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We infected murine erythroleukemia cells with a nondefective herpes simplex virus (HSV) type 1
recombinant bearing the rabbit B-globin gene under the control of its own promoter, in order to compare the
regulation of a cellular gene residing in the viral genome to that of its active endogenous counterpart. We found
that the viral globin gene was activated by HSV immediate-early polypeptides, whereas expression of the
endogenous B-globin gene was strongly suppressed: transcription was greatly inhibited, and B-globin mRNA
was rapidly degraded. Degradation of globin mRNA was induced by a component of the infecting virion and
required a functional UL41 gene product. These results demonstrate that HSV products can have opposing
effects on the expression of homologous genes located in the cellular and viral genomes and suggest that the
preferential expression of HSV genes that occurs during infection is not achieved solely through sequence-

specific differentiation between viral and cellular promoters or mRNAs.

Herpes simplex virus type 1 (HSV-1) infection strongly
inhibits the expression of most endogenous cellular genes
(18), while three classes of viral genes are sequentially
activated to high levels in a regulatory cascade driven by
viral products (34, 82). This differential regulation encom-
passes a variety of transcriptional and posttranscriptional
controls, and many of the HSV-1 gene products that con-
tribute to these events have been identified. However, in
most cases little is known about the precise mechanisms
involved. In addition, the structural features that render viral
genes preferred targets for activation and most cellular genes
targets for shutoff remain largely obscure.

HSV genes are transcribed in the nucleus by host RNA
polymerase II. Transcription of the five viral immediate-
early (IE) genes is stimulated by a structural component of
the virion, Vmwé6S, that is delivered into cells upon infection
2, 7, 66). Vmwe65 forms a complex with the cellular tran-
scription factor OCT1, which binds to the TAATGARATTC
(where R is a purine) motifs that are present in all of the IE
regulatory regions (3, 6, 22, 23, 42, 43, 47, 59, 67, 68). Thus,
activation of IE transcription involves recognition of class-
specific cis-acting regulatory sequences that are distinct
from basal promoter elements. Four of the IE proteins
(ICP4, ICP27, ICPO, and ICP22) in turn contribute to the
activation of the viral early (E) and late (L) genes (for a
review, see reference 16). Three lines of evidence suggest
that activation of E and L transcription by HSV IE polypep-
tides does not require recognition of specialized, induction-
specific sequences in the responding promoters. First, E and
L regulatory regions do not display obviously conserved
class-specific sequences analogous to the TAATGARATTC
motif. Second, mutational analyses of HSV E and L promot-
ers have shown that activation by IE polypeptides requires
only basal promoter elements in cis (9, 12, 13, 25, 32, 33, 35,
36, 52-54, 72); indeed, certain L promoters that consist of
only a TATA box-cap site region are efficiently induced (32,
35). Third, HSV IE polypeptides can activate some, but not
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all, heterologous genes that have been newly introduced into
cells by transfection or as part of an infecting HSV-1 genome
(13-15, 17, 55, 60, 63, 75, 79, 80). Taken in combination,
these observations have led to the hypothesis that HSV IE
polypeptides activate transcription by interacting with one
or more components of the core transcription machinery,
such as the TATA box factor TF IID (9, 13, 16, 17, 52).
The relatively relaxed target promoter specificity of IE
polypeptides displayed on newly introduced templates con-
trasts with the overall inhibition of cellular gene expression
that occurs during infection. The various responses of cel-
lular globin genes to HSV infection illustrate this point: HSV
IE proteins activate expression of globin genes that have
been newly introduced into fibroblasts (13-15, 63, 75), al-
though the endogenous B-globin gene is not induced (15).
Indeed, cellular globin gene expression is massively sup-
pressed and globin mRNA is degraded during infection of
erythroid cells (57, 58). One interpretation of these observa-
tions is that at least some of the mechanisms that contribute
to the differential expression of viral and cellular genes in
infected cells do not involve sequence-specific differentia-
tion between viral and cellular promoters or RNAs. Possibly
relevant features that might serve to distinguish the re-
sponses of endogenous and newly introduced genes include
differences in higher-order packaging and/or subnuclear lo-
calization. Alternatively, some of these seemingly disparate
responses could be due to variations in regulatory mecha-
nisms, depending on the host cell types or virus strains used;
for example, some evidence suggests that the shutoff mech-
anisms in erythroid cells might differ from those that operate
in other cell types (reviewed below). In order to distinguish
between these possibilities, it is necessary to examine the
regulation of a newly introduced globin gene during infection
of a cell type in which endogenous globin gene expression is
strongly suppressed by HSV-1 gene products.
HSV-1-induced inhibition of endogenous cellular gene
expression involves repression of host transcription and
suppression of ongoing translation (for a review, see refer-
ence 18). Early studies indicate that HSV-1 infection
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strongly inhibits transcription of integrated polyomavirus
and adenovirus genomes and suggest that one or more IE
polypeptides other than ICP4 are required for this negative
regulation (65, 77). More recent studies show that transcrip-
tion of many (but not all) endogenous cellular genes is
suppressed during infection (37, 50, 64); in several cases, the
IE polypeptide ICP22 appears to be required for this inhibi-
tion (37). The molecular mechanisms underlying these tran-
scriptional effects remain to be clarified. To date, the effects
of HSV products on transcription of active endogenous
globin genes have not been reported.

