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The effect of herpes simplex virus (HSV) infection on mRNA metabolism was
examined in a system where the fate of a specific RNA sequence can be assayed.
Adenovirus type 5-transformed rat embryo cell line 107 synthesizes adenovirus-
specific RNA (ad-RNA), which functions in the cytoplasm as mRNA. We have
utilized ad-RNA as a model for mRNA metabolism, and in a preliminary study
we characterized ad-RNA in the nucleus and cytoplasm by hybridization to filter-
bound adenovirus DNA. The results indicated that ad-RNA accumulates in the
nucleus and that cytoplasmic polyadenylic acid [poly(A)]-containing ad-RNA
turns over with a half-life of a few hours. Pulse-chase experiments confirmed
these observations, and a half-life of about 5 h was determined for the poly(A)-
containing cytoplasmic ad-RNA. A second class of ad-RNA remains in the
nucleus, where it turns over with a longer half-life (about 24 h). The infection of
107 cells by HSV was restricted at 37°C, giving a burst size of 5 PFU per cell and
allowing continued host DNA synthesis. Protein synthesis was inhibited greater
than 50% by 7 h after infection, and total RNA synthesis was 50% inhibited by 4
h after infection. During the first 8 h after infection, HSV has little effect on the
rate of synthesis of ad-RNA as determined by hybridization of nuclear RNA
samples, but, during the same period, HSV inhibits the accumulation of poly(A)-
containing ad-RNA in the cytoplasm. The degree of this inhibition increases
steadily throughout this period and reaches 60% by 6.5 to 8 h after infection. No
significant effect was seen on the accumulation of total cellular poly(A)-containing
RNA. It was concluded from these experiments that HSV infection alters the
metabolism of ad-RNA so as to prevent the normal appearance of the poly(A)-
containing mRNA in the cytoplasm. The result for ad-RNA may not represent
the behavior of total cellular poly(A)-containing RNA under conditions where
infection is restricted.

Infection with herpes simplex virus (HSV) or
pseudorabies virus results in the reduced incor-
poration of radioactive uridine into RNA (14, 19,
22, 37, 39, 48). It has been established for some
time that the accumulation ofrRNA is inhibited
by HSV infection (48). However, the effect of
the virus on cellular mRNA metabolism has
been more difficult to define, partly because of
problems in assaying cellular mRNA sequences.
The observation that eucaryotic mRNA's may
contain polyadenylic acid [poly(A)] sequences
at their 3' ends has permitted a more direct
assay ofmRNA molecules in HSV-infected cells.
Studies have shown that infection inhibits the
incorporation of uridine into nonviral adenyl-
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ated RNA in both the nucleus and the cyto-
plasm, thus implying that production of cellular
mRNA was inhibited by HSV type 1 (HSV-1)
(44).
Previous work in our laboratory established

that HSV-1 infection reduces both the rate of
synthesis and the steady-state level of polyoma-
specific RNA in polyoma virus-transformed
BHK cells (36). Such studies have employed the
transformed cell message as a model for a spe-
cific cellular mRNA. To extend these observa-
tions, we report here on the metabolism of ade-
novirus-specific RNA (ad-RNA) in adenovirus-
transformed rat embryo cell line 107. The char-
acteristics of ad-RNA in transformed cells sug-
gest that it is metabolized in a fashion similar to
cellular mRNA's (42, 47, 49). We thought that
this system might prove useful for studying
mRNA metabolism in HSV-1-infected cells.
This approach has also revealed a model for the
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metabolism of ad-RNA sequences in the unin-
fected transformed cell.

(A preliminary report of this research was
presented at the 77th Annual Meeting of the
American Society for Microbiology, New Or-
leans, La., 8-13 May 1977.)

MATERIALS AND METHODS

Cells and virus. 107, a continuous line derived
from the transformation of Fisher rat embryo cells by
adenovirus 5 temperature-sensitive mutant H5ts107,
was a generous gift of H. S. Ginsberg. Cells were grown
as monolayers in Eagle minimal essential medium
(MEM) without calcium and supplemented with 5%
fetal bovine serum and 0.1 mM nonessential amino
acids (15). Cultures were screened periodically for
mycoplasma by their ability to incorporate radioactive
uridine and uracil (16). KB cells were grown in Eagle
MEM with 10% calf serum. BHK cells were grown in
Eagle MEM with 5% fetal bovine serum.
The prototype strain of adenovirus 5 was obtained

from H. S. Ginsberg. Stocks of virus were prepared by
infecting suspension cultures of KB cells. Cells were
harvested 36 to 40 h after infection. After six cycles of
freezing and thawing, cellular debris was removed by
centrifugation.
HSV-1 strain HF was grown in KB cells (13). Stocks

were prepared by infecting confluent monolayers with
0.1 PFU per cell for 48 to 72 h. Virus was released from
the cells by homogenization. High-titer stocks of HSV-
1 were prepared by infecting monolayers or suspension
cultures of KB cells at 5 to 20 PFU per cell. After 24
h, infected cells were collected and suspensions were
disrupted by sonic treatment. All media for HSV-1-
infected cultures were supplemented with 0.1 mM
arginine. Indirect immune fluorescence using antisera
against HSV-1 antigens was employed to demonstrate
that all 107 cells were infected under the experimental
conditions used.
Assay of viruses. Adenovirus was assayed by a

fluorescent-focus procedure (35, 46, 50). The plaque
assay for HSV was a modification of the assay de-
scribed by Flanagan (14). Confluent monolayers of
BHK cells on 35-mm-diameter plates were infected
with 0.25 ml of sonically treated viral suspensions
which had been diluted appropriately. At 2 h, cells
were overlaid with 3 ml of medium. After 24 h, the
medium was poured off and the plates were allowed to
air dry. Plaques appeared as syncytia.

