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The matrix (M) protein of vesicular stomatitis virus (VSV) functions in virus assembly and inhibits host-
directed gene expression independently of other viral components. Experiments in this study were carried out
to determine the ability of M protein to inhibit transcription directed by each of the three host RNA polymer-
ases (RNA polymerase I [RNAPI], RNAPII, and RNAPIII). The effects of wild-type (wt) VSV, v6 (a VSV mutant
isolated from persistently infected cells), and tsO82 viruses on poly(A)1 and poly(A)2 RNA synthesis were
measured by incorporation of [3H]uridine. v6 and tsO82 viruses, which contain M-gene mutations, had a de-
creased ability to inhibit synthesis of both poly(A)1 and poly(A)2 RNA. Nuclear runoff analysis showed that
VSV inhibited transcription of 18S rRNA and a-tubulin genes, which was dependent on RNAPI and RNAPII, re-
spectively, but infection with wt virus enhanced transcription of 5S rRNA by RNAPIII. The effect of M protein
alone on transcription by RNAPI-, RNAPII-, and RNAPIII-dependent promoters was measured by cotransfec-
tion assays. M protein inhibited transcription from RNAPI- and RNAPII-dependent promoters in the absence
of other viral gene products. RNAPIII-dependent transcription of the adenovirus VA promoters was also inhib-
ited by M protein. However, as observed during wt VSV infection, M protein enhanced endogenous 5S rRNA tran-
scription, indicating that the inhibition of transcription by RNAPIII was dependent on the nature of the promoter.

Infection of cells with vesicular stomatitis virus (VSV) re-
sults in a rapid and potent shutoff of host macromolecular syn-
thesis, including the inhibition of host DNA, RNA, and protein
synthesis. The ability of VSV to inhibit host transcription has
been examined extensively and is known to occur at the level of
initiation by host RNA polymerases (30). VSV infection inhib-
its activity of all three host RNA polymerases (RNA polymer-
ase I [RNAPI], -II, and -III), but genes transcribed by RNAPII
appear to be more sensitive to the effects of virus infection
than those transcribed by RNAPI and RNAPIII (28, 30).

Previous experiments have revealed that viral transcription
is essential for shutoff of host transcription by VSV (29) and
have implicated leader RNA as being involved. However, more
recently, the viral matrix (M) protein has been found to play a
role in the cytopathic effects associated with VSV infection. M
protein is a major structural protein that normally functions in
viral assembly by binding the ribonucleoprotein core of the
virus to the host plasma membrane during the budding process
(reviewed in reference 21). However, M protein causes the cell
rounding characteristic of VSV infection when expressed in
the absence of other viral components (5, 23, 31). In addition,
M protein is capable of inhibiting host-directed transcription
of RNAPII-dependent promoters in vivo in the absence of
other viral gene components (2, 3, 11, 25). The ability of M
protein to inhibit host transcription is quite potent, as 1,000-
fold-more M protein is produced in infected cells than is nec-
essary for 50% inhibition of target gene expression by M pro-
tein (22). The mechanism by which M protein inhibits host
transcription is not known.

Further evidence for the role of M protein in inhibition of
host gene expression has been provided by the conditionally
temperature-sensitive VSV mutant, tsO82 (9). tsO82 virus is

defective in the ability to shut off host RNA synthesis and
induce the cell rounding characteristic of VSV infection (1, 9,
23). The M gene of tsO82 virus contains a single point muta-
tion leading to a methionine-to-arginine substitution at posi-
tion 51 of the protein sequence. The M51R mutation is the
same as that found recently in the M protein of the T1026R1
mutant virus, which was previously found to be defective in
shutting off host RNA and protein synthesis (10–12, 27). This
mutation renders tsO82 M protein defective in its ability to
inhibit RNAPII-dependent transcription at all temperatures
but does not affect its function in virus assembly, as determined
by complementation analysis (3, 19). These results demon-
strate that the role of M protein in inhibition of host gene
expression is genetically distinct from its function in virus as-
sembly. This conclusion is reinforced by the MN1 mutant,
which was generated by deleting the M-protein region span-
ning amino acids 4 to 21. MN1 protein displayed a phenotype
complementary to that of tsO82 M protein in that it demon-
strated full activity in inhibition of host gene expression, but its
ability to function in virus assembly was abolished (3). More
recently, the M genes of viruses isolated from persistently
infected cells have been analyzed. v6 virus was plaque purified
from a culture supernatant of L cells persistently infected with
VSV (1, 14, 32). When tested for its ability to inhibit total host
RNA synthesis, v6 was approximately twofold less effective
than wild-type (wt) VSV but not as defective as the tsO82 virus
(1). The reduced ability of v6 virus to inhibit host RNA syn-
thesis was linked to a mutation at position 163 of the M-protein
sequence leading to an asparagine-to-aspartate (N163D) sub-
stitution (1). Therefore, data from both tsO82 and v6 mutants
indicate that M-gene mutations contribute to a reduction in
the cytopathic effects of virus infection.