HSV-1-induced suppression of host protein synthesis is
accompanied by degradation of cellular mRNAs (57). Nish-
ioka and Silverstein found that shutoff of globin synthesis
during infection of murine erythroleukemia (MEL) cells with
HSV-1 strain F could be resolved into two phases: a virion
component first disrupts polysomes in the absence of de
novo viral gene expression and then globin mRNA is de-
graded in response to newly synthesized viral polypeptides
(58). In contrast, HSV-1 strain KOS inhibits host translation
and degrades cellular mRNAs in Vero cells in the absence of
de novo viral gene expression (44, 45, 70, 71, 78). Read and
Frenkel (70) isolated a viable KOS mutant designated vhsl
that is defective in these processes, and more recent studies
have mapped the vAsl mutation to the HSV-1 UL41 open
reading frame (45). Apparently, the UL41 gene product is a
virion component that directly or indirectly triggers rapid
turnover of cellular and viral mRNAs. Thus, distinct mech-
anisms appear to be involved in the RNA turnover induced
by HSV-1 KOS in Vero cells and HSV-1 F in MEL cells. It
is possible that these disparities reflect the use of different
virus strains; alternatively, Vero and MEL cells may re-
spond in different ways to HSV-1 host shutoff functions.
Data consistent with either of these possibilities have been
reported. Various HSV-1 and HSV-2 strains appear to differ
in their ability to effect virion-induced shutoff when assayed
in a single cell type (19-21, 29, 30), and at least some isolates
of HSV-1 KOS have been reported to be defective for
virion-induced shutoff of globin synthesis in MEL cells (29,
30).

We previously described the isolation and characteriza-
tion of a nondefective HSV-1 KOS recombinant (L7/14),
which bears the rabbit B-globin gene and 1,200 nucleotides
(nt) of 5'-flanking globin sequences inserted into the viral
thymidine kinase gene (tk) in the tk antisense orientation
(75). These studies demonstrated that the B-globin gene was
expressed to high levels from its own promoter as an HSV E
gene during lytic infection of Vero cells. This result was
intriguing, as it appeared to contrast with those of earlier
studies, in which globin gene expression was suppressed
following infection of MEL cells with HSV-1 strain F (57,
58). We therefore examined the regulation of endogenous
and transduced globin genes during infection of MEL cells
with KOS L7/14. Our results show that the viral globin gene
was regulated as an HSV E gene in this cell type, while
expression of the endogenous B-globin gene was strongly
suppressed at the transcriptional and posttranscriptional
levels. Preexisting mouse B-globin RNA was rapidly de-
graded, as originally reported by Nishioka and Silverstein
(57, 58). However, in our experimental system, RNA turn-
over was induced by a virion component and required the
product of the UL41 gene (vhs). These results demonstrate
that HSV regulatory products can have opposing effects on
the expression of homologous genes located in the cellular
and viral genomes.
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MATERIALS AND METHODS

Cells and virus. The Friend virus-transformed MEL cell
line 745aJG6 was obtained from A. Bernstein, Mount Sinai
Research Institute, Toronto, Ontario, Canada. Vero cells
were from the American Type Culture Collection. Vero and
MEL cells were maintained in a minimal essential medium
(GIBCO) supplemented with 5 and 10% fetal calf serum,
respectively. The viral strains HSV-1 KOS PAA’™S (28),
PAA5 L7/14 (75), and KOS vhsl (70) were propagated, and
the titers of the virus were determined in Vero cells.