Purification of viral DNAs. Adenovirus was pur-
ified from infected cells by the method of Lawrence
and Ginsberg (24). Herpesvirus nucleocapsids were
prepared according to Kieff et al. (23). DNA was
extracted from virus by a modification of the technique
of Bello and Ginsberg (8). Samples were dialyzed
against 0.15 M NaCl-0.015 M sodium citrate-0.01 M
phosphate (pH 7.2). Viral DNA was released by adding
sodium dodecyl sulfate (SDS) to 1% for 30 min fol-
lowed by incubation for 4 h in the presence of 0.5 mg
of Pronase per ml, all at 37°C. All Pronase solutions
were freshly made and predigested for 30 min at 37°C
to inactivate contaminating nucleases. The DNA was
kept at room temperature overnight and then warmed
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to 37°C before being extracted twice with water-satu-
rated phenol. The phenol was removed from the
aqueous phase by ether treatment, and DNA was
dialyzed against 0.1x SSC (lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate). DNA concentrations
were determined by measuring absorbance at 260 rim
(A20). DNA with an A260/A280 ratio greater than 1.9
was used for hybridization.
DNA-RNA hybridization. The filter hybridiza-

tion technique used is a modification of the procedures
of Gillespie and Spiegelman (17) and Stubbs and Hall
(45), using formamide (26). All procedures were carried
out with sterile glassware and solutions.

Hybridizations were performed in 1.5-ml plastic
conical centrifuge tubes (Eppendorf). For adenovirus,
6.5-mm filters containing specific and nonspecific
DNA were immersed in 200,ul of RNA solution con-
taining 50% formamide (Eastman, Spectrograde), 2x
SSC, 0.1% SDS, and 0.2 M triethanolamine (TEA)-
hydrochloride, pH 7.5. Incubation was at 37°C for 90
to 96 h. Filters were washed twice with 2x SSC and
then treated for 60 min at room temperature with 2x
SSC containing 10 jg of pancreatic RNase per ml
(Worthington, heated to 90°C for 10 min) and 2 units
of Ti RNase (Worthington) per ml. Filters were
washed extensively with 2x SSC, dried and counted
for times sufficient to record at least 1,000 total counts.

For HSV-specific RNA, hybridization was done at
66°C for 44 to 48 h in a solution containing 0.9 M
NaCl, 0.2 M TEA-hydrochloride, pH 7.5, and 0.1%
SDS. Filters were washed and treated as described
above.

Labeling and extraction of RNA. The infection
and labeling of 107 cells for DNA were done in main-
tenance media (MM) (Eagle MEM without calcium
supplemented with 1% fetal bovine serum, nonessen-
tial amino acids, and 0.1 mM arginine). Cells growing
on 100-mm-diameter plates were infected with 2 ml of
virus suspension in MM. After a 1.5- to 2-h absorption
period, the infecting medium was removed and the
plates were washed twice with 5 ml of MM. Each plate
then received 10 ml ofMM until isotope was added. A
2-ml portion of [5-3H]uridine (25 to 30 Ci/mmol; New
England Nuclear Corp.), at 100 ,uCi/ml, and 50 ,uM
uridine were added to each plate. Incorporation was
stopped by rapidly chilling the plates. Labeled medium
was removed and the cells were washed with 5 ml of
ice-cold lysis buffer (0.25 M sucrose-0.025 M NaCl-5
mM MgCl2-10 mM TEA-hydrochloride, pH 7.5).

All subsequent procedures were carried out with
sterile solutions and glassware. All manipulations up
to the phenol extractions were performed rapidly at
0°C. Nuclear and cytoplasmic fractions were prepared
according to Buetti (12) and Beard et al. (7). For each
set of three to five plates, the buffer was removed and
1 ml of fresh buffer containing 1% Nonidet P-40 (NP-
40) was added to the first plate. The cells were scraped
from the plates sequentially and removed to a centri-
fuge tube. Plates were washed in the same sequence
with 0.5 ml of lysis buffer containing 0.5% NP-40, and
the cells were disrupted by aspiration. Nuclei were
pelleted at 2,000 rpm for 10 min and washed once with
0.5% NP-40 in lysis buffer. The cytoplasmic superna-
tants were pooled and clarified at 10,000 rpm for 20
min.
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Nuclei were treated with 10,lg of RNase-free DNase
(Worthington) at 37°C for 1 min. Cellular fractions
were quick frozen in a dry ice-ethanol bath and stored
at -20°C until RNA extractions could be performed.

Pulse-chase of RNA. Cells labeled for 3 h as
described above were washed twice with medium con-
taining no uridine and fed a 10-fold excess of cold
uridine (500 ,LM) in MM. RNA was extracted from
nuclear and cytoplasmic samples. To normalize the
recovery of radioactivity, total counts per minute were
corrected for variations in yield and for the growth of
the cells.
As a control for the ability to separate nuclei from

cytoplasmic RNA contamination, components of the
nuclear and cytoplasmic RNA present after an 18-h
chase were examined. RNA was fractionated by elec-
trophoresis in 2.8% polyacrylamide gels. As expected,
the major component accounting for over 60% of the
radioactivity in the stable cytoplasmic RNA was 18S
and 28S RNA. There was also appreciable rRNA in
the nuclear preparation; this was presumed to be
contaminated by ribosomes associated with the outer
nuclear membrane. There were also a significant num-
ber of counts distributed throughout the nuclear gel
which were absent from the cytoplasm. An estimate
of the amount of cytoplasmic RNA contaminating a
typical nuclear RNA preparation was calculated from
the amount of rRNA in several gels by assuming that
all of the rRNA in the cell is cytoplasmic in origin.
About 65% of the cytoplasmic counts per minute were
in rRNA (2.7 x 107 to 3.0 x 107 cpm). For nuclear
RNA, 40% of the counts per minute were in 18 or 28S
(3.0 x 106 cpm). Thus about 10% of the total rRNA
was retained in the nuclear sample.

Extraction of nuclear RNA. Nuclear RNA was
extracted by the hot phenol-SDS procedure (2, 41).
Frozen nuclei were thawed in 4 ml of extraction buffer
(10mM sodium acetate, pH 5.0) and made 1% in SDS.
RNA was extracted three times at 65°C with 90%
distilled phenol in extraction buffer, and a final ex-
traction was performed at room temperature. Nucleic
acids were precipitated from the aqueous phase by
adding NaCl to 0.25 M and 2 volumes of ice-cold
ethanol. Precipitation was at -20°C for at least 3 h.
RNA was precipitated again and the second precipi-
tate was dried in vacuo and dissolved in 1 ml of buffer
(0.5 M NaCl-5 mM MgC12-10 mM CaCl2-10 mM
TEA-hydrochloride, pH 7.5). A 10-,ug/ml amount of
RNase-free DNase was added for 30 min, and the
digestion was repeated (9). In the experiment de-
scribed in Fig. 5, RNA was further deproteinized by
digestion with 0.5 mg of freshly made, predigested
Pronase per ml for 1 h at 37°C. Otherwise, EDTA was
added to 3 mM, and RNA was extracted with an equal
volume of 90% phenol at room temperature and pre-
cipitated twice. The RNA pellet was dried and dis-
solved in extraction buffer. A small aliquot was taken
for determinations of total counts and Am0. Pure RNA
preparations gave an Azoo/A,.m of greater than 2.1. The
remainder of the RNA was divided in half. One portion
was precipitated for hybridization, and the second was
used for oligodeoxythymidylic acid [oligo(dT)]-cellu-
lose chromatography.

Extraction of cytoplasmic RNA. The procedure
of Perry et al. was used (34). Cytoplasm was diluted

with buffer (0.05 M NaCl-6 mM EDTA-10 mM TEA-
hydrochloride, pH 7.5), made 1% in SDS, and ex-
tracted with an equal volume of phenol-chloroform-
isoamyl alcohol (50:50:1). The aqueous phase and in-
terface were reextracted first with an equal volume of
the mixture and then with just chloroform. After two
precipitations, RNA was dried and quantitated as
described above. Cytoplasmic RNA solutions from
infected cells were found to require DNase, Pronase,
and phenol treatment as described above. The final
dried precipitate was dissolved in nuclear extraction
buffer and apportioned as described for nuclear RNA.

Oligo(dT)-cellulose chromatography. Oligo-
(dT)-cellulose (Collaborative Research, Inc.) was
packed into columns (0.5 by 1.5 cm), and poly(A)-
containing RNA was selected by the procedure of Aviv
and Leder (3). RNA was bound with 0.5 M NaCl-0.1%
SDS-10mM TEA-hydrochloride, and the column was
washed extensively with 0.1 M NaCl-10 mM TEA-
hydrochloride, pH 7.5. Poly(A)-RNA was eluted in 10
mM TEA-hydrochloride, pH 7.5. Unbound RNA was
directly precipitated with ethanol. Bound RNA was
precipitated by adding NaCl to 0.25 M, 100 jg of
Escherichia coli tRNA per ml, and ethanol.

Polyacrylamide gel electrophoresis of RNA.
The procedure of Loening (25) was used except that
ethylene diacrylate was used as cross-linking agent
(10). The buffer system was 40 mM Tris-acetate (pH
7.5)-0.2 mM EDTA-10% glycerol. RNA samples were
run on 3% gels of 12 cm in length for 3 h, or on 2.8%
gels for 4 h, at 5 mA per gel. Gel slices (2 mm) were
solubilized with 0.3 ml of concentrated NH40H and
counted.
Growth ofHSV in the presence of neutral red.

The use of neutral red to inactivate HSV-1 was de-
scribed by Rapp et al. (38). Concentrated neutral red-
grown HSV-1 was prepared in aluminum foil-covered
glass bottles. Cells were pretreated with 25 ,ug of neu-
tral red per ml for 2 h. The excess dye was removed
by four washes with warm phosphate-buffered saline
before infection. Infected cells were harvested and
stored in the dark. Virus was inactivated by exposure
to direct fluorescent light for 1 h, a treatment which
completely prevents plaque formation by HSV (38; M.
Factor and G. H. Cohen, personal communication).
All infections of 107 cells with neutral red virus
(treated or untreated) were done in the dark.

Cells growing on 35-mm plates were infected with
0.2 ml of virus suspension for 1 to 2 h, and the infecting
medium was removed. Plates were washed twice with
0.5 ml of MM, and 1.0 ml of the same medium was
added until labeling was to begin. Labeling was done
at 6 h with 5 MCi of [3H]uridine and 2 MCi of [tS]-
methionine per ml in 0.5 to 1.0 ml of MM. Incorpora-
tion was stopped by rapid chilling. Trichloroacetic
acid-insoluble radioactivity was determined. Spillover
of 3S into the 3H channel was 6% with a 10% counting
efficiency.

Pool size determinations. Labeling and the prep-
aration of extracts were carried out according to Roller
and Cohen (40). Forty-eight hours before the experi-
ment cells were transferred to media containing 2.5
,uCi of 'PO4 per ml (carrier free; New England Nuclear
Corp.). All infections and 3H labelings were done in
MM with 2.5 ,uCi of 'PO4 per ml. Cells were harvested,
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and soluble extracts were prepared as previously de-
scribed (40).

Ribonucleoside triphosphates were separated from
all other phosphate-containing small molecules on

thin-layer plates of polyethyleneimine-cellulose
(Brinkman MN PEI-cellulose 300) according to M.
Cashel (personal communication). Plates were pre-
pared by developing with an ascending water wash
before use. Samples (10 ul) were spotted and fan dried.
Plates were then immersed in absolute methanol for
5 min and fan dried again. Chromatograms were de-
veloped in the first dimension with 3.3 M ammonium
formate containing 4.2% boric acid adjusted to pH 7.0
with NH40H. After air drying, the solvent front was

cut off and the plates were washed with 90% methanol
for 15 min. After fan drying, the plates were rotated
900 and developed in the second dimension with 0.75
M KH2PO4, pH 3.4. Plates were dried in a warm

circulating oven, and 32P-containing ribonucleoside tri-
phosphates were localized by overnight exposure of
the chromatograms to Kodak medical X-ray film. Ra-
dioactive areas were cut out of the chromatograms
and counted. The spillover of 32p into the 3H channel
was 3% with a 30% 3H counting efficiency. The identity
of spots was determined by chromatography of known
standards. To standardize counting and to measure

the specific activity of phosphate solutions, known
fractions of 32p media were spotted onto polyethylene-
imine-cellulose plates, and the radioactivity was mea-

sured. Inorganic phosphate was assayed according to
Bartlett (6).

RESULTS
Metabolism of ad-RNA in 107 cells. To

interpret any experiments on the synthesis of
ad-RNA in HSV-1-infected 107 cells, it was nec-

essary to examine the metabolism of this RNA
in uninfected cells. As a first step, the accumu-
lation of radioactive uridine into ad-RNA was

followed. Monolayers were labeled with [3H]ur-
idine as described in Table 1, and RNA extracted
from nuclear and cytoplasmic samples was hy-

bridized to adenovirus DNA under conditions of
DNA excess. Unexpectedly, ad-RNA accumu-

lated in the nucleus at a faster rate than polya-
denylated ad-RNA accumulated in the cyto-
plasm. Since most of the newly labeled cytoplas-
mic ad-RNA is adenylated (Table 2), this result
suggested that more than half of the ad-RNA is
retained in the nucleus and builds up as a stable
population.
To examine this phenomenon more carefully

the decay of prelabeled RNA was studied. The
107 cells were labeled with [3H]uridine for 3 h,
and the radioactivity was chased by washing the
cells with media without added nucleoside fol-
lowed by incubation in the presence of excess

unlabeled uridine. RNA was extracted from nu-

clear and cytoplasmic samples, and from these
fractions poly(A)-containing RNA was isolated.
To normalize the recovery of radioactivity, total
counts were corrected for variations in RNA
yield and for the growth of the cells. An effective
chase should result in an increase in the quantity
of stable cellular RNA proportional to the cell

number, but the amount of radioactivity in this
RNA should not increase. The radioactivity in
total RNA and in the polyadenylated RNA in
samples taken after the chase is shown in Fig. 1.
An efficient chase is suggested because accu-

mulation of radioactivity into total cytoplasmic
RNA, mostly stable rRNA, ceased by 4 to 6 h
after the chase, and 80% of the adenylated nu-

clear RNA chased during the first 4 h. These
two results suggest that there is a low level, if
any, of incorporation of isotope into stable and
unstable species after 4 h, and that the chase
was sufficient to permit the determination of the
stabilities of all but the most rapidly turning
over RNAs.

Figure 1 also shows that the cytoplasmic

TABLE 1. Accumulation of ad-RNA sequences in 107 cells"

Hybridization

SourceofRNADuration of ~~~~~~~~Radioactivity in
Source of RNA labeling (h) RNA added Hybridized sample" (cpm x Ad-RNA (cpm)

(cpm x1lo)10
cpm '4~

Nucleus 1.0 80 60 0.008 160 1,280
1.5 110 70 0.006 230 1,380
3.0 150 150 0.010 250 2,500
6.0 200 210 0.010 400 4,000
9.0 230 280 0.012 470 5,640

Cytoplasm [poly(A)- 1.0 1.4 34 0.24 3.8 910
containing] 1.5 3.0 40 0.13 8.6 1,150

3.0 5.8 60 0.10 13 1,300
6.0 12 140 0.12 26 3,120
9.0 20 160 0.08 43 3,440

"Cells at 4.3 x 10' per plate were labeled with ['H]uridine at a concentration of 50 juM (2 ,uCi/nmol).
Monolayers were fed with fresh labeled medium at 3 and 6 h. At the times indicated samples were harvested
and RNA was extracted from the nucleus and cytoplasm. Samples were hybridized to 8 tig of adenovirus DNA
and the background hybridizing to T4 DNA filters (3 to 8 cpm) was subtracted.

'Normalized for RNA yield from 1-h sample by A25 measurements.

J. viIloI'.
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TABLE 2. Turnover of cytoplasmic ad-RNA"
Hybridization

Duration Radioactivity Ad-RNA % Ade
Source of RNA of chase RNA added Hybridized in sampie (cpm) nylated

(h) (cpm x 10-4) cpm %x 10-5)

Cytoplasm (total) 0 110 101 0.009 250 2,250 75
4 170 85 0.005 420 2,100 51
6 210 84 0.004 450 1,800 43
10 200 55 0.003 450 1,350 34
18 190 56 0.003 460 1,380 16

Cytoplasm [poly(A)- 0 12 150 0.12 14 1,680
containing] 4 9.5 53 0.09 12 1,080

6 7.2 48 0.07 11 770
10 4.4 27 0.06 7.6 460
18 3.2 12 0.04 5.4 220

"Samples prepared as in Fig. 1 were hybridized to 16 ug of adenovirus DNA. The background and radioactivity
hybridizing to T4 DNA filters (average of 8 cpm) were subtracted.
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FIG. 1. Turnover of RNA in 107 cells. 107 cells
were labeled for 3 h as described in Table 1, and the
labeling medium was removed Plates were washed
twice with medium containing 0.5 mM cold uridine.
At the times indicated RNA was extracted from nu-

cleus and cytoplasm, and poly(A)-containing RNA
was isolated. Recoveries of RNA were corrected for
RNA yields byAm measurements and normalized to
the zero time point. Recoveries were also corrected
for the growth ofthe cells by counting the cells on the
plates at the beginning and end of the chase.

poly(A)-containing RNA has an average half-life
of about 13 h. Nuclear RNA has a rapidly de-
caying component, which includes the adenyl-
ated sequences, and a stable component, much

of which may arise from contamination with
rRNA (see Materials and Methods).
To determine the turnover characteristics of

ad-RNA, the RNA samples shown in Fig. 1 were
hybridized to adenovirus DNA. The results for
cytoplasmic ad-RNA (Table 2 and Fig. 2) led to
the following conclusions about ad-RNA in 107
cells. (i) The polyadenylated ad-RNA in the
cytoplasm has a short half-life of about 5 h. (ii)
The nuclear ad-RNA consists of two metabolic
classes. One is transported rapidly to the cyto-
plasm, or decays, within the first 4 h of the
chase. The second is quite stable and is probably
responsible for the accumulation of ad-RNA in
the nucleus. (iii) There appear to be nonaden-
ylated ad-RNA sequences in the cytoplasm
whose absolute amount does not change appre-
ciably during the chase. This ad-RNA becomes
a larger and larger fraction of the total cytoplas-
mic ad-RNA sequences during the chase since
the adenylated ad-RNA is decaying.
Replication of HSV-1 in 107 cells. Figure

3 shows the growth cycle of HSV-1 in 107 cells.
After a latent period of at least 6 h, progeny
virus was detected at 9 h, and the yield of 5 to
10 PFU per cell reached a peak at 15 to 24 h.
This time course agrees with that usually ob-
served for HSV-1, and we chose the latent period
to study the effect of HSV-1 on cellular RNA
synthesis. Indirect immune fluorescence with
anti-herpes serum demonstrated that HSV an-
tigens were present in all the cells. From the
intensity of fluorescence it appeared that the
amount of antigen increased with time postin-
fection.
RNA and protein synthesis in infected

107 cells. To measure the rate of RNA and
protein synthesis at different times after HSV
infection, monolayers of 107 cells were infected
or mock infected and labeled for 30-min periods
with [3H]uridine and [3S]methionine. The data
in Fig. 4 show that the rate of RNA synthesis is

0
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FIG. 2. Turnover of ad-RNA in 107 cells. Samples
prepared as in Fig. 1 were hybridized to excess ade-
novirus DNA and the backgrounds and counts per
minute hybridizing to T4 DNA filters (1 to 5 cpm)
were subtracted. The ad-RNA was calculated from
the percent hybridization and total radioactivity in
the samples as in Table 2. Results are shown as

fraction remaining for two separate determinations.
Top, Cytoplasmic poly(A)-containing RNA; bottom,
nuclear RNA.

inhibited by 4 h after infection to about 50% of
that in uninfected controls, and the inhibition
increases to a maximum of 80% by 10 h. The
inhibition of protein synthesis is not apparent at
4 h but also reaches nearly 80% by 10 h.
To determine whether the inhibition of RNA

and protein synthesis by HSV-1 is multiplicity
dependent, 107 cells were infected at different
multiplicities and assayed for rates of RNA and
protein synthesis as described above. Somewhat
greater inhibitions were obtained by increasing
the multiplicity from 25 PFU per cell to 50 or
100. However, no further inhibition was obtained
at multiplicities greater than 100 (data not
shown).
The virus effect on host synthesis might be

due to an HSV-coded function or to components
of the infecting fluid. To test these possibilities,

7le
a

-J
6

5

:D

2

106

4 8 12 16 20 24

HOURS POST INFECTION.
FIG. 3. Growth curve of HSV-1 in 107 cells. 107

cells in suspension culture at 106 cells per ml were
infected with 7 PFU of HSV-1 per cell. At 2 h after
infection, cells were centrifuged to remove the infect-
ing medium and resuspended in fresh warm medium
containing 0.1 mM arginine. Duplicate samples were
withdrawn at the times indicated and assayed for
infectious virus.

conditions were sought under which expression
of the viral genome was inhibited but infection
of the cells was unaffected. Cycloheximide could
not be used with the 107 cells to study the
inhibition of RNA synthesis by HSV-1 because
it had too great an effect on RNA synthesis in
the uninfected cell. An alternate approach was
to use neutral red-inactivated virus. HSV-1
grown in the presence of the intercalating dye
will replicate normally in the absence of light.
Exposure of the virus stock to light activates the
dye and blocks viral replication upon further
passage (38). To test whether neutral red-inac-
tivated virus inhibits RNA and protein synthe-
sis, infections were done with neutral red-grown
virus and cells were labeled at 6 h after infection
to measure rates of RNA and protein synthesis.
The results in Table 3 show that the neutral red
virus exposed to light did not inhibit RNA or

protein synthesis. The variation in the level of
inhibition in protein synthesis between normal
HSV and unirradiated neutral red HSV was not
considered significant (see Fig. 4 for degree of
variation). We conclude that expression of the
viral genome is responsible for the inhibition of
both RNA and protein synthesis in HSV-in-
fected 107 cells. This interpretation is dependent
upon the premise that light exposure only affects
the genome of the virus and does not have any
secondary effects such as altering the virus' abil-
ity to penetrate and infect the cells or interfering
with some inhibitory component in the infecting
fluid.

Z,INPUT VIRUS
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FIG. 4. Inhibition ofRNA andprotein synthesis in
107 cells infected by HSV-1. Monolayers of 107 cells
(5 x 1iO cellsperplate) were either infected with 20 to
25 PFUper ceU or mock infected. At the times indi-
cated, cells were labeled with 1(K) ICi of/5HJuridine
per ml for 30 min to measure RNA or 2 ,uCi of
I5Slmethionineper ml for 60 min to measureprotein.
Cells were harvested at the times indicated, and acid-
insoluble radioactivity was determined. Results were
expressed as percent incorporation of mock-infected
cultures at each time point. Duplicate plates were
assayed at each time, and the results from three
different experiments are shown.

Rate of RNA synthesis in 107 cells in-
fected with HSV-1. To interpret our measure-
ments of uridine incorporation into RNA classes
after HSV-1 infection, it was necessary that the
specific radioactivity of the immediate precursor
to RNA (UTP) be monitored. Corrections may
then be made for any large fluctuations in pre-
cursor specific activities which might be re-
flected in the rate of accumulation of isotope
into RNA.
To see if infection alters the pools of ribonu-

cleoside triphosphates in 107 cells, the experi-
ment described in Table 4 was performed. There
was no evidence for altered pools in infected
cells. The incorporation of exogenous radioac-

TABLE 3. Inhibition ofRNA andprotein synthesis
in 107 cells infected with neutral red-inactivated

HSV-I"

Treat- % Inhibition
Virusment RNA Protein

Normal HSV-1 None 49 37
Neutral red HSV-1 None 61 73

Light 2 7
a Virus grown in neutral red-treated cells was inac-

tivated by exposure to direct fluorescent light for 60
min. 107 cells were infected in the dark with light-
exposed virus, virus maintained in the dark, or normal
virus, or mock infected. At 6 h after infection, plates
received [3H]uridine and [3S]methionine for 30 min,
and acid-insoluble radioactivity was determined for
duplicate plates. The level of inhibition is expressed
as percentage of mock-infected cultures.

TABLE 4. Ribonucleoside triphosphate pools in
HSV-1-infected and mock-infected 107 cells'

Time of harvesting Nucleotides (nmol)
(h) of: GTP ATP CTP UTP

Uninfected (0) 0.27 1.44 0.29 1.33
Uninfected (2) 0.53 2.50 0.46 1.87
Infected (2) 0.58 2.27 0.48 2.01
Uninfected (10) 0.75 3.61 0.75 3.63
Infected (10) 1.07 3.87 1.30 4.43

a 107 cells were grown in monolayers and main-
tained in medium containing 32PO4 and 10% fetal calf
serum. 9.6 x 106 cells per plate were infected with 100
PFU of HSV-1 per cell or mock infected. At the times
indicated, acid-soluble extracts were prepared and nu-
cleoside triphosphates were separated and quanti-
tated. Results are expressed per 106 cells.

tive uridine (3H labeled) into the intracellular
UTP pool was then followed to see if RNA was
being synthesized from a pool of constant spe-
cific activity throughout the infection. Table 5
shows that the specific radioactivity of the UTP
pool does not vary greatly in infected 107 cells
and cannot account for the inhibition of RNA
synthesis observed, assuming that compart-
mentalization of the UTP pool has not obscured
such changes. To the contrary, the slight in-
crease in the specific activity of the UTP pool
could only result in an underestimation of the
degree of inhibition ofRNA synthesis. The pool
expansion seen in both experiments was not a
consequence of infection but rather of the media
change.
To determine more accurately the rate of

RNA synthesis in infected cells, infected or
mock-infected monolayers were labeled for 30
min at different times, and RNA was extracted
from nuclei. In a 30-min label, 90% of the radio-
activity in RNA is present in the nucleus. The

PROTEIN
A

VOL. 27, 1978 7



8 SPECTOR AND PIZER

TABLE 5. Size and specific activity of the UTP pool
in HSV-1-infected 107 cellsa

Analysis of UTP pool Rela-
Time of la- tive
beling after concn
infection 3H cpm H (in-

(h) nmol x 1o-3 cpm/ fected/
pmol unin-

fected)

Uninfected 1.2 35 29 1.0
2.0-2.5 1.1 45 41 1.4
3.5-4.0 1.6 54 34 1.2
5.0-5.5 1.7 64 38 1.3
6.5-7.0 2.2 85 39 1.3

107 cells were grown in layers and maintained in
medium containing 32P04 as described in Materials
and Methods. 2.5 x 107 cells per plate were infected
with 100 PFU of HSV-1 per cell and labeled with 100
/LCi of [3H]uridine per ml (2 ftCi/nmol) at the times
shown. Acid-soluble extracts were prepared and nu-
cleoside triphosphates were separated and quanti-
tated. The 32P and 3H present in UTP were deter-
mined. Results are expressed per 106 cells. The radio-
activity shown above represents the [3H]uridine incor-
porated into UTP, and the quantities were calculated
utilizing measurements of both 32P (endogenous pool
size) and [3H]uridine (exogenous uridine incorpora-
tion).

results in Fig. 5 have been corrected for the
minor changes in the specific activity of the
UTP pools. They indicate that infection causes
a gradual shut off of RNA synthesis, reaching
greater than 50% by 5 to 5.5 h after infection
(Fig. 5A). When samples were hybridized to
HSV-1 DNA, it could be seen that the rate of
herpes-specific RNA synthesis steadily increases
during this time period (Fig. 5B). Thus the in-
hibition of RNA synthesis is specific for host
RNA.
Nuclear RNA samples were hybridized to ad-

enovirus DNA. Figure 5C shows that infection
by HSV-1 had a small effect on the rate of RNA
synthesis at least during the first 6 h postinfec-
tion. It should be noted that since the rate of
total RNA synthesis is declining, nuclear RNA
from infected cells actually contains a higher
proportion of radioactivity in ad-RNA. This ex-
periment suggested that early after infection,
herpesvirus may only inhibit slightly the tran-
scription of ad-RNA in 107 cells.
Accumulation of RNA in the cytoplasm

of infected cefls. If 107 cells are labeled with
uridine for 90 min, almost 30% of the label in
RNA is present in the cytoplasm. To examine
the short-term accumulation of RNA classes in
the cytoplasm, infected or mock-infected 107
cells were labeled for 90-min intervals and RNA
was extracted from the cytoplasmic samples.
Although there is some effect of HSV-1 infection
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FIG. 5. Rates ofRNA sYnthesis in HSV-1-infected
107 cells. For each sample 7.5 x16t cells (three plates)
were infected with 100PFUofHSV- percell ormock
infected. At the time shown eH]uridine was added
for 30 min at 100 liCi/ml (2 liCilnnwl). Cells were
harvested and RNA was extracted friom nuclei. (A)
Yields ofRNA were normalized to the RNA from the
uninfected culture on the basis of A260. (B) Samples
were hybridized to 4 pg of HSV-1 DNA, and RNase-
resistant radioactivity was determnined. (C) Samples
were hybridized to adenovirus DNA. The results of
two separate experiments were averaged and the
variation from the plotted mean values is indicated.

on the appearance of total cytoplasmic RNA
(Table 6), this decrease did not reflect the rate
of nuclear RNA synthesis (Fig. 5A). This is
especially evident at 5 and 6.5 h after infection
when the rate of synthesis is inhibited by more
than 50% while the accumulation in the cyto-
plasm is inhibited by 20 to 30%. Because the
appearance ofrRNA in the cytoplasm is reduced
to 25% of that in uninfected cells (Table 6), the
transport of non-rRNA including polyadenyl-
ated RNA (last two columns of Table 6 and Fig.
6A) must be maintained.
To determine if HSV-specific RNA is made in
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TABLE 6. Accumulation of classes of cytoplasmic RNA in HSV-1-infected 107 cellsa
Total RNA rRNA Poly(A)-RNA

Time of labeling after
infection (h) Sp act % Inhibition % of total Sp act % of total Sp act

(cpm/ng) (cpm/ng) (cpm/ng)

Uninfected 10 15 1.5 6.0 0.60
2.0-3.5 8.4 16 23 1.9 7.8 0.66
3.5-5.0 10 0 24 2.4 8.0 0.80
5.0-6.5 8.3 17 10 0.8 8.3 0.69
6.5-8.0 6.9 31 6 0.4 10 0.69

a Cytoplasmic RNA was extracted from samples labeled for 90-min periods under conditions described in the
legend to Fig. 5. Quantities of RNA were determined by A2eo. For quantitation of rRNA, samples were
electrophoresed for 3 h on 3% polyacrylamide gels. '4C-marker rRNA was used to locate the 18S and 28S peaks
in the gels. The percentage of rRNA was calculated from the radioactivity in the slices. For the determination
of poly(A)-containing RNA samples were fractionated on oligo(dT)-cellulose columns, and the percentage of
the input radioactivity that bound to the column was determined.

0
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FIG. 6. Accumulation ofRNA in the cytoplasm of
HSV-1-infected cells. (A) Poly(A)-containing RNA
plotted from Table 6. (B) Samples were hybridized to
4 jig ofHSV-1 DNA. (C) Samples were hybridized to
8 or 16 pg of adenovirus DNA. Poly(A)-containing:
B; total: El.

sufficient amounts to mask a drop in the level of
cellular polyadenylated RNA, samples were hy-
bridized to HSV DNA. The results in Fig. 6B
show that HSV-specific RNA accounts for at
least 6% of the radioactivity in the 5- to 6.5-h
poly(A)-containing RNA sample. This assumes
100% efficiency of hybridization and hence is a
minimum value. The amount of HSV RNA
could be higher, in which case the quantity of

cellular poly(A)-containing RNA would be lower
in infected cells.
The fraction of HSV-specific RNA that con-

tains poly(A) declined after infection (Fig. 6B).
It has been reported that 40% of the HSV RNA
in the cytoplasm of infected HEp-2 cells is ade-
nylated, as indicated by its binding to nitrocel-
lulose filters (5), and a more careful study
showed that perhaps one-third of the RNA
which did not bind to nitrocellulose contains
small poly(A) tracts (43). Stringer et al. also
noted a substantial fraction of polysomal HSV
RNA that was not adenylated (44).
To determine if HSV-1 infection has an effect

on the appearance of ad-RNA in the cytoplasm
of 107 cells, samples were hybridized to adeno-
virus DNA. When the poly(A)-containing ad-
RNA was assayed, it was found that the appear-
ance of this material dropped steadily through-
out the infection (Fig. 60). The proportion of
adenylated ad-RNA declined from 0.21% in
mock-infected cells to 0.07% at 6.5 to 8 h post-
infection. The total ad-RNA in the cytoplasm
does not change as markedly during infection.

Kinetic experiments (Table 1) indicated that
ad-RNA accumulated in both the nucleus and
cytoplasm of transforned cells. To see whether
HSV infection altered this phenomenon, we also
examined cells labeled for longer time periods.
Infected or mock-infected cells were labeled
from 2 to 6 h with [3H]uridine, and RNA was
extracted from the nucleus and cytoplasm. The
data in Table 7 indicate that even during a 4-h
labeling period, ad-RNA accumulates both in
the nucleus and cytoplasm of infected cells about
as well as in mock-infected cells. However, there
is a substantial decrease in the adenylated ad-
RNA in the cytoplasm of infected cells.

DISCUSSION
There are many cited examples where HSV

inhibits cellular macromolecular synthesis, and
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TABLE 7. Accumulation of ad-RNA in infected and uninfected 107 cells'

Hybridization results

RNA Hybridization Sp act of Sp act of % Ade-Source of RNA Sample added sample ad-RNA nylated

(cpm c (cpm/ng) (cpm/Iug)
lo-.) cpm %

Ni"cleus (total) Infected 23 605 0.026 56 15
Uninfected 26 520 0.020 73 15

Cytoplasm (total) Infected 14 130 0.009 47 4.2 36
Uninfected 17 135 0.008 74 5.9 61

Cytoplasm [poly(A)- Infected 0.63 60 0.095 1.6 2.8
containing] Uninfected 0.90 115 0.13 2.8 3.6

" Cells were infected or mock infected and labeled from 2 to 6 h after infection, with ['H]uridine. RNA was
extracted from the nucleus and cytoplasm, and cytoplasmic samples were fractionated on oligo(dT)-cellulose
columns to separate poly(A)-containing RNA. Total nuclear and cytoplasmic RNA and cytoplasmic poly(A)-
containing RNA were hybridized to 8 jig of adenovirus DNA on filters.

it was our objective to study the manner in
which the virus might alter a specific class of
cellular RNA. The selection of an adenovirus-
transformed cell was based on the ability to
measure defined RNA transcripts. However, in
the course of these studies, we found it necessary
to gather additional information on both the
total cellular RNA and that arising from the
adenovirus sequences.
We expected that parameters determined for

RNA in 107 would follow those observed in other
cultured cell lines, particularly other rodent
cells. For example, the nuclear RNA of 107 cells
has a substantial component which includes
most of the poly(A)-containing RNA in the nu-
cleus and which turns over very rapidly. From
accumulation studies, other investigators have
determined a nuclear half-life of about 25 min
for this RNA (11, 33). The poly(A)-containing
RNA in the cytoplasm of 107 cells, which in-
cludes much of the mRNA, decays with an av-
erage half-life of about 13 h. L cells and 3T6 cells
have one major class of mRNA with an average
half-life on the order of that in 107 (1, 18). Thus,
our data indicate that 107 cell RNA behases in
the manner expected of cultured rodent tells.

Investigation of the ad-RNA indicated that
stable adenovirus-specific transcripts are pres-
ent in the nucleus (Fig. 2). From the estimate of
the limits of contamination of nuclear RNA
samples by cytoplasmic RNA (see Materials and
Methods), it is unlikely that the stable nuclear
ad-RNA is an artifact of preparation. Further
evidence against this explanation is provided by
the fact that nuclear ad-RNA accumulates at a
much faster rate than cytoplasmic (Table 1).
Maxwell has described the accumulation of
polyoma-specific RNA in the nucleus of poly-
oma-transformed cells and the distribution of
virus-specific RNA between the nucleus and cy-
toplasm was similar to that reported in this

paper (27). The presence of a stable class of ad-
RNA restricted to the nucleus complicates the
interpretation of ad-mRNA metabolism after
HSV infection.
The ad-mRNA in the cytoplasm as defined by

poly(A)-ad-RNA (80% polysome associa-
ted-data not shown) has a relatively short half-
life, being more unstable than other mRNA's
that have been assayed specifically (4, 21, 30-32).
Because the accumulation of ad-RNA in trans-
formed cells may be cell cycle dependent (20),
the amount of messenger in the cytoplasm could
be regulated by altering the rate of synthesis,
the rate of decay, or the rate at which the cells
traverse the cell cycle. In addition, total ad-RNA
in the cytoplasm contained a stable nonadenyl-
ated fraction (Table 2). The presence of this
RNA in the cytoplasm necessitates that we focus
our attention on the poly(A)-containing class of
ad-RNA.
Taking the above observations into consider-

ation, we have studied ad-RNA as our model for
cellular mRNA in HSV-infected cells. By 5 h
postinfection, we observe a marked decrease in
the poly(A)-ad-RNA in the cytoplasm. This
class of RNA presumably acts as mRNA for
adenovirus proteins such as T antigens and has
a defmite biological function. In contrast, we
find that HSV infection did not inhibit the pro-
duction of nuclear and nonadenylated cytoplas-
mic classes. These RNAs cannot be assigned
unambiguous roles in the life cycle of mRNA.
These results indicate that HSV infection may
lead to a selective effect on the different classes
of RNAs transcribed from the integrated ade-
novirus DNA sequences. Further investigation
of this possibility requires detailed analysis of
the nature of the ad-RNA in the nucleus of 107
cells and the relationship between these classes
and those in the cytoplasm. For example, the
level of reduction in total nuclear ad-RNA may
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account completely for the drop in cytoplasmic
poly(A)-ad-RNA provided that one class of nu-
clear transcripts (i.e., unstable species) is the
true messenger precursor. With this information,
we could evaluate whether HSV-1 disrupts the
production of ad-mRNA primarily at the proc-
essing and/or transport steps, as may be the case
for abundant RNA sequences in pseudorabies
virus infection (37).

In other cases where the levels of specific
mRNA's have been measured after HSV infec-
tion there were considerable decreases. In a sys-
tem analogous to the one described in this paper,
the amount of polyoma-specific RNA in the
cytoplasm of polyoma-transformed BHK cells
declined by more than 80% after HSV-1 infection
(36). At the same time after infection, the poly-
oma RNA in the nucleus was reduced by 50%
(unpublished observations). For Friend leuke-
mia virus-transforned cells expressing the glo-
bin gene, infection by HSV caused a marked
drop in globin message as measured by either
complementary DNA protection experiments or
in vitro protein synthesis (29).
These measurements ofmRNA are consistent

with our measurements of poly(A)-ad-RNA but
differ from our data with total cytoplasmic ad-
RNA. The amount of cellular poly(A)-RNA ac-
cumulating in the cytoplasm of infected 107 cells
did not appear to change (Fig. 6). This result
suggests that under the experimental conditions
utilized, the observed effect on ad-RNA might
not extend to the major fraction of the cellular
mRNA. This is in contrast to results in HSV-1-
infected HeLa cells where there was an apparent
inhibition of the accumulation of nonviral ade-
nylated RNA on polyribosomes at 5 to 6 h after
infection (44). The difference in the two systems
may be related to the semipermissive character
of the 107 cells for HSV at the temperature
(3600) used for these experiments. Even though
all the cells in the culture are infected as shown
by indirect immune fluoresceuce, the yield of
virus is low compared with nontransformed rat
embryo cells (data not shown). In addition, the
shut off of host DNA and protein synthesis is
both delayed and incomplete (manuscript in
preparation). The replication of HSV-1 and its
effect on ad-RNA metabolism also can be stud-
ied at 32°C, which is a more permissive temper-
ature, and experiments under these conditions
might indicate a connection between the extent
of HSV-1 replication and viral control of host
cell functions.
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