There is little, if any, promoter specificity in M-protein-
induced inhibition of host cell transcription by RNAPII (22).
The RNAPII-dependent promoters that have been shown to
be inhibited by M protein include promoters with a wide va-
riety of activating sequences, such as the following: the simian
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virus 40 (SV40) early promoter (1–3); the adenovirus major
late promoter (22); the herpes simplex virus thymidine kinase
promoter (22); the long terminal repeat promoters of human
immunodeficiency virus (25), Rous sarcoma virus (22), and
mouse mammary tumor virus (unpublished results); cellular
promoters for class I major histocompatibility complex (22)
and beta interferon (11); and the TATA-independent pro-
moter for dihydrofolate reductase (22). It has been reported
previously that some RNAPII-dependent promoters are rela-
tively resistant to the inhibitory effects of VSV infection, for
example, genes that are responsive to stimulation by interferon
(6). However, this resistance appears to require the expression
of double-stranded RNA following virus infection. These pro-
moters are not resistant to the inhibitory effects of M protein
expressed in the absence of other viral components (22). All of
the promoters that have been examined, including those with
interferon-stimulated response elements, appear to be as sus-
ceptible to M-protein-induced inhibition as the SV40 promoter
is (22 and unpublished results).

The lack of promoter specificity in M-protein-induced inhi-
bition of RNAPII-dependent transcription suggests that M
protein inactivates some component of the basal transcription
machinery. However, it was not known whether M protein
alone inhibits transcription directed by the other host RNA
polymerases, RNAPI and RNAPIII. Alternatively, other viral
components might be involved in inhibition of RNAPI- or
RNAPIII-dependent transcription. Experiments presented here
define the ability of M protein to suppress transcription di-
rected by each of the host RNA polymerases both when ex-
pressed alone and in the context of a virus infection. It was
found that M-protein mutations in tsO82 virus and the v6 virus
from persistently infected cells decreased the ability of VSV to
inhibit synthesis of both poly(A)1 and poly(A)2 RNAs. Nu-
clear runoff analysis showed that VSV inhibited transcription
of 18S rRNA and a-tubulin genes, which was dependent on
RNAPI and RNAPII respectively, but infection with wt virus
enhanced transcription of 5S rRNA by RNAPIII. Similarly, M
protein inhibited transcription from RNAPI- and RNAPII-
dependent promoters in the absence of other viral gene prod-
ucts, as shown by cotransfection experiments. However, the
inhibition of transcription by RNAPIII appeared to be depen-
dent on the nature of the promoter. Expression of M protein
inhibited transcription from the RNAPIII-dependent adenovi-
rus VA promoters but stimulated transcription of 5S rRNA.

Effects of VSV mutants on poly(A)1 and poly(A)2 RNA syn-
thesis. The effects of wt, v6, and tsO82 viruses on poly(A)1 and
poly(A)2 RNA synthesis were determined to distinguish the
ability of M protein to inhibit transcription by RNAPII com-
pared to transcription by RNAPI and RNAPIII. BHK and
mouse L cells were infected with wt, v6, and tsO82 viruses (or
mock infected) at a multiplicity of infection of 20 PFU/cell. At
2, 4, and 6 h postinfection, cells were labeled with [3H]uridine
(20 mCi/ml) for 30 min, which labels both host RNA and viral
RNA. Parallel samples were incubated and labeled in the pres-
ence of actinomycin D to measure virus-specific RNA synthe-
sis. Cells were harvested and resuspended in sodium dodecyl
sulfate (SDS) lysis buffer, and lysates were incubated in the
presence of oligo(dT) cellulose (InVitrogen) to separate RNA
species into poly(A)1 and poly(A)2 fractions. Aliquots of
these separate fractions were precipitated with trichloroacetic
acid, and acid-insoluble radioactivity was determined by scin-
tillation counting. Values of samples incubated in the presence
of actinomycin D were subtracted from the total counts to
determine the rate of host RNA synthesis.

Data from a representative experiment (of four separate
experiments) in infected L cells are shown in Table 1. L cells
infected with wt VSV showed a progressive increase in actino-
mycin D-resistant viral RNA synthesis and a progressive de-
crease in host RNA synthesis for both poly(A)1 and poly(A)2

RNA over the time course of the experiment. In contrast to
previous data in other cell types (28, 30), poly(A)2 RNA syn-
thesis was at least as sensitive to VSV-induced inhibition as
poly(A)1 RNA synthesis. In cells infected with tsO82 virus,
which contains the M51R M-gene mutation, viral RNA was
synthesized at a level similar to that of cells infected with wt
VSV. tsO82 virus had decreased ability to inhibit both poly
(A)1 and poly(A)2 host RNA synthesis, supporting the idea
that M protein is involved in the inhibition of synthesis of both
poly(A)1 and poly(A)2 RNA. Likewise, v6 virus, which con-
tains the N163D M-gene mutation, failed to inhibit both poly
(A)1 and poly(A)2 host RNA synthesis as effectively as wt
VSV did. Cells infected with v6 virus synthesized much less
viral RNA than cells infected with wt VSV, despite the fact
that viral proteins are synthesized at levels comparable to those
of cells infected with wt VSV (1, 14). This is due to differences
in control of translation in cells infected with viruses isolated
from persistently infected cells, leading to more efficient trans-
lation of viral mRNAs (14).

TABLE 1. Incorporation of [3H]uridine into poly(A)1 and poly(A)2 RNA of VSV-infected L cells

Virus Time (h)
postinfection

3H cpm (103)a
Viral RNA synthesis

(% of total)b
Host RNA synthesis
(% of uninfected)c

2 Act D 1 Act D

A1 A2 A1 A2 A1 A2 A1 A2

wt 2 13.0 16.8 0.80 0.23 6.2 1.4 75 47
4 9.36 12.2 2.91 0.98 31 8.0 42 31
6 8.20 4.55 4.15 0.76 51 16.7 25 8

tsO82 2 13.6 35.3 0.67 0.30 4.9 0.8 79 100
4 16.8 29.8 3.07 1.35 18 4.5 90 79
6 13.3 20.3 3.66 1.30 28 6.4 60 41

v6 2 14.0 21.4 0.43 0.14 3.1 0.7 83 61
4 9.08 16.0 0.20 0.15 2.2 0.9 58 44
6 8.59 10.3 0.20 0.12 2.3 1.2 51 22

a Abbreviations: 2 Act D, in the absence of actinomycin D; 1 Act D, in the presence of actinomycin D; A1, poly(A)1 RNA; A2, poly(A)2 RNA.
b Viral RNA synthesis calculated as a percentage of total RNA synthesis by dividing the 3H counts per minute (cpm) found in the presence of actinomycin D by 3H

cpm found in the absence of actinomycin D.
c Host RNA synthesis calculated as a percentage of uninfected control by subtracting the 3H cpm found in the presence of actinomycin D from 3H cpm found in the

absence of actinomycin D and then dividing this value by the 3H cpm of mock-infected control.
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Similar data were obtained for BHK cells. Host poly(A)1

RNA synthesis in infected BHK cells is shown in Fig. 1A as a
percentage of the uninfected control value. wt VSV inhibited
poly(A)1 RNA synthesis nearly completely by 6 h postinfec-
tion, while tsO82 and v6 viruses exhibited defective inhibition
of poly(A)1 RNA synthesis. At 2 h postinfection, there was no
detectable inhibition of poly(A)1 RNA synthesis by tsO82 vi-
rus and inhibition by v6 virus was intermediate between that of
tsO82 virus and wt VSV. The ability of v6 virus to inhibit poly

(A)1 RNA synthesis reached a constant level at 50 to 60% of
uninfected controls by 6 h postinfection, whereas tsO82 vi-
rus continued to progressively inhibit poly(A)1 RNA synthe-
sis over time, so that by 6 h postinfection, these two viruses
inhibited host RNA synthesis to similar extents. A similar trend is
shown in Fig. 1B demonstrating the effects of wt and mutant
viruses on host poly(A)2 RNA synthesis. Inhibition of poly
(A)2 RNA synthesis by wt VSV (Fig. 1B) was not as rapid as
inhibition of poly(A)1 RNA synthesis was (Fig. 1A). M-gene
mutations decreased the ability of the virus to inhibit poly(A)2

RNA synthesis. However, poly(A)1 RNA synthesis mediated
by RNAPII appeared to be more sensitive to the effect of M-
gene mutations than did poly(A)2 RNA synthesis by RNAPI
and RNAPIII. The data from both L cells and BHK cells
indicate that viruses with M-gene mutations are less effective
than wt VSV in their ability to reduce both poly(A)1 and poly
(A)2 RNA synthesis, supporting the idea that M protein is
involved in the inhibition of transcription of both poly(A)1 and
poly(A)2 RNA.

Effect of M protein on transcription directed by RNAPI. The
effect of M protein on transcription directed by each of the
host RNA polymerases in the absence of other viral compo-
nents was tested by cotransfecting plasmid DNAs containing
RNAPI-, RNAPII-, and RNAPIII-dependent promoters into
BHK cells together with in vitro-transcribed M mRNA. M
protein was expressed from in vitro-transcribed M mRNA in-
stead of transfected plasmid DNA to avoid the M-protein-
induced inhibition of its own synthesis from DNA vectors that
require host transcriptional activity (2, 4). Transcriptional ac-
tivity of these cotransfected cells was measured in a nuclear
runoff assay, in which isolated nuclei were incubated in an in
vitro transcription reaction mixture containing [a-32P]UTP.
The basis of the nuclear runoff assay is that only transcripts
that have initiated prior to the isolation of the nuclei are
elongated in the runoff reaction, so that the amount of labeling
reflects the number of polymerases actively transcribing in
vivo. Labeled RNAs were then hybridized to DNA probes
which had been fixed on nitrocellulose membrane filters in
slots and analyzed by autoradiography. This is the method of
choice for measuring in vivo transcription rates of individual
RNAs, which is distinct from measurement of steady-state
RNA levels by techniques such as Northern blotting (16). The
transfected plasmid DNA containing the RNAPI promoter,
pHrMr, encodes the mouse rRNA gene, which is recognized by
the hamster polymerase in BHK cells (26). However, the tran-
script produced does not share enough sequence similarity
with the endogenous hamster rRNA gene to cross-hybridize.
Thus, only transcription in transfected cells, which also ex-
pressed M protein, was measured in these experiments.

To determine the effect of M protein on transcription by
RNAPI, BHK cells in 100-mm-diameter dishes (approximately
3 3 106 cells per culture) were cotransfected with M mRNA
(36 or 360 ng) or yeast RNA (360 ng) as a negative control (1)
together with a constant amount of pHrMr plasmid DNA. At
24 h posttransfection, nuclei were isolated and total RNA was
elongated in a nuclear runoff reaction (2). Labeled RNA was
hybridized to linearized plasmid DNA, an autoradiogram of
which is shown in Fig. 2A. The dose-dependent inhibition of
transcription from the RNAPI-dependent promoter in pHrMr
by wt M protein is readily apparent. As a control, cotransfec-
tion of pHrMr plasmid DNA with tsO82 M mRNA did not
lead to detectable inhibition of transcription (Fig. 2B). As an
additional control, there was no hybridization with labeled
RNA from cells that were not transfected with pHrMr DNA
(Fig. 2C), indicating that only transcription in transfected cells,
which also expressed M protein, was measured in these exper-

FIG. 1. Poly(A)1 (A) and poly(A)2 (B) RNA synthesis in BHK cells infected
with wt, tsO82, and v6 viruses. BHK cells were infected with wt (open circles),
tsO82 (closed squares), and v6 (closed triangles) viruses at a multiplicity of
infection of 20 PFU/cell. Parallel samples were infected in the presence of
actinomycin D. At 2, 4, and 6 h postinfection, cells were labeled with [3H]uridine
(20 mCi/ml) for 30 min. Cells were harvested and lysed in SDS lysis buffer. To
separate poly(A)1 and poly(A)2 RNAs, lysates were incubated in the presence
of oligo(dT) cellulose (Invitrogen), washed in high-salt buffer, and eluted in
low-salt buffer. Samples were then precipitated with 7% trichloroacetic acid on
ice and washed twice with 7% trichloroacetic acid. Acid-precipitable radioactivity
was measured by scintillation counting. Values of samples incubated in the
presence of actinomycin D were subtracted from the total counts to determine
the rate of host RNA synthesis. Data shown are means 6 standard deviations for
four experiments.
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iments. These data indicate that M protein of wt VSV inhibits
RNAPI-dependent transcription in the absence of other viral
gene products.

The effect of M protein expressed from transfected mRNA
on transcription by RNAPI in nuclear runoff experiments was

compared quantitatively to the effect of virus infection. BHK
cells were infected with wt or tsO82 virus at a multiplicity of
infection of 20 PFU/cell or were mock infected. Nuclei were
isolated at 6 h postinfection, and total RNA was elongated in
a nuclear runoff reaction. Labeled RNA was hybridized to a
300-bp 18S rRNA cDNA probe generated by reverse transcrip-
tion-PCR of total RNA isolated from BHK cells. The autora-
diogram in Fig. 2D shows that wt VSV inhibited transcription
of the 18S rRNA gene, whereas tsO82 virus did not inhibit
transcription as effectively as wt VSV did. Results from four
separate experiments similar to those in Fig. 2A, B, and D were
quantitated by densitometry (Fig. 2E). Data were expressed as
a percentage of the uninfected control for results from virus-
infected cells or as a percentage of control cells transfected
without M mRNA for the transfection experiments. wt VSV
inhibited 18S rRNA synthesis to a degree similar to that ex-
hibited by M protein when 360 ng of M mRNA was cotrans-
fected together with pHrMr, indicating that M protein inhibits
RNAPI-dependent transcription to a level comparable to the
inhibition observed during virus infection. There was little or
no inhibition by tsO82 M protein both when expressed in a
virus infection and from transfected mRNA. The inhibition of
18S rRNA transcription by wt and tsO82 viruses observed in
the nuclear runoff experiments at 6 h postinfection (Fig. 2E)
was in good agreement with the extent of inhibition of [3H]
uridine incorporation into poly(A)2 RNA (Fig. 1B).

Effect of M protein on transcription directed by RNAPII.
Nuclear runoff experiments similar to those in Fig. 2 compared
the effect of M protein expressed from transfected mRNA with
the effect of virus infection on transcription by RNAPII (Fig.
3). BHK cells were cotransfected with M mRNA together with
pSV2.CAT plasmid DNA. pSV2.CAT contains the chloram-
phenicol acetyl transferase (CAT) reporter gene under control
of the RNAPII-dependent SV40 early promoter (15). In the
experiments shown in Fig. 3A, BHK cells were cotransfected
with wt M mRNA (36 or 360 ng) or yeast RNA (360 ng; nega-
tive control) together with a constant amount of pSV2.CAT
plasmid DNA. Cells were harvested 24 h posttransfection, and
transcription of pSV2.CAT DNA was assayed by nuclear run-
off analysis. Expression of wt M protein inhibited RNAPII-
dependent transcription from pSV2.CAT plasmid DNA in a
dose-dependent manner (Fig. 3A), while no inhibition was
observed following cotransfection with tsO82 M mRNA (Fig.
3B). Since pSV2.CAT contains only viral or bacterial se-
quences, there was no detectable cross-hybridization with
transcripts from untransfected cells in the nuclear runoff ex-
periments (Fig. 3C). The extent of inhibition of pSV2.CAT-
dependent transcription by wt M protein in these nuclear run-
off experiments (Fig. 3E) was similar to the extent of inhibition
of CAT expression measured by enzymatic activity in previ-
ously published experiments performed with the same ratios of
M mRNA per cell (see, e.g., reference 22). These data are also
in good agreement with those of previous nuclear runoff and
Northern blot experiments in which M protein was expressed
from plasmid DNA rather than transfected mRNA (2).

Transcription of the cellular a-tubulin gene in virus-infected
cells was used to compare quantitatively the effect of M protein
expressed from transfected mRNA with the effect of virus
infection on RNAPII-dependent transcription in nuclear run-
off assays. The a-tubulin gene was chosen because it produces
an abundant cellular transcript that was considered to be rep-
resentative of RNAPII activity. BHK cells were infected with
either wt VSV or tsO82 virus at a multiplicity of infection of
20 PFU/cell or were mock infected. At 6 h postinfection, nu-
clei were isolated and incubated in a nuclear runoff reaction.
Labeled RNAs were hybridized to a 600-bp a-tubulin cDNA

FIG. 2. Effect of M protein on transcriptional activity of genes dependent on
RNAPI. (A) BHK cells were cotransfected with pHrMr plasmid DNA and 0, 36,
or 360 ng of in vitro-transcribed wt M mRNA. Cells that received no M mRNA
were cotransfected with 360 ng of yeast RNA as a negative control. At 24 h
posttransfection, nuclei were isolated and RNA transcripts were elongated in the
presence of [a-32P]UTP. Labeled RNAs were isolated and hybridized to linear-
ized pHrMr plasmid DNA fixed on nitrocellulose membrane filters. (B) BHK
cells were cotransfected with pHrMr plasmid DNA and 0 or 360 ng of tsO82 M
mRNA. Transcription of pHrMr DNA was assayed by nuclear runoff analysis as
described above for panel A. (C) BHK cells were transfected with pHrMr DNA
or no plasmid DNA as a control for the specificity of hybridization. Transcription
of pHrMr DNA was assayed by nuclear runoff analysis as described above for
panel A. (D) BHK cells were infected at a multiplicity of infection of 20 PFU/cell
with wt or tsO82 virus. Mock-infected cells were used as a control. Nuclei were
isolated 6 h postinfection, and RNA transcripts were elongated in the presence
of [a-32P]UTP. Labeled RNAs were isolated and hybridized to a cDNA fragment
of 18S rRNA immobilized on nitrocellulose membranes. (E) The data from four
(A and D) or three (B) separate experiments were quantitated by densitometry
and expressed as a percentage of the control without M mRNA for the trans-
fection experiments and as a percentage of the uninfected control for the virus-
infected cells. The data are means 6 standard deviations.
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fragment amplified from hamster kidney cDNA made from
poly(A) RNA that was primed with random hexamers and
oligo(dT) (provided by Paul Dawson, Wake Forest University
School of Medicine).

wt VSV inhibited transcription of the a-tubulin gene to a
greater extent than tsO82 virus (Fig. 3D and E). However, the
inhibition of a-tubulin gene transcription by wt VSV in the
nuclear runoff assays (35% of control uninfected cells) was less
pronounced than the virus-induced inhibition of [3H]uridine
incorporation into poly(A)1 RNA (,10% of control unin-
fected cells, Fig. 1A). This contrasts with the good agreement
between the nuclear runoff analysis of 18S rRNA transcription
and [3H]uridine incorporation into poly(A)2 RNA (Fig. 1B
and 2D) and may reflect a resistance of a-tubulin gene tran-
scription to the inhibitory effects of virus infection relative to
other RNAPII-dependent transcripts. As a result, the inhibi-
tion of RNAPII-dependent transcription of pSV2.CAT by
transfection of M mRNA (360 ng) was actually greater than
the inhibition of a-tubulin gene transcription by infection with
wt VSV (Fig. 3E).

Effect of M protein on transcription directed by RNAPIII. In
the experiments shown in Fig. 4A, BHK cells were cotrans-
fected with wt M mRNA (36 or 360 ng) or yeast RNA (360 ng;
negative control) together with pAdVantage plasmid DNA
(Promega), which contains RNAPIII-dependent promoters for
the adenovirus VAI and VAII RNAs. At 24 h posttransfection,
cells were harvested, and transcription of pAdVantage DNA
was assayed by nuclear runoff analysis. Expression of wt M
protein inhibited RNAPIII-dependent transcription from
pAdVantage plasmid DNA in a dose-dependent manner (Fig.
4A), while no inhibition was observed following cotransfection
with tsO82 M mRNA (Fig. 4B). Since pAdVantage contains
only viral or bacterial sequences, there was no detectable cross-
hybridization with transcripts from untransfected cells in the
nuclear runoff experiments (Fig. 4C). The level of inhibition of
RNAPIII-dependent transcription (Fig. 4D) was similar to the
levels of inhibition of RNAPI- and RNAPII-dependent tran-
scription observed in Fig. 2 and 3. Thus, transcription driven by
the adenovirus VA promoters did not differ markedly from
that of RNAPI- or RNAPII-dependent promoters in its sensi-
tivity to M protein-induced inhibition. The promoters used
in this study have been characterized previously to depend
uniquely on RNAPI, -II, or -III for transcription. However, if
M-protein expression allows an altered usage of polymerases,
it is possible that the extent of inhibition of one of the poly-
merases is underestimated because of a contribution from
transcription by another polymerase.

In contrast to the inhibition observed with the adenovirus
VA promoters, the RNAPIII-dependent transcription of 5S
rRNA was stimulated by expression of M protein. In the ex-
periment in Fig. 5A, BHK cells were transfected with wt M
mRNA (360 ng) or yeast RNA (360 ng; negative control) and
were analyzed by nuclear runoff assay at 24 h posttransfection.
For comparison, cells were infected with wt VSV or tsO82 virus
or mock infected and then analyzed at 6 h postinfection (Fig.
5B). Labeled RNAs produced in the nuclear runoff reactions
were hybridized to a hamster 5S rRNA cDNA probe (17) and
analyzed by autoradiography and densitometry. 5S rRNA tran-
scription in wt VSV-infected cells was stimulated about sixfold
over that of uninfected cells, while synthesis by tsO82 virus-
infected cells exhibited levels similar to those found in unin-
fected cells (Fig. 5C). Similarly, there was a threefold stimu-
lation of 5S rRNA transcription in cells transfected with M
mRNA. Under the conditions used in these experiments, ap-
proximately 40 to 60% of cells are transfected (23). Thus, the
data in Fig. 5C underestimate the extent of stimulation by M

FIG. 3. Effect of M protein on transcriptional activity of genes dependent on
RNAPII. (A) BHK cells were cotransfected with pSV2.CAT plasmid DNA and
0, 36, or 360 ng of in vitro-transcribed wt M mRNA. Cells that received no M
mRNA were cotransfected with 360 ng of yeast RNA as a negative control. At
24 h posttransfection, nuclei were isolated and RNA transcripts were elongated
in the presence of [a-32P]UTP. Labeled RNAs were isolated and hybridized to
linearized pSV2.CAT plasmid DNA fixed on nitrocellulose membrane filters. (B)
BHK cells were cotransfected with pSV2.CAT plasmid DNA and 0 or 360 ng of
tsO82 M mRNA. Transcription of pSV2.CAT DNA was assayed by nuclear
runoff analysis as described above for panel A. (C) BHK cells were transfected
with pSV2.CAT DNA or no plasmid DNA as a control for the specificity of
hybridization. Transcription of pSV2.CAT DNA was assayed by nuclear runoff
analysis as described above for panel A. (D) BHK cells were infected at a
multiplicity of infection of 20 PFU/cell with wt or tsO82 virus. Mock-infected
cells were used as a control. Nuclei were isolated 6 h postinfection, and RNA
transcripts were elongated in the presence of [a-32P]UTP. Labeled RNAs were
isolated and hybridized to a cDNA fragment of a-tubulin mRNA immobilized on
nitrocellulose membranes. (E) The data from four (A and B) or two (D) separate
experiments were quantitated by densitometry and expressed as a percentage of
the control without M mRNA for the transfection experiments and as a percent-
age of the uninfected control in the case of the virus-infected cells. The data are
means 6 standard deviations.

VOL. 72, 1998 NOTES 8417



protein, since the transcription rate measured contained con-
tributions from both transfected and untransfected cells. This
stimulation of 5S rRNA transcription contrasts markedly with
the inhibition of transcription of the adenovirus VA RNAs.

A previous study examined the synthesis of individual small
RNA transcripts produced by RNAPII and RNAPIII during
VSV infection and showed that there was a reduction in the
synthesis of 5.8S, U1, and U2 RNAs, while synthesis of 5S and
4S RNAs was not reduced significantly (13). However, stimu-
lation of 5S RNA transcription by VSV was not observed in
this previous study. This difference from our results is probably
related to their use of continuous labeling with [3H]uridine
throughout infection versus the nuclear runoff assay at 6 h post-
infection. Nonetheless, these results are all consistent with ear-
lier work, which indicated that transcription by RNAPIII is the
least sensitive to virus infection (28). However, the RNAPIII-
dependent VAI and VAII promoters were at least as sensitive
to M-protein-induced inhibition of host transcription as the

RNAPI- and RNAPII-dependent promoters. Therefore, the in-
hibition of transcription by RNAPIII was dependent on the
nature of the promoter.

The difference in the effect of M protein on transcription of
the RNAPIII-dependent promoters is probably due to the fact
that the 5S rRNA promoter has a structure that is distinct from
that of the VA promoters. The VA promoters are similar to
tRNA gene promoters in that they have two separated and
variably space elements, box A and box B (20). Initiation com-
plex formation occurs when TFIIIC recognizes box B, while
box A orients the transcription factor on the start site. The
bound TFIIIC allows association of the multisubunit complex
TFIIIB, which is a pivotal step for RNAPIII recruitment and
transcription initiation. The 5S rRNA gene promoter contains
no A and B boxes and therefore, has no TFIIIC binding site.
Transcription initiation is mediated by an intragenic control
region called the box C element. This element is recognized
by TFIIIA, which promotes the association of TFIIIC, there-
by allowing subsequent binding of TFIIIB. However, there is
some evidence suggesting that a preformed TFIIIA-TFIIIC

FIG. 4. Effect of M protein on transcriptional activity of adenovirus VA
genes dependent on RNAPIII. (A) BHK cells were cotransfected with pAdVan-
tage (pAdV) plasmid DNA and 0, 36 or 360 ng of in vitro-transcribed wt M
mRNA. Cells that received no M mRNA were cotransfected with 360 ng of yeast
RNA as a negative control. At 24 h posttransfection, nuclei were isolated and
RNA transcripts were elongated in the presence of [a-32P]UTP. Labeled RNAs
were isolated and hybridized to linearized pAdV plasmid DNA fixed on nitro-
cellulose membrane filters. (B) BHK cells were cotransfected with pAdV plasmid
DNA and 0 or 360 ng of tsO82 M mRNA. Transcription of pAdV DNA was
assayed by nuclear runoff analysis as described above for panel A. (C) BHK cells
were transfected with pAdV DNA or no plasmid DNA as a control for the
specificity of hybridization. Transcription of pAdVantage DNA was assayed by
nuclear runoff analysis as described above for panel A. (D) The data from four
(A) or three (B) separate experiments were quantitated by densitometry and
expressed as a percentage of the control without M mRNA. The data are
means 6 standard deviations.

FIG. 5. Effect of M protein on transcriptional activity of 5S rRNA genes
dependent on RNAPIII. (A) BHK cells were transfected with 0 or 360 ng of in
vitro-transcribed wt M mRNA. At 24 h posttransfection, nuclei were isolated and
RNA transcripts were elongated in the presence of [a-32P]UTP. Labeled RNAs
were isolated and hybridized to linearized cDNA of 5S rRNA fixed on nitrocel-
lulose membrane filters. (B) BHK cells were infected at a multiplicity of infection
of 20 PFU/cell with wt or tsO82 virus. Mock-infected cells were used as a control.
Nuclei were isolated 6 h postinfection, and RNA transcripts were elongated in
the presence of [a-32P]UTP. Labeled RNAs were isolated and hybridized to a
cDNA of 5S rRNA immobilized on nitrocellulose membranes. (C) The data
from four separate experiments were quantitated by densitometry and expressed
as a percentage of the control without M mRNA for the transfection experiments
and as a percentage of the uninfected control in the case of the virus-infected
cells. The data are means 6 standard deviations and are plotted on a logarithmic
scale to accommodate all of the values.
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complex exists in cells to facilitate RNAPIII transcription (20,
34). This difference between the 5S and VA RNAPIII promot-
ers could account for the differential effects on transcription
caused by virus infection as well as by M protein when ex-
pressed in the absence of other viral components.

Results from the experiments presented here are consistent
with the idea that M protein plays a significant role in the
VSV-mediated shutoff of transcription by all three host RNA
polymerases. The hypothesis that M protein inhibits transcrip-
tion by all three host RNA polymerases through a common
mechanism is an attractive one. One possibility is that expres-
sion of M protein inactivates a cellular factor that is required
by all three host RNA polymerases, such as TATA-binding
protein (TBP), which is a subunit of transcription initiation
factors for all three polymerases (34). Indeed, recent evidence
indicates that the VSV-induced inhibition of RNAPII-depen-
dent transcription involves inactivation of TBP (33). If inacti-
vation of TBP is responsible for inhibition of all three host
RNA polymerases, then the inactivation must not prevent in-
teraction of the TBP-containing TFIIIB with TFIIIA in tran-
scription of the 5S rRNA gene. The observed stimulation might
result from an increased availability of TFIIIB due to inhibi-
tion of other RNAPIII-dependent promoters. Alternatively, M
protein may act through different cellular targets to inhibit
each host RNA polymerase. This would be analogous to the
case with poliovirus, in which the viral 3C protease inhibits
RNAPII-dependent transcription through inactivation of TBP
(8) but inhibits RNAPIII-dependent transcription through in-
activation of TFIIIC (7).

It has been demonstrated recently in Xenopus oocytes that
M protein inhibits nuclear-cytoplasmic transport of RNA and
protein mediated by the RAN GTPase and its guanine nucle-
otide exchange factor RCC1 (18). Thus, it is possible that
inhibition of host transcription is an indirect effect of an M-
protein-induced inhibition of nuclear-cytoplasmic transport,
which could lead to a decrease in availability of transcription
initiation factors for all three host RNA polymerases. This
appears less likely, since inhibition of nuclear transport by a
temperature-sensitive RCC1 mutation in BHK cells does not
dramatically affect transcription rates as seen in virus-infected
cells (24). Also, virus-induced inhibition of the activity of TBP
does not appear to involve differences in the level of TBP in
nuclear extracts (33). Future experiments to identify the cel-
lular targets of M-protein action for each of the host RNA
polymerases will resolve the question of whether there is a
single mechanism or multiple mechanisms for inactivation of
all three polymerases.
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