protein activates transcription
is unknown. Interestingly, however, our data indicate that E2
protein, unlike E1 protein, is stably bound to GRP78. This
binding may explain the activation of transcription by E2 pro-
tein. It has been hypothesized that GRP78 may itself be a
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sensor and transducer of ER stress, by binding to unfolded
proteins and then undergoing a conformation change that
eventuates in signal transduction into the nucleus (15, 20). If
so, the stable binding of E2 protein to GRP78 would activate
this signaling pathway. During the preparation of this paper, it
was reported that both E1 and E2 proteins bind several in-
traluminal chaperones in the ER, including GRP78 (5). How-
ever, those experiments utilized pulse-chase analysis and hence
may have detected transient rather than long-term associa-
tions. Furthermore, the amount of GRP78 bound to E1 pro-
tein appeared to be smaller than that bound to E2 protein (5).
Therefore, it is possible that a critical threshold of the amount
and duration of bound GRP78 must be reached before a signal
is sent to the nucleus to increase chaperone expression.

The physiological and pathological significance of this novel
effect of E2 protein is as yet unknown. Interestingly, GRP78
has been shown to protect cells against killing by cytotoxic T
lymphocytes, to increase the tumorigenicity of transformed
cells, and to increase resistance to antitumor drugs (3, 11, 16,
26). Therefore, it is possible that by increasing GRP78 expres-
sion, E2 protein plays a role in the chronicity of HCV infection
and in HCV-related carcinogenesis. It is also noteworthy that
the hepatitis B virus large surface protein also activates the
grp78 and grp94 promoters (29). This common feature may
explain how these two disparate viruses cause the identical
spectrum of diseases. Further experiments will be needed to
clarify the possible role of E2 protein in HCV pathogenesis.
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