Infection of MEL cells. MEL cells were diluted to a density
of 2 x 10* cells per ml and maintained until a density of 1.5
x 10° cells per ml was reached. Terminal erythroid differ-
entiation was induced by adding hexamethylene bisacet-
amide to a final concentration of 5 mM. After 3.5 days in the
inducer solution, cells were pelleted, washed in serum-free
medium, and suspended to a final density of approximately 2
x 107 cells per ml. Virus was adsorbed for 1.5 h, and medium
containing 10% serum was added to obtain a cell density of
1 x 10° cells per ml.

RNA extraction. Cytoplasmic RNA was prepared by the
method of Berk and Sharp (4).

S1 nuclease mapping and primer extension. S1 nuclease
mapping and primer extension were performed as previously
described (75). The following synthetic primers were pur-
chased from the Central Facility of the Institute for Molec-
ular Biology and Biotechnology, McMaster University: (i)
glycoprotein D (gD), 5'-CCCCATACCGGAACGCACCA
CACAA-3', predicted extension product of ca. 80 to 90 nt
(83); (ii) rabbit B-globin, 5'-CCGCAGACTTCTCCTCAC
TGGACAG-3', predicted extension product of ca. 87 nt (11);
and (iii)) mouse B-globin, 5'-AAGAGACAGCAGCCTTCT
CAGCATC-3', predicted extension product of ca. 92 nt for
the transcript of the B-globin major gene (41).

Nuclear run-on transcription assays. Isolation of nuclei,
nuclear run-on transcription, and hybridization of transcripts
to single-stranded DNA were performed essentially as de-
scribed previously (49) with some modifications. Run-on
transcripts were extracted from nuclei as described by
Greenberg an Bender (26). Cells (5 X 107) were pelleted by
low-speed centrifugation, suspended in 1 ml of buffer I (0.32
M sucrose, 3.0 mM CaCl,, 2.0 mM magnesium acetate, 0.1
mM EDTA, 0.1% Triton X-100, 1.0 mM dithiothreitol
[DTTI], 10 mM Tris hydrochloride [pH 8.0]) containing 40 U
of RNasin (Promega Biotec Corp.) per ml, and then dis-
rupted in a Dounce homogenizer. The extract was diluted
with 2 volumes of buffer II (2.0 M sucrose, 5.0 mM magne-
sium acetate, 0.1 mM EDTA, 1.0 mM DTT, 10 mM Tris
hydrochloride [pH 8.0]) containing 40 U of RNasin per ml
and then layered onto 1.8 ml of buffer II and centrifuged at
130,000 X g for 45 min in an SWS50.1 rotor. The nuclear pellet
was suspended in 100 pl of 5.0 mM magnesium acetate-0.1
mM EDTA-5.0 mM DTT-50.0 mM Tris hydrochloride (pH
8.0) containing 200 U of RNasin per ml and 25% glycerol and
was stored in liquid nitrogen.

For run-on transcription assays, 107 nuclei in 100 pl were
combined with 30 pl of a 3.33 mM solution of ATP, CTP, and
GTP, 40 pl of 0.6 M KCI-12.5 mM magnesium acetate, and
25 pl (250 uCi) of [a-3?P]JUTP, and the solution was incu-
bated for 35 min at 37°C. Labeled transcripts were isolated
as follows: Escherichia coli tRNA was added to 100 pg/ml,
and nuclei were treated with 20 pg of pancreatic DNase I
(Boehringer Mannheim Biochemicals) per ml for 10 min at
37°C. Sodium dodecyl sulfate (SDS) was added to 0.5%,
followed by digestion with proteinase K (300 pg/ml) for 15
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min at 37°C. A portion was removed and assayed for
incorporation into acid-insoluble material. The remainder of
the reaction mixture was extracted with phenol-chloroform
and precipitated with 5% trichloroacetic acid containing 30
mM sodium pyrophosphate. The precipitate was collected
on a nitrocellulose filter, washed extensively with 5% tri-
chloroacetic acid-30 mM sodium pyrophosphate, and then
eluted by incubation in 1% SDS-10 mM Tris hydrochloride
(pH 7.5)-5 mM EDTA at 65°C for 10 min. The elution was
repeated, and the pooled eluate was extracted with phenol-
chloroform and precipitated with ethanol. Typically, ca. 4 X
107 dpm were incorporated per 107 nuclei. Infected and
uninfected nuclei routinely displayed similar levels of overall
transcriptional activity.

Specific run-on transcripts were detected by hybridization
to single-stranded recombinant M13 DNAs immobilized on
nitrocellulose. Mouse B-globin RNAs were detected by
using a 3.5-kilobase (kb) EcoRI-Xbal fragment containing
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the entire globin gene and 1 kb of 5'-flanking sequences,
cloned between the EcoRI and Xbal sites of M13mpl9.
HSV-1 tk RNAs were detected by using a 1.3-kb EcoRI-
Smal fragment of HSV-1 KOS DNA, inserted between the
EcoRI-Smal sites of M13mp19. Filters bearing 10 pg of
DNA per slot were pretreated and then hybridized in 5X
SSC (1x SSC s 0.15 M NaCl plus 0.015 M sodium citrate)—
0.1% SDS-1 mM EDTA-10 mM Tris hydrochloride (pH
7.5)-2x Denhardt solution-250 mg each of salmon sperm
DNA and E. coli tRNA per ml in 50% formamide for 36 h at
52°C. Following hybridization, filters were washed exten-
sively in 2X SSC—-0.1% SDS at 68°C and treated with 10 pg
of RNase A per ml for 20 min at 37°C.

Construction of HSV-1 mutants bearing disruptions at the
ULA41 locus. A 3.6-kb HindIII-Hpal fragment of HSV-1 KOS
PAA™5 DNA, bearing the UL41 open reading frame and ca.
1 kb of 5'- and 3'-flanking sequences, were cloned between
the HindIIl and Smal sites of pUC19, generating pULA41.
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FIG. 1. Expression of the rabbit B-globin gene during infection of MEL cells. (A) Actively proliferating (uninduced) and terminally
differentiated (induced) MEL cell cultures were infected with 10 PFU of L7/14 per cell, and cytoplasmic RNAs harvested at the indicated
times postinfection were scored for rabbit B-globin transcripts. RNA (10 pg) was hybridized to the 5’-labeled single-stranded globin probe
shown in panel B, and the resulting hybrids were digested with S1 nuclease. Arrows mark the positions of the signals corresponding to
correctly initiated globin transcripts and the aberrant AT1 and AT?2 transcripts described in the text. A portion of the probe fragment was also
hybridized to 0.5 ng of purified rabbit globin mRNA (40% B-globin) to provide a standard for correctly initiated transcripts (rabbit globin). The
autoradiograph was exposed for 15 h. (B) Structure of the S1 probe. The probe was derived from a previously described gD-globin fusion gene
(12) and allows detection of correctly initiated rabbit B-globin RNAs.
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Mutant derivatives bearing disruptions of the UL41 open
reading frame were generated by inserting a 4,267-base-pair
(bp) BamHI fragment bearing the E. coli lacZ gene driven
from the HSV-1 ICP6 promoter (24; kindly provided by S.
Weller) into pUL41 in the UL41 orientation (see Fig. 6).
Mutant vhsA was generated as follows: pUL41 was cleaved
with Apal, treated with T4 DNA polymerase, and ligated to
the lacZ BamHI fragment (repaired with T4 DNA polymer-
ase). A plasmid bearing the lacZ cassette inserted across the
two UL41 Apal sites was identified. This mutation deletes
sequences predicted to encode residues 22 to 179 of the
489-residue UL41 gene product and separates sequences
downstream from residue 179 from the UL41 promoter.
Mutant vhsB contains the lacZ cassette inserted at the
unique BamHI site in UL41; this mutation disrupts the open
reading frame downstream of sequences predicted to encode
residue 342.

The vhsA and vhsB mutations were transferred from
plasmid DNA into the viral genome by DNA-mediated
marker transfer, as previously described (73, 74). Following
cotransfection of Vero cells with infectious PAA'S viral
DNA and the appropriate plasmid, recombinants bearing the
desired mutation were recognized as blue plaques after
staining with 5-bromo-4-chloro-3-indolyl-g-D-galactopyrano-
side (X-Gal). Plaques were allowed to develop for 2 days in
o minimal essential medium containing 5% fetal bovine
serum and 0.05% human immune globulin and then were
overlaid with 0.5% agarose in F11 medium containing 5%
fetal bovine serum and 300 pg of X-Gal per ml. The
structures of the mutant viral genomes were then confirmed
by Southern blot hybridization of viral DNA (76).

RESULTS

Expression of a transduced rabbit B-globin gene during lytic
infection of mouse erythroid cells with an HSV-1 recombinant.
The recombinant HSV-1 strain KOS PAA"5 L.7/14 bears the
rabbit B-globin gene inserted into the viral tk gene in the tk
antisense orientation. We previously reported that the B-
globin gene in this strain is expressed from its own promoter
and regulated as an HSV E gene during lytic infection of
Vero cells (75). These results appeared to contrast with
those reported in earlier studies, which indicated that HSV-1
infection of murine erythroid cells dramatically inhibits the
expression of endogenous globin genes (57, 58). We tested
the possibility that these disparate outcomes arose as result
of the different cell types and/or virus strains used, by
monitoring the expression of HSV-associated and endoge-
nous B-globin genes during infection of MEL cells with
strain L7/14.

MEL cells can be induced to undergo terminal erythroid
differentiation by exposure to a variety of agents, including
hexamethylene bisacetamide (for a review, see reference
48). Following induction, globin gene transcription is acti-
vated (31) and globin mRNAss are stabilized (81). As a result,
globin mRN As accumulate to extremely high levels over the
course of several days. We infected uninduced and differen-
tiated MEL cell cultures with strain L.7/14 and then scored
for the expression of the viral -globin gene by S1 nuclease
analysis (Fig. 1A). The results indicated that the rabbit
B-globin gene was transcribed from its own promoter with a
time course similar to that of an HSV E RNA: the levels of
correctly initiated B-globin RNA peaked at 6 h postinfection
and declined somewhat thereafter. We also observed two
additional aberrant globin-related transcripts that accumu-
lated at later times postinfection (AT1 and AT2). The AT1
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and AT?2 transcripts have been observed in previous studies
and were shown to represent aberrantly spliced and
readthrough transcripts, respectively (75). The pattern of
viral globin gene expression was not greatly influenced by
the differentiated state of the host cells: indeed, the levels
and temporal course of accumulation of globin RN As in both
cell populations were similar to those previously observed
during infection of fibroblasts (additional data not shown).
Thus, the factors that lead to increased globin gene expres-
sion during erythroid cell differentiation had little effect on
the expression of a B-globin gene residing in the HSV-1
genome.

During infection of Vero cells, expression of a B-globin
gene residing in the HSV-1 genome requires the prior
synthesis of HSV IE polypeptides (63, 75). To determine
whether IE polypeptides are also required in erythroid cells,
we infected differentiated MEL cells in the continuous
presence of cycloheximide. The levels of globin mRNAs
arising from the viral genome were then assayed by primer
extension by using an oligonucleotide complementary to
nucleotides +63 to +87 of rabbit B-globin mRNA (Fig. 2).
We found that cycloheximide greatly inhibited the accumu-
lation of rabbit B-globin RNA. Taken in combination with
the results shown in Fig. 1, the data suggested that the rabbit
B-globin gene was controlled as an HSV E gene when it was
delivered into erythroid cells as part of an infecting HSV-1
genome.

Inhibition of endogenous B-globin gene expression during
infection of MEL cells with L7/14. Previous studies have
indicated that HSV-1 infection of MEL cells strongly inhibits
endogenous globin gene expression, at least in part by
inducing degradation of globin mRNA (57, 58). To determine
whether endogenous B-globin gene expression was inhibited
during infection with L7/14, we assayed the same RNA
samples that were analyzed in Fig. 1 for the presence of
mouse B-globin mRNAs by S1 nuclease analysis (Fig. 3A).
As expected, uninfected induced MEL cells contained ex-
tremely high levels of B-globin mRNA. Although a direct
quantitative comparison with the levels of rabbit globin RNA
arising from the viral genome is difficult because different S1
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FIG. 2. Effects of cycloheximide on accumulation of rabbit -
globin RNA. Differentiated MEL cells were infected with 10 PFU of
L7/14 per cell in the presence or absence of 100 pg of cycloheximide
(Cx.) per ml, and RNA samples prepared at 6 h postinfection were
scored for rabbit B-globin transcripts by primer extension analysis
(see Materials and Methods). Markers (lane M) were 3’-end-labeled
Hpall fragments of pBR322 DNA. Marker fragment sizes (in
nucleotides) are shown on the left.
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FIG. 3. Mouse B-globin RNA levels during infection of MEL cells with L7/14. (A) One microgram of each of the RNA samples analyzed
in Fig. 1 was annealed to the 5’-labeled single-stranded mouse B-globin probe fragment shown in panel B, and the resulting hybrids were
digested with S1 nuclease. Markers (lane M) were 3’-end-labeled Hinfl fragments of pTK173. Marker fragment sizes (in nucleotides) are
shown on the left. The autoradiograph was exposed for 3 h. (B) S1 probe, extending from —76 to +76 relative to the mouse B-globin major

gene cap site.

probes were used, we note that 1 pg of uninfected RNA gave
rise to an endogenous globin signal that greatly exceeded the
rabbit globin signal obtained with 10 pg of infected cell RNA
(compare Fig. 1 and 3). We found that the mouse B-globin
RNA levels rapidly declined upon infection and did not
recover at later times. These results indicate that 1.7/14 is
competent to inhibit endogenous B-globin gene expression,
as reflected in a decreased amount of cytoplasmic globin
RNA.

Effects of metabolic inhibitors on the L7/14-induced de-
crease of mouse B-globin mRNA levels. Early studies indi-
cated that the degradation of mouse globin RNA induced by
HSV-1 strain F requires de novo viral gene expression (58).
These results contrast with more recent data suggesting that
degradation of cellular mRNAs induced by HSV-1 strain
KOS in Vero cells is mediated by a component of the
infecting virion encoded by the vks gene (44, 45, 71, 78). We
examined the requirements for the decline of endogenous
B-globin RNA observed during infection of MEL cells with
L7/14 (a KOS derivative). Differentiated MEL cells were

infected with L7/14 in the continuous presence of either
dactinomycin, to inhibit transcription, or cycloheximide, to
inhibit protein synthesis. RNA samples were then scored for
mouse B-globin RNA by primer extension with a primer
complementary to +68 to +92 of the transcript (Fig. 4). We
found that neither drug prevented the rapid decrease in
globin RNA levels in L7/14 infected cells, suggesting that de
novo viral gene expression was not required. Control exper-
iments indicated that little if any decline occurred over the
course of the experiment in mock-infected cultures treated
with cycloheximide or dactinomycin, results that are in
keeping with the known stability of B-globin RNA (81).
Taken in combination, these data suggested that a compo-
nent of the infecting L.7/14 virion reduced the levels of mouse
B-globin mRNA (at least in part) by destabilizing preexisting
cytoplasmic RNA.

Involvement of the vis function in induced RNA turnover.
The observation that L.7/14-induced turnover of endogenous
B-globin mRNA occurred in the absence of de novo viral
gene expression was consistent with the hypothesis that this



VoL. 64, 1990

L7/14
0 1 2 3
hr hr.

mouse B-globin —» () S~

HSV-INDUCED SHUTOFF OF GLOBIN GENE EXPRESSION 3887

L7/14 L7/14
Act. D Cx.
1 2 3 1 2 3 M
hr. hr. g
- 112
-“ g
-, 92
- 78
mock mock
Act. D Cx.
1 2 3 1 2 <
hr. hr.

---.

FIG. 4. Effects of inhibitors on the decline of mouse B-globin RNA levels induced by L.7/14. Differentiated MEL cells were infected with
10 PFU of L7/14 per cell, and cytoplasmic RNAs were prepared at the indicated times postinfection. The levels of mouse B-globin mRNA
were assessed by primer extension (see Materials and Methods). Where indicated, dactinomycin (Act. D; 10 png/ml) or cycloheximide (Cx.;
100 pg/ml) was added at the time of infection and maintained continuously. Markers (lane M) were 3’-labeled Hpall fragments of pBR322.

Marker fragment sizes (in nucleotides) are shown on the left.

process is induced by the virion-associated vhs function. The
vhsl mutant was isolated on the basis of its inability to
induce virion-mediated shutoff of host translation (70). More
recently, the vhsl mutant has been shown to be defective in
reducing the half-lives of cellular and viral mRNAs when
assayed in Vero cells (44, 45, 61, 62, 78). To test the
involvement of the vhs function in the degradation of mouse
B-globin RNA, we infected hexamethylene bisacetamide-
induced MEL cells with L7/14 and the vhAs1 mutant of HSV-1
strain KOS and then monitored cytoplasmic globin RNA
levels by primer extension (Fig. 5). L7/14 induced a dramatic
decline in globin RNA levels within 3 h, whereas the vhsl
mutant had little effect over the same time course. However,
globin RNA levels were observed to decline at later times
postinfection (Fig. 5B), after the onset of gD RNA accumu-
lation (gD is an HSV E gene). This late decline of globin
mRNA levels during vhsl infection most likely represents
the secondary host shutoff effect for which the vAs1 mutant
is known to be competent (70). These data suggest that the
rapid degradation of mouse B-globin mRNA induced by
L7/14 relies on the vhs function.

Construction of HSV-1 KOS PAA™S mutants bearing dis-
ruptions of the UL41 open reading frame. The vhisl mutant
was isolated after random mutagenesis (70), and as such this
strain may contain other mutations in addition to the char-
acterized defect in UL41. Although previous studies clearly
demonstrated that the lesion in UL41 is responsible for the
host shutoff defect of the vhsl strain in Vero cells (45), we
felt that it was important to confirm that the UL41 gene

product is required for RNA turnover in MEL cells; this
seemed particularly appropriate in view of reports that
certain naturally occurring isolates of strain KOS are unable
to effect virion-induced shutoff in this cell type (29, 30). An
additional goal was to examine the effects of UL41 mutations
in the same genetic background as L7/14. We therefore
constructed two derivatives of HSV-1 KOS PAA'S (the
parent of L7/14) bearing disruptions of the UL41 open
reading frame. In order to facilitate the identification of
mutants, we employed the E. coli lacZ gene as an insertional
mutagen. A previously described cassette bearing the lacZ
gene under the control of the HSV-1 ICP6 promoter (24) was
inserted into plasmid-borne copies of the UL41 gene, and the
resulting mutations were transferred into the viral genome
by homologous in vivo recombination (see Materials and
Methods).

Mutant vhsA contains the lacZ cassette inserted between
the two Apal sites in the UL41 open reading frame; as a
result, sequences predicted to encode residues 22 to 179 of
the 489-residue polypeptide (51) were deleted and sequences
downstream of residue 179 were dissociated from the UL41
promoter (Fig. 6). Mutant vhsB bears the lacZ cassette
inserted at the unique BamHI site (Fig. 6). This lesion
disrupts the open reading frame after residue 342; on the
basis of the sequence of the ICP6 promoter region (51), this
construct is predicted to produce a ca. 43-kilodalton trun-
cated UL41-related polypeptide. In order to verify the
structures of the mutant genomes, viral DNAs were cleaved
with a mixture of HindIII, Kpnl, and Hpal and hybridized to
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FIG. 5. Effect of the vhs1 mutation on induced turnover of mouse B-globin RNA. Differentiated MEL cells were infected with 10 PFU of
the indicated virus strain per cell, and cytoplasmic RNAs were scored for mouse B-globin transcripts by primer extension analysis. (A)
Comparison of L7/14 and vhs1 over a 3-h time course; (B) results of a 12-h time course with vhsl. RNA samples were also scored for HSV-1
gD transcripts by primer extension (see Materials and Methods). Molecular weight markers (lanes M) were 3’-labeled Hpall fragments of
pBR322 DNA. Marker fragment sizes (in nucleotides) are shown on the left.

a nick-translated plasmid bearing the vhsB mutation (Fig. 7).
Substitution of the UL41 internal Apal fragment with the
lacZ cassette in mutant vhsA led to the replacement of the
3,354-bp wild-type Kpnl-Hpal fragment with UL41-lacZ
fusion Kpnl-Hpal fragments of 3,742 and 1,950 bp and the
acquisition of an 834-bp Kpnl-Hpal fragment derived from
the lacZ-1CP6 fusion (an additional 624-bp lacZ Hpal frag-
ment, not visible in Fig. 7, was also observed). Similarly,
insertion of the lacZ cassette at the BamHI site in mutant
vhsB disrupted the wild-type 3,354-bp Kpnl-Hpal fragment
and gave rise to the predicted UL41-lacZ fusion fragments of
3,255 and 2,908 bp, along with the 834-bp lacZ-ICP6 frag-

ment and the 624-bp lacZ fragment (not visible in Fig. 7).
These data demonstrate that both mutant viral genomes bear
the predicted sequence disruptions at the UL41 locus.

The vhsA and vhsB strains are capable of replication in
Vero cells, although both display a ca. 5- to 10-fold reduced
burst size. These data suggest that the UL41 protein does
not serve an essential structural or regulatory role in tissue
culture. Similar results have been obtained by G. S. Read
and K. Knight (personal communication).

Effects of UL41 gene disruptions on induced turnover of
globin RNAs. We tested the effects of the vhisA and visB
mutations on the ability of KOS PAA™S to effect virion-



VoL. 64, 1990

HSV-INDUCED SHUTOFF OF GLOBIN GENE EXPRESSION 3889

C— — —

UL41
ee———
wt ’
Hind Il Kpn| BamHI Apal Apal Hpal

vhs A

Hind Il Kpnl Hpal

lac Z ICP6

vhs B

IS SIS IY.

Hind Il Kpni . Hpal

lac Z ICP 6

FIG. 6. Structures of mutations disrupting the HSV-1 UL41 gene. Mutations were generated by inserting a lacZ-ICP6 cassette into the
ULA41 gene. The upper portion of the figure depicts the organization of the UL41 region of wild-type (wt) HSV-1 DNA. The UL41 open
reading frame (EZ) and the direction of transcription («) are indicated. Mutant vhsA bears the lacZ fragment () inserted between the
Apal sites in UL41; as a result, sequences encoding residues 22 to 179 are deleted and sequences downstream of 179 ( ) are separated from
the UL41 promoter. Mutant vhsB contains the lacZ cassette at the UL41 BamHI site; this lesion disrupts the reading frame downstream of

residue 379.

induced degradation of mouse B-globin mRNAs in MEL PAA'S induced a large decline in globin mRNA in both the
cells. Induced cell cultures were infected with PAA'S, vhsl, presence and absence of a transcription blockade. In con-
vhsA, and vhsB, and globin RNA levels were assessed at 6 trast, cells infected with the vhsA and vhsB isolates dis-
and 12 h postinfection by primer extension (Fig. 8). KOS played globin RNA levels similar to those in cells infected
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FIG. 7. Southern blot analysis of viral DNAs with disruptions in
the UL41 gene. The indicated DNAs were cleaved with a mixture of
Hindlll, Hpal, and Kpnl, and the resulting fragments were sepa-
rated by electrophoresis through a 1.0% agarose gel. Following
transfer to nitrocellulose, DNA fragments from the UL41 region
were visualized by Southern blot hybridization with nick-translated
pvhsA. Lanes: PAA'S, parental HSV-1 DNA; vhsB, viral DNA
from mutant visB; pvhsB, plasmid used to construct the vhsB
strain; vhsA, viral DNA from mutant vhsA; pvhsA, plasmid used to
construct the vhsA strain. Sizes of fragments derived from pvhsA
are indicated (kilobase pairs). The 2.7-kb fragment represents the
pUC19 vector.

with the vAs1 mutant at 6 h postinfection. In particular, little
if any reduction was observed relative to mock-infected
cultures when the experiment was carried out in the pres-
ence of a dactinomycin blockade. Thus, both UL41 disrup-
tion strains were unable to effect virion-induced turnover of
globin RNA. Differences were consistently observed be-
tween the various vhs mutants when unblocked infections
were allowed to proceed for 12 h. The vhsl mutant induced
a marked decline in globin RNA levels at later times postin-
fection, whereas both disruption strains displayed consider-
ably higher globin RNA levels. One interpretation of these
data is that the UL41 polypeptide encoded by the vhsl
mutant retains partial activity. According to this hypothesis,
high levels of newly synthesized vhsl protein directly con-
tribute to the late shutoff induced by the vhAsl mