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Our previous studies have shown that the hepatitis B virus protein, X, activates all three classes of RNA
polymerase III (pol III)-dependent promoters by increasing the cellular level of TATA-binding protein (TBP)
(H.-D. Wang et al., Mol. Cell. Biol. 15:6720-6728, 1995), a limiting transcription component (A. Trivedi et al.,
Mol. Cell. Biol. 16:6909-6916, 1996). We have investigated whether these X-mediated events are dependent on
the activation of the Ras/Raf-1 signaling pathway. Transient expression of a dominant-negative mutant Ras
gene (Ras-alal5) in a Drosophila S-2 stable cell line expressing X (X-S2), or incubation of the cells with a Ras
farnesylation inhibitor, specifically blocked both the X-dependent activation of a cotransfected tRNA gene and
the increase in cellular TBP levels. Transient expression of a constitutively activated form of Ras (Ras-vall2)
in control S2 cells produced both an increase in tRNA gene transcription and an increase in cellular TBP
levels. These events are not cell type specific since X-mediated gene induction was also shown to be dependent
on Ras activation in a stable rat 1A cell line expressing X. Furthermore, increases in RNA pol III-dependent
gene activity and TBP levels could be restored in X-S2 cells expressing Ras-alal5 by coexpressing a constitu-
tively activated form of Raf-1. These events are serum dependent, and when the cells are serum deprived, the
X-mediated effects are augmented. Together, these results demonstrate that the X-mediated induction of RNA
pol I1I-dependent genes and increase in TBP are both dependent on the activation of the Ras/Raf-1 signaling
cascade. In addition, these studies define two new and important consequences mediated by the activation of
the Ras signal transduction pathway: an increase in the central transcription factor, TBP, and the induction

of RNA pol III-dependent gene activity.

The hepatitis B virus (HBV) encodes a gene that produces a
154-amino-acid polypeptide, X. X has been shown to be es-
sential for viral replication in animal hosts (7, 69), and it has
also been implicated in the development of HBV-mediated
carcinogenesis since X is able to induce liver tumors in certain
transgenic mice strains (26, 29, 52). Although the exact role of
X in the life cycle of the virus or in carcinogenesis is not known,
it has been well established that X is a potent transactivator of
a diverse number of viral and cellular promoters. X has been
shown to activate RNA polymerase III (pol III)-dependent
promoters (3, 58) and RNA pol II-dependent promoters which
contain recognition sequences for AP-1, AP-2, ATF/CREB,
¢/EBP, NF-«B, serum response factor, and a variety of acidic
activator proteins (for reviews, see 43 and 68).

There are at least two distinct mechanisms by which X ap-
pears to activate gene expression. For certain promoters, X
may interact directly with the transcriptional machinery to
augment RNA synthesis. Although X is not able to bind to
DNA directly, it has been shown to bind to the CREB/ATF
family of transcription factors and to enhance the affinity of the
factor for its DNA recognition sequence (66) or alter its spec-
ificity (37). In addition, X has been shown to interact with the
RPBS subunit of the RNA polymerases (8, 33), the tumor
suppressor p53 (15, 59), transcription factor IIB (TFIIB) (23,
33), TFIIH (23, 41), and the TATA-binding protein (TBP) in
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vitro (40). Consistent with these studies, X has been shown to
enhance transcription in vivo when targeted to specific pro-
moters by its fusion to a heterologous DNA binding domain
(45, 53). X has also been shown to mediate an increase in RNA
pol II-dependent transcription that is activator dependent both
in vivo (22) and in vitro (23). Together, these studies indicate
that X directly modulates transcription of certain RNA pol
II-dependent promoters by acting as a coactivator.

In contrast, other studies have shown that X can indirectly
modulate gene expression. X has been shown to specifically
interact with a cellular DNA repair protein (32) and with a
subunit of the proteosome complex (16, 27), although direct
modulation of the activities of these proteins by X has not yet
been demonstrated. X has also been shown to activate protein
kinase C (PKC) (28, 35, 58) and the Ras—Raf-MEK-mitogen-
activated protein (MAP) kinase signal cascade (4, 38). The
activation of cellular signaling has been shown to be required
for X transactivation of AP-1- and NF-kB-dependent promot-
ers (14). Induction of AP-1 DNA binding activity was specifi-
cally shown to be mediated by X activation of PKC (28, 35),
Ras (4), Raf-1 (4, 12), and extracellular signal-related kinases
and c-Jun N-terminal kinases (6). The ability of X to modulate
gene activity by distinct mechanisms was elegantly shown by
Doria et al. (14). When X was specifically targeted to the
nucleus of cells, it maintained its ability to activate the HBV
enhancer I, yet it was unable to activate signaling and the AP-1
or NF-kB transcription factor. Thus, X clearly possesses mul-
tiple functions which may be altered depending on its intracel-
lular location. However, analyses of the activation of the Ras
signaling cascade by X and its effect on cellular gene activity
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have so far been limited to the study of AP-1- and NF-«kB-
dependent promoters.

Previously, we have shown that X transactivates all classes of
cellular RNA pol III-dependent promoters (58). RNA pol III
is responsible for the synthesis of a variety of untranslated
RNAs, including tRNA, 5S RNA, U6 RNA, and virus-associ-
ated RNAs such as VA1 and VA2 from adenovirus (67). The
largest classes of transcripts, tRNA and 5S RNA, are essential
components of the protein synthesis machinery. Although little
is known as to how modulation of the levels of these RNAs
may contribute to cell proliferation and tumor development, it
is clear that the production of ribosomes and tRNAs is linked
to the growth state of cells. Thus, understanding the mecha-
nism by which the synthesis of these RNAs is regulated by X
may provide insight into the potential role of X in cell trans-
formation. Previously, we demonstrated that X transactivation
of RNA pol III-dependent gene activity was a result of an
increase in TFIIIB activity. Furthermore, X was found to in-
crease cellular levels of TBP, a transcription factor needed for
the transcription of all cellular genes. This protein is a subunit
of the TFIIIB complex (24) which is a limiting component for
RNA pol IlI-dependent transcription (49). Although other
changes in the TFIIIB complex may occur in response to X, an
increase in cellular TBP, by itself, is sufficient for up-regulating
gene activity. In this study, we have examined the mechanism
for the X-mediated enhancement of RNA pol III-dependent
transcription and the cellular increase in TBP levels. Our re-
sults demonstrate that both of these events are dependent on
the ability of X to activate the Ras/Raf-1 signal transduction
pathway.

MATERIALS AND METHODS

Cell culture. Drosophila S-2 stable cell lines S2 and X-S2 (58) were propagated
in Schneider’s Drosophila medium (Gibco) supplemented with 10% fetal bovine
serum (FBS; Gemini Bio-Products, Inc.), 500 U of penicillin and 500 pg of
streptomycin (Gibco) per ml, and 250 wM hygromycin B (Boehringer Mann-
heim). The rat 1A stable cell lines Al-Xr and Al-X, derived from rat 1A
fibroblast cells (58), were maintained in low-glucose Dulbecco’s modified Eagle
medium (Gibco) with 10% FBS, 500 U of penicillin and 500 pg of streptomycin
per ml, and 400 pg of G418 (Gibco) per ml.

Plasmid DNAs. To construct the Drosophila expression plasmids that express
the H-Ras mutant proteins, pSP8 (containing a cDNA encoding the constitu-
tively activated mutant human H-Ras-vall2 gene) and pSP30 (containing the
dominant-negative human H-Ras-alal5 gene) were used (55). The cDNAs within
these plasmids were amplified by PCR using the BamHI-containing primer P146
(5'-GGTTCCGCGTGGATCCATGACGGAATATAAGCTGG-3") and the
SacI-containing primer P155 (5'-GGCCGGTCGACATGACGGAATATAAGC
TG-3"), using plasmids pSP8 and pSP30, respectively, as templates. The ampli-
fied 598-bp fragments containing either the Ras-vall2 gene or Ras-alal5 gene
were digested with BamHI and Sacl and subcloned into the BamHI and Sacl
sites of the Drosophila pActSCppA expression vector containing actin 5C pro-
moter (21) to generate plasmids pAct-Ras-vall2 and pAct-Ras-alal5.

To express the Ras genes in mammalian cells, pAct-Ras-val12 and pAct-Ras-
alal5 were used for further subcloning. pAct-Ras-vall2 and pAct-Ras-alal5 were
digested with Sacl, then treated with T4 DNA polymerase, and further digested
with BamHI. The resultant DNA fragments containing the Ras genes were
subcloned into the BamHI and EcoRV sites of pcDNA3 expression vector
(Invitrogen) under the control of cytomegalovirus immediate-early gene pro-
moter to generate pCMV-Ras-vall2 and pCMV-Ras-alal5.

The dominant active Raf-1 gene (RafA2-334) is a mutant derivative of the
mouse c-Raf-1 gene that produces a truncated protein deleted of amino acid
residues 2 through 334 (42). To construct a plasmid for expression of the mutant
Raf-1 gene in Drosophila cells, the mammalian expression plasmid EC12, con-
taining the gene, was digested with Apal, incubated with T4 DNA polymerase,
and digested with EcoRI. The resultant DNA fragment containing the gene was
subcloned into the EcoRI and Hincll sites of pSK, and a 1-kb DNA fragment
containing the gene was isolated after digestion of the DNA with BamHI and
Kpnl. This fragment was subcloned into the BamHI and Kpnl sites of the
Drosophila pAct5CppA expression vector to generate plasmid RafA2-334.

Plasmid pArg-maxigene, which has been described previously (13), was used in
the transient transfections and in vitro transcription assays as an RNA pol
III-dependent reporter gene. The pBluescript SK+ vector DNA (Stratagene)
was used to maintain a constant amount of DNA in the transient transfection
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experiments. The pcopia-lacZ construct contains a B-galactosidase gene under
the control of the Drosophila copia promoter (21).

Transient transfections. Transient transfections were performed by a calcium
phosphate precipitation technique (50). Drosophila Schneider S2 and X-S2 cells
were maintained at 25°C in Schneider medium (Gibco) containing 10% FBS
(Gemini Bio-Products). For each transfection assay, 0.5 X 10° to 1.0 X 10° cells
per ml, in a total of 5 ml, were cotransfected with 2 ug of pArg-maxigene, 2 ug
of pcopia-lacZ (for measuring transfection efficiencies), and other DNAs as
designated. The final DNA concentration was maintained at 20 g by using
pBluescript SK+. After 24 h, the transfected cells were replaced with fresh
medium and 4 h later induced with 250 uM CuSO,; after an additional 24 h, the
cells were harvested. Approximately half of the harvested cells were used for
isolating RNA to analyze the transcription activity of the tRNA gene reporter
(pArg-maxigene), and the remainder of the cells were used for the preparation
of protein lysates for determining B-galactosidase activity to measure transfec-
tion efficiencies. The cell lysates were assayed for B-galactosidase activity by
using an enzyme assay kit (Promega). For the data shown in Fig. 1 to 3, trans-
fection efficiencies in the S2 and X-S2 cells did not vary by more than 10%.

Transient transfections of rat 1A cells were carried out by using calcium
phosphate precipitation methods at a cell density of 0.5 X 10° to 1.0 X 10°
cells/ml and by using 20 p.g of total DNA per 5 ml cell culture, including 2 pg of
pArg-maxigene and other DNAs as indicated. After 24 h, the cells were washed
with Dulbecco’s phosphate-buffered saline (Gibco), placed in fresh medium, and
then collected after an additional 24 h.

Transcription assays and RNase protection assays. The in vitro transcription
assays were carried out with cytoplasmic extracts derived from the S2 and X-S2
cells as described previously (58). For each reaction, 0.8 ug of pArg-maxigene
was used as the template, and 210 pg of cytoplasmic extract was used in each
reaction.

For determining the amount of pArg-maxigene transcript generated in the
transient transfection assays, RNA was extracted by using TRIzol (Gibco) as
instructed by the vendor. RNase protection assays were carried out by using an
RPA II kit (Ambion). The isolated RNAs (0.3 g of each sample) were hybrid-
ized with an excess of *?P-labeled antisense transcript at 45°C overnight. The
antisense transcript was generated from pArg-maxigene by using a Maxiscript kit
(Ambion). The DNA was linearized and then transcribed with T7 RNA poly-
merase in the presence of [*?P]CTP (specific activity, >600 Ci/mmol; ICN). The
resultant riboprobe was treated with DNase I and ethanol precipitated. For each
reaction, 0.5 X 10° to 1 X 10° cpm was used. The hybridized RNA was digested
with 200 pl of a 1:100 dilution of RNase A-T; mixture at 37°C for 30 min. The
reaction was terminated by adding 300 wl of stop buffer and 200 pl of ethanol,
and the RNA products were precipitated and resuspended in 8 pl of RNA
loading dye and electrophoresed on 8% polyacrylamide-8 M urea gels. The gel
was exposed to X-ray film for 30 to 120 min at —80°C, and the resultant
autoradiographs were quantitated by using a Bioimage scanner.

Preparations of cell extracts. For the preparation of total cell lysates, the
transfected cells were collected and washed once with cold phosphate-buffered
saline. The resultant cell pellets were lysed with triple-detergent lysis buffer (50
mM Tris-Cl [pH 8.0], 150 mM NacCl, 0.02% sodium azide, 0.1% sodium dodecyl
sulfate, 100 wg of phenylmethylsulfonyl fluoride, 1 wg of aprotinin per ml, 1%
Nonidet P-40, 0.5% sodium deoxycholate) at 0°C for 20 min. Protein concentra-
tions of the resultant cell lysates were measured by the Bradford method, using
Bio-Rad protein assay reagent. B-Galactosidase assays of the resultant lysates
were carried out as described above.

Western blot analysis. Equal amounts of protein from S2, X-S2, A1-Xr, and
Al-X cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Immunoblotting was carried out as described previously, using
anti-Drosophila TBP antibodies and anti-Drosophila elF-2a antibodies for the
Drosophila extracts and anti-human TBP antibodies and anti-bovine eIF-2a
antibodies for the rat 1A cell extracts (58). Horseradish peroxidase-linked anti-
rabbit antibodies (Vector Laboratories) and enhanced chemiluminescence re-
agents (Amersham) were used to detect the bound antibodies. The resultant
autoradiographs were quantitated by optical densitometry.

RESULTS

Serum deprivation enhances the X-mediated increases in
transcription and cellular TBP. Our previous studies have
demonstrated that X transactivation of RNA pol III-depen-
dent genes requires the activation of cellular protein kinases
(58). Since many cellular responses that result from the acti-
vation of signaling pathways are influenced by serum, the ef-
fects of serum concentration on the X-mediated increases in
RNA pol III-dependent gene activity and TBP levels were first
examined. To carry out these studies, we used two stable cell
lines, S2 and X-S2, which were previously derived from a
Drosophila S-2 line (58). Both cell lines were stably transfected
with a hygromycin-resistant gene, and the X-S2 line addition-
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FIG. 1. Serum deprivation augments both the X-mediated induction of RNA pol III-dependent gene transcription and the increase in cellular TBP levels. S2 and
X-S2 cells were propagated in media containing low (0.5% FBS) and high (10% FBS) serum concentrations for 3 days, and cytoplasmic extracts were prepared as
described in Materials and Methods. (A) Serum deprivation decreases RNA pol III-dependent gene activity but further augments X-mediated transcription induction.
In vitro transcription assays were carried out as described in Materials and Methods, using 210 pg of cytoplasmic extracts derived from either S2 or X-S2 cells as
designated and using 0.8 pg of pArg-maxigene as the template. (B and C) Cellular level of TBP is serum dependent. Aliquots of 40 pg each of cytoplasmic extracts
derived from the S2 or S-X2 cells, as designated, were subjected to Western blot analysis as described in Materials and Methods. The TBP polypeptide was analyzed
by using anti-Drosophila TBP antibodies (B), and the eIF-2a polypeptide was analyzed by using anti-Drosophila eIF-2a antibodies (C).

ally contains the X gene under the control of the metallothio-
nein promoter. Both S2 and X-S2 cells were grown in either 10
or 0.5% serum for 4 days, cytoplasmic extracts were prepared
from each set of cells, and the transcriptional activities of the
extracts were determined by using a RNA pol III-dependent
tRNA“'€ reporter gene, pArg-maxigene, as the template (Fig.
1A). An approximate threefold decrease in the transcriptional
capacity was observed when the S2 cells were serum deprived
(compare lanes 1 and 3). In the presence of high serum con-
centrations, X produced an approximate 40-fold increase in
RNA pol ITI-dependent transcription activity (compare lanes 3
and 4). Surprisingly, when the X-S2 cells were serum deprived,
the X-mediated increase in transcription was approximately
threefold higher than that for X-S2 cells grown in higher serum
concentrations (compare lanes 2 and 4).

We have previously shown that extracts derived from X-S2
cells expressing X contain increased TFIIIB activity, and this is
correlated with an increase in the cellular level of one of its
subunits, TBP (58). Furthermore, by directly increasing cellu-
lar TBP, transcription from both TATA-containing and
TATA-lacking RNA pol ITI-dependent promoters is enhanced
(50). Thus, the X-mediated increase in TBP, a limiting RNA
pol III transcription component, is a key event mediating gene
activation. Therefore, the effect of serum concentration on the
level of TBP was next assessed (Fig. 1B and C). Western blot
analysis was performed with the cytoplasmic lysates that had
been tested for transcription activity in the assay represented in
Fig. 1A. Regardless of the serum concentration, X expression
produced an increase in cellular TBP (Fig. 1B). By compari-
son, the level of the elF-2a polypeptide (Fig. 1C) does not
change in response to X, consistent with our previous studies
(58). The cross-reacting higher-molecular-weight bands ob-
served in both blots are a result of interactions of the second-
ary antibodies with proteins in the lysates. Consistent with the
transcriptional activities of the extracts, the level of TBP in the
S2 cell line was decreased approximately twofold upon serum
deprivation. The amount of TBP in the X-S2 cell extracts was
approximately fourfold higher than that in the S2 extracts
when the cells were grown in 10% serum. When the cells were
grown in limiting serum concentrations, the X-S2 cell extracts
contained sixfold more TBP than did the S2 cell extracts. The
differences in TBP levels can be compared to the levels of
elF-2a, which did not change in response to different serum
concentrations in the media. Thus, these results indicate that
both RNA pol III-dependent gene activity and cellular TBP
levels are influenced by serum concentrations. Furthermore,
we find that depriving the X-S2 cells of external growth factors

serves to augment the X-mediated increase in both transcrip-
tion and TBP levels.

X transactivation of RNA pol III-dependent genes requires
the activation of Ras. Previously, Benn and Schneider (4)
showed that the expression of X stimulated the formation of
Ras-GTP (active) complexes. We therefore investigated the
possibility that the enhancement of RNA pol III-dependent
gene transcription requires the activation of the Ras signaling
pathway. We first examined whether inhibiting the function of
activated Ras would affect RNA pol III-dependent gene activ-
ity. A gene encoding a dominant-negative mutant form of
human Ras, Ras-alal5, was used to interfere with the activa-
tion of Ras that might occur in the S2 and X-S2 cells. Ras
proteins are highly conserved between different eucaryotic sys-
tems, and human Ras-alal5 has previously been shown to dom-
inantly interfere with Ras function in yeast (39). The plasmid
containing Ras-alal5 was transiently cotransfected into the S2
and X-S2 cells with pArg-maxigene. pArg-maxigene was used
as a reporter to analyze RNA pol III-dependent gene activity.
A B-galactosidase gene driven by the copia promoter was ad-
ditionally cotransfected to determine the relative transfection
efficiencies. This promoter is not affected by X expression or by
the level of activated Ras in these cells (see Fig. 5). To deter-
mine the level of tRNA gene transcription activity, RNase
protection assays were carried out with RNAs extracted from
each transfected set of cells. As shown in Fig. 2A, the X-S2
cells exhibited a significant increase in transcription activity
compared to the S2 cells (compare lanes 1 and 3). Expression
of Ras-alal5 had no effect on tRNA gene transcription activity
in the S2 cells (compare lanes 1 and 2). However, when Ras-
alal5 was expressed in the X-S2 cells, the X-mediated increase
in tRNA gene transcription was abolished (compare lanes 3
and 4). The maximum inhibitory effect was observed when 2 pg
of the plasmid containing the Ras-alal5 gene was transfected
(data not shown).

An additional approach was used to block the ability of the
cells to produce a functional activated Ras. S2 and X-S2 cells
transfected with pArg-maxigene were incubated with the Ras
farnesylation inhibitor L-739,749. This tetrapeptide has been
previously shown to selectively block the farnesyltransferase
enzyme, preventing the association of Ras with the membrane
and the activation of downstream signaling events (11, 30). As
shown in Fig. 2B, L.-739,749 had no effect on the expression of
the tRNA gene in the S2 cells (compare lanes 1 and 2). How-
ever, incubation with the Ras inhibitor substantially decreased
the X-mediated increase in transcription in the X-S2 cells
(compare lanes 3 and 4). Together, these results show that
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FIG. 2. The X-mediated transactivation of an RNA pol III-dependent pro-
moter can be blocked by inhibiting the activation of Ras. (A) Expression of a
dominant-negative mutant form of Ras blocks the X-mediated transactivation of
a tRNA gene promoter. Transient transfections of S2 and X-S2 cells were
performed with 2 pg of pArg-maxigene, with or without 2 pg of a plasmid
containing a gene encoding a dominant-negative mutant form of Ras, Ras-alal5
(pAct-Ras-alal5), and 2 pg of pcopia-lacZ as described in Materials and Meth-
ods. RNase protection assays were carried out with equal amounts (0.3 pg) of
extracted RNA and an excess of *?P-labeled antisense pArg-maxigene riboprobe.
The resultant RNA was separated by gel electrophoresis and visualized by au-
toradiography. (B) The X-mediated transactivation of a tRNA gene promoter is
blocked by the Ras farnesylation inhibitor 1.-739,749. S2 and X-S2 cells were
incubated with 10 M L-739,749 3 h prior to transfection of the cells. The cells
were transfected with 2 ug of pArg-maxigene as described in Materials and
Methods. After 24 h, fresh medium was added to the cells with or without 10 pM
L-739,749. The cells were incubated for 4 h, and then 250 .M CuSO, was added
to the medium to induce expression of X. After an additional 24 h, the cells were
harvested and RNase protection assays were performed as described in Materials
and Methods; the labeled pArg-maxigene transcript was visualized by autora-
diography. nt, nucleotides.

activated Ras is required for X transactivation of RNA pol
III-dependent genes.

X-mediated increase in cellular TBP requires Ras activa-
tion. We next determined whether the X-mediated increase in
TBP also requires Ras activation. Western blot analysis was
carried out to determine the amount of TBP present in cell
lysates derived from the transient transfection assays repre-
sented in Fig. 2. Expression of the dominant-negative Ras-
alal5 gene in S2 cells (Fig. 3A) or incubation of the S2 cells
with the farnesylation inhibitor 1-739,749 (Fig. 3B) had no
effect on the level of cellular TBP (compare lanes 1 and 2). In
the X-S2 cells, both expression of the Ras-alal5 gene (Fig. 3A)
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FIG. 3. The X-dependent increase in cellular TBP levels is blocked by inhib-
iting the activation of Ras. (A) Expression of a dominant-negative form of Ras
inhibits the X-mediated increase in TBP. S2 and X-S2 cells were transiently
transfected with the Ras-alal5 expression plasmid, and cell lysates were prepared
as described in Materials and Methods. Equal amounts of protein from the
Iysates (5 wg) were used for Western blot analysis as described in Materials and
Methods. The top panel depicts a blot probed with anti-Drosophila TBP anti-
bodies; the bottom panel represents a blot probed with anti-Drosophila eIF-2a
antibodies. (B) The X-mediated increase in TBP is blocked by the Ras farnesy-
lation inhibitor L-739,749. S2 and X-S2 cells were incubated with 10 uM L-
739,749 as described for Fig. 1B, the cells were harvested, and cell lysates were
prepared as described in Materials and Methods. Western blot analysis was
carried out as described for panel A.

HBV X INDUCTION OF RNA pol III GENES AND TBP VIA Ras 6841

Bras -vall2 - +

ol 21~

A 66.2- bt bt
ras-vall2(ug) - 1 p AN MRHf1R - 45- e
. <TBP
B nt > L - e S
78nt >~ proe 215
144

s <elF-20

FIG. 4. Expression of activated Ras in S2 cells mimics the effect of X to
stimulate RNA pol III-dependent gene activity and increase cellular levels of
TBP. (A) Expression of a constitutively activated mutant form of Ras enhances
the transcriptional activity of a RNA pol III-dependent promoter in a dose-
dependent manner. S2 cells were cotransfected with increasing amount of an
expression plasmid containing the Ras-vall2 gene as indicated, together with 2
ng of pArg-maxigene as described in Materials and Methods. RNA was extracted
from the transfected cells, RNase protection assays were performed, and the
labeled RNA products were visualized by autoradiography as described in Ma-
terials and Methods. nt, nucleotides. (B) Expression of activated Ras increases
the cellular level of TBP. Cell lysates were prepared from cells that were trans-
fected with vector alone (—) or cells that were transfected with 2 pg of the
Ras-vall2 gene expression plasmid (+) as described in Materials and Methods.
Equal amounts of protein from the cell lysates (7.5 pg) were analyzed by West-
ern blot to detect the amount of TBP (top) and elF-2a (bottom) as described in
Materials and Methods.

and incubation of the cells with L-739,749 blocked the X-
mediated increase in TBP (compare lanes 3 and 4). By com-
parison, the level of the eIF-2a polypeptide was not affected by
down-regulating the production of activated Ras. Thus, these
results demonstrate that the X-dependent increase in TBP also
requires Ras activation.

Activated Ras mimics the effect of X to increase RNA pol
III-dependent transcription and cellular TBP levels. The re-
sults presented above revealed that the X-mediated increases
in both RNA pol III-dependent gene transcription and TBP
require Ras activation. If these X-mediated events are truly
dependent on Ras activation, then expression of activated Ras
should mimic the effect of X. To test this, a gene encoding a
constitutively activated form of human Ras, Ras-vall2, was
transiently expressed in S2 cells, and the consequence on tran-
scription and TBP levels was determined. When increasing
amounts of the Ras-vall2 gene were transfected into S2 cells,
a dose-dependent increase in the expression of the pArg-maxi-
gene was obtained (Fig. 4A). The maximum enhancement of
transcription was obtained when 2 pg of plasmid containing
the Ras-vall2 gene was transfected, consistent with the amount
of Ras-alal5 gene-containing plasmid required to produce the
maximum inhibitory response (data not shown). By compari-
son, the activity of the copia promoter was unaffected by the
expression of the Ras-vall2 gene in either the S2 or X-S2 cells
(Fig. 5). Lysates prepared from the Ras-vall2-expressing cells
were analyzed by Western blotting to determine the amount of
TBP present (Fig. 4B). As shown, expression of activated Ras
produced a significant increase in the level of TBP in the S2
cells. In contrast, the eIF-2a polypeptide level did not change
with the expression of activated Ras.

The results of the experiments represented in Figs. 2 to 4 are
examples of the data typically obtained. At least four indepen-
dent experiments were performed for each set of transfections
to analyze expression of the RNA pol III-dependent gene
promoter, expression of the copia promoter, and TBP levels.
The results were quantified and are summarized in Fig. 5.
Together, these results demonstrate that both the X-mediated
transactivation of RNA pol II1I-dependent genes and its ability
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FIG. 5. The X-mediated increase in RNA pol III-dependent gene expression and cellular TBP is dependent on the activation of Ras. This graphical representation
summarizes the data shown as examples in Fig. 1 to 3. S2 and X-S2 cells were transiently transfected as described in Materials and Methods with the tRNA gene reporter
(pArg-maxigene), pcopia-lacZ, and, where designated, plasmids containing either the constitutively activated Ras-vall2 gene or the dominant negative Ras-alal5 gene.
One set of transfections was carried out in the presence of the Ras farnesylation inhibitor L-739,749 as designated. Transcription from the tRNA gene was determined
by an RNase protection assay as described in Materials and Methods (striped bars). TBP levels from cell lysates were determined by Western blot analysis as described
in Materials and Methods (open bars). B-Galactosidase activity was measured from the cell lysates (stippled bars). At least four independent sets of transfections were
performed for each analysis. The activities or protein levels obtained for the S2 cells transfected with pArg-maxigene and pcopia-lacZ alone (—) were arbitrarily set
to 1 and used to calculate the values shown on the y axis, depicting the fold change for tRNA gene transcription, TBP levels, and B-galactosidase activity. Measurements

that were not determined or not shown are designated with asterisks.

to increase cellular TBP levels are dependent on the activation
of Ras.

Ras-mediated stimulation of RNA pol III-dependent genes
by X is not cell type specific. To determine whether the de-
pendence on Ras activation observed for the X-mediated
events was cell type specific or a general phenomenon, we
additionally analyzed stable cell lines derived from rat 1A
fibroblast cells. We have previously constructed an A1-Xr cell
line that contains a stably integrated X gene in the antisense
orientation relative to the simian virus 40 promoter and an
A1-X cell line that contains a stably integrated X gene in the
sense orientation (58). Consistent with our previous studies,
transient expression of the tRNA“" maxigene is greater in the
Al1-X cell line than in the A1-Xr cells (Fig. 6; compare lanes 1
and 4). Coexpression of the Ras-alal5 gene did not affect
expression of the tRNA gene promoter in the Al-Xr cells

Cells —Al-Xr— —AlX—
Ras-val12 - + - - + -
Ras-alal5 - - + - - +

&m»-....a-;.
"

1 2 3 4 5 6

FIG. 6. The X-mediated increase in RNA pol III-dependent gene activity in
rat 1A cells is dependent on Ras activation. A1-X (X-expressing) and Al-Xr
(control) stable cell lines were transiently transfected with 2 pg of pArg-maxi-
gene and where designated, expression plasmids containing either the Ras-alal5
gene or the Ras-vall2 gene. RNase protection assays were carried out with equal
amounts (0.3 pg) of extracted RNA and an excess of 3?P-labeled antisense
pArg-maxigene riboprobe as described in Materials and Methods. The resultant
RNA was separated by gel electrophoresis and visualized by autoradiography.

(compare lanes 1 and 3), yet it substantially decreased the
X-mediated increase in RNA pol III-dependent gene activity
in the A1-X cells (compare lanes 4 and 6). In this experiment,
expression of the Ras-alalS gene reduced transcription to a
level lower than that observed in the control (Al-Xr) cells.
However, we generally found that expression of the Ras-alal5
gene in the A1-X cells reduced transcription to approximately
that observed in the A1-Xr cells. Expression of the dominant
active form of Ras, Ras-vall2, enhanced transcription of the
RNA pol IlI-dependent gene in the Al-Xr cells (compare
lanes 1 and 2). In the A1-X cells, expression of Ras-vall2
produced a slight but reproducible decrease in transcription
(compare lanes 4 and 5). Since the response to activated Ras
was found to be dose dependent in the A1-Xr cells (data not
shown), similar to that observed for the S2 cells (Fig. 4A), this
decrease likely represents the fact that the amount of activated
Ras in the A1-X cells transfected with Ras-alal5 exceeds the
optimum level. Together, these results further substantiate the
conclusion that the enhancement of RNA pol III-dependent
gene activity by X is dependent on the activation of Ras.
Furthermore, examining the levels of TBP in these transiently
transfected cells revealed that the X-mediated increase in TBP
is blocked by the expression of dominant-negative Ras-alal5 in
the A1-X cells and that TBP levels can be increased in the
Al1-Xr cells by the expression of Ras-vall2 (data not shown).
Thus, by demonstrating that both X-dependent events occur in
two distinct cell lines, we show that the requirement for acti-
vated Ras is not cell type specific.

Expression of activated Raf-1 reverses the inhibitory effect
of dominant negative Ras to restore the increase in RNA pol
III-dependent gene activity and TBP levels in the X-expressing
cells. To further elucidate the downstream events transduced
from the X-mediated activation of Ras, we examined the in-
volvement of Raf-1, a downstream kinase that is activated in
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FIG. 7. Activated Raf-1 reverses the effect of dominant-negative Ras on the X-mediated increases in RNA pol III-dependent transcription and TBP levels. (A)
Expression of activated Raf-1 augments transcription in S2 cells and in X-S2 cells that are cotransfected with a dominant-negative Ras mutant. S2 and X-S2 cells were
cotransfected with 2 pg of pArg-maxigene, pcopia-lacZ, and, where designated, 2 pg of expression plasmids containing either the Ras-alal5 or the RafA2-334 gene or
both. RNase protection assays were performed with RNA extracted from the transfected cells, and the labeled RNA products were visualized by autoradiography as
described in Materials and Methods. (B) Expression of activated Raf-1 increases the cellular levels of TBP in S2 cells and in X-S2 cells that are cotransfected with a
dominant negative Ras mutant. Cells were transfected as described for panel A, protein lysates were prepared from the transfected cells, and Western blot analysis was
performed with anti-Drosophila TBP antibodies (top) or anti-Drosophila eIF-2a antibodies (bottom).

this cascade. Transient expression of a gene encoding a con-
stitutively activated form of mouse Raf-1, RafA2-334, in the S2
cells produced both an approximately fivefold increase in RNA
pol III-dependent gene activity (Fig. 7A; compare lanes 1 and
2) and a threefold increase in TBP levels (Fig. 7B; compare
lanes 1 and 2). We next determined whether the expression of
activated Raf could induce an increase in gene activity and
TBP levels in X-S2 cells that had activated Ras activity
blocked. X-S2 cells expressing the dominant-negative Ras mu-
tant gene, Ras-alal5, were inhibited in the ability to stimulate
transcription (Fig. 7A; compare lanes 3 and 4) and increase
TBP (Fig. 7B; compare lanes 3 and 4). However, when both
Ras-alal5 and RafA2-334 were cotransfected in these cells,
expression of activated Raf-1 was able to enhance transcription
and increase TBP to approximately what was observed with the
expression of X alone (Fig. 7A and B; compare lanes 3 and 5).
These results provide additional evidence that the X-mediated
events are dependent on the activation of the Ras/Raf-1 sig-
naling cascade. We have further analyzed a downstream target
of Raf-1, MAP kinase, which is activated by phosphorylation
by MAP kinase kinase in this signaling cascade (2). An approx-
imate fivefold increase in the phosphorylated state of the MAP
kinase protein is observed in the X-expressing cells compared
to the control cells (data not shown).

DISCUSSION

The role of the HBV X protein in viral replication and its
contribution to the development of HBV-associated hepato-
cellular carcinoma are still poorly understood. It has been well
established, however, that the X protein has pleiotropic effects
on cellular and viral gene expression. To better understand the
function of X, it is necessary to both elucidate the cellular
targets of X and determine the mechanisms that contribute to
its profound effects on cellular gene activity. Previous studies
have shown that X can induce gene activity either by directly
interacting with the transcription machinery or by indirectly
activating cellular signaling pathways. How each of these
mechanisms contributes to the diverse effects that X has on
cellular gene activity is not yet clear. X has been shown to
produce an increase in the activated form of Ras, leading to

the activation of Raf-1 and MAP kinases (4), yet studies of the
consequences of these events on cellular gene activity have so
far been limited to analyses of the X-mediated induction of
AP-1- and NF-«kB-dependent promoters (4, 9, 12, 14, 38). In
this study, we have identified two new important consequences
of the X-mediated activation of Ras, by demonstrating that
activation of this signaling cascade is responsible for the ability
of X to increase cellular levels of TBP and to activate RNA pol
III-dependent gene activity.

X induction of both AP-1- and NF-kB-dependent promoters
requires that X be localized to the cytoplasm, supporting the
view that these events are mediated by the activation of signal
transduction pathways (14). Furthermore, X transactivation of
AP-1-dependent promoters is blocked by inhibitors that pre-
vent the activation of PKC (12, 28), Ras (4, 38), and Raf-1 (4,
12). However, X activation of NF-kB-dependent promoters
does not require the activation of PKC (36). Although one
study showed that X induction of NF-kB-dependent promoters
was found to be dependent on the activation of Ras and Raf-1
(47), another study, using a different cell line, found no re-
quirement for activated Raf-1 (9). Thus, the signaling pathways
mediating X induction of AP-1 and NF-«kB activities appear to
be different. Our results demonstrate that RNA pol III-depen-
dent promoters are activated by X similarly to the AP-1-de-
pendent promoters in that they require the activation of PKC
(58) and, as shown in the present study, the Ras/Raf-1 signal-
ing cascade. The fact that X activates this signaling pathway in
diverse cell types further supports the view that this is a general
event which is not cell type specific.

Examining the effects of serum on RNA pol III-dependent
gene activity and TBP levels, we find that both are down-
regulated when the S2 cells are serum deprived. This finding is
consistent with previous studies that have shown that serum
stimulation can induce transcription of RNA pol III-depen-
dent genes (25, 60) and increase TBP levels (56). Interestingly,
the X-mediated increases in both gene activity and TBP are
further augmented when the X-expressing cells are serum de-
prived. The induction of many events that occur via the acti-
vation of Ras is more pronounced when cells are serum de-
prived, which provides further evidence that the gene
induction and increase in cellular TBP observed are modulated
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by this pathway. These results further suggest that X may play
a role similar to that of a growth factor and can substitute for
certain growth factor(s) when they are limiting in the media.
These results, however, differ from those of previous studies on
X activation of AP-1-dependent promoters, where serum de-
privation served to strongly decrease the X-mediated induction
of these promoters (5, 12).

The constitutive activation of the Ras/Raf-1 mitogenic sig-
naling pathway has been widely shown to promote oncogenic
transformation and human tumorigenesis (34). Elucidating the
transcription factors that are the downstream targets of this
pathway and the genes that they regulate is important in un-
derstanding the cellular changes that accompany this response.
The activation of Ras has been extensively shown to modulate
the activity of a variety of transcription factors, including c-fos,
c+jun, c-myc, and certain ETS family members (2). Our present
study identifies another transcription factor, TBP, that is tar-
geted by this pathway. Since TBP is required for the transcrip-
tion of all cellular genes (24), the increase of this protein,
mediated by both X and Ras, likely has profound conse-
quences on the activities of many cellular genes. Overexpres-
sion of TBP has been shown to differentially affect the tran-
scription of RNA pol II-dependent promoters. In mammalian
cells, overexpressed TBP potentiates some activators and in-
hibits others (44). In Drosophila cells, increased cellular TBP
enhances the transcription of TATA-containing promoters,
whereas the transcription of TATA-lacking promoters is either
not affected or repressed (10). For RNA pol III-dependent
promoters, both tRNA and U6 RNA genes are induced when
TBP is overexpressed in Drosophila cells (50). How the X- and
Ras-mediated increases in cellular TBP levels and subsequent
changes in gene expression might contribute to cell transfor-
mation and tumorigenesis needs to be further explored. Inter-
estingly, TBP mRNA has been found to be overexpressed in
lung and breast carcinomas compared to normal human tissue
(56).

Our results show that the level of RNA pol III-dependent
transcription parallels the cellular level of TBP. We have pre-
viously demonstrated that the X-mediated increase in TBP is
sufficient for enhancing RNA pol III-dependent transcription
(50, 58). There are several possibilities for how the increase in
TBP could modulate transcription. This enhanced transcrip-
tion could result from an increased number of active TFIIIB
complexes. Alternatively, an increase in the number of func-
tional TFIID complexes could stimulate RNA pol II-depen-
dent gene activity and indirectly enhance RNA pol III-depen-
dent transcription. A third possibility is that the enhanced
transcription could be a result of antirepression by TBP,
through its interaction with molecules such as Rb or Dr-1,
known repressors of RNA pol III-dependent transcription (61,
65). Evidence so far supports the view that TBP acts directly on
RNA pol III-dependent promoters by increasing functional
TFIIIB complexes. First, analysis of the activities of TFIIIB,
TFIIIC, and RNA pol IIT in X-expressing cells revealed that
only TFIIIB activity is increased (58). We have also analyzed a
mutant TBP protein that was found to be specifically defective
in RNA pol III-dependent transcription, yet it fully retained its
ability to activate certain RNA pol II-dependent promoters
(50). This result demonstrates that the enhanced activity of
RNA pol II-dependent promoters is not sufficient to activate
RNA pol III-dependent promoters. Furthermore, this mutant
TBP was shown to be defective in its ability to stably associate
with one of the TFIIIB subunits, demonstrating that it cannot
form functional TFIIIB complexes (54). Together, these re-
sults provide evidence to support the view that the X-mediated
increase in the cellular levels of TBP produce an increase in
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the number of functional TFIIIB complexes which stimulates
RNA pol IIl-dependent transcription. However, we cannot
rule out the possibility that the increase in cellular TBP pro-
duces an antirepression effect which further contributes to the
enhancement of RNA pol III-dependent transcription.

The mechanism by which X or Ras increases cellular TBP
remains to be addressed. However, preliminary studies indi-
cate that the steady-state level of TBP mRNA is increased in
X-expressing cells (51). This finding suggests that the activa-
tion of the Ras/Raf-1 signaling pathway may stimulate tran-
scription of the TBP promoter. The human TBP promoter has
been recently shown to contain several putative ETS transcrip-
tion factor binding sites, and at least one of these elements is
essential for transcription (17). Interestingly, several ETS tran-
scription factor family members have been shown to be acti-
vated by the Ras pathway (49), and the function of the ETS
proteins appears to be conserved between vertebrates and Dro-
sophila (1). Thus, consistent with our results, it is possible that
TBP levels are modulated by a common mechanism in both
mammalian and insect cells.

These results represent the first demonstration that RNA
pol III-dependent gene activity is regulated by the Ras/Raf-1
signaling pathway. Since this signaling cascade plays a central
role in cell cycle and growth control, these results support the
notion that regulation of the synthesis of RNA pol III tran-
scripts, which includes tRNAs and 5S RNAs, contributes to the
growth potential of the cell. This is consistent with previous
studies that have shown that RNA pol III-dependent gene
expression is regulated in response to agents that affect cell
growth or the cell cycle. Down-regulation of RNA pol III-
dependent transcription has been observed in cells due to
cycloheximide treatment or growth into stationary phase (48),
during the differentiation of F9 embryonic carcinoma stem
cells into endoderm (63), and in cells that express the tumor
suppressor retinoblastoma protein (65). Conversely, the tu-
mor-promoting agent tetradecanoyl phorbol acetate has been
shown to activate RNA pol III-dependent promoters (18, 19).
Simian virus transformation also has been shown to enhance
RNA pol III-dependent transcription activity (64). Further-
more, RNA pol III-dependent gene expression has been shown
to be cell cycle regulated and dependent on the mitotic state of
the cell (20, 62).

Since X has been shown to induce focus formation in certain
cells (46) and to promote the development of tumors in certain
transgenic mice strains (26, 29, 52), it is thought that X may be
an important factor in the development of hepatocellular car-
cinoma in individuals chronically infected with HBV. Consis-
tent with these observations, X stimulates DNA synthesis (4,
31) and cell cycle progression (5, 31). Since increased tRNA
and rRNA synthesis is required to sustain enhanced rates of
cell proliferation, it is possible that the X-mediated induction
of tRNA and rRNA synthesis is a necessary event leading to
cell transformation and tumorigenesis. By responding to
changes in growth rate, the transcription of tRNAs and rRNAs
could regulate the level of ribosome production and the trans-
lational potential of the cell. Consistent with this idea, the X
protein also transactivates RNA pol I-dependent promoters
which are responsible for the synthesis of the 28S, 18S, and
5.8S rRNAs. Furthermore, X induction of RNA pol I-depen-
dent gene activity is mediated by the activation of Ras (57).
Whether the Ras-mediated induction of RNA pol I- and III-
dependent genes by X and the subsequent increase in tRNAs
and rRNAs contributes to cell transformation and prolifera-
tion remains to be determined.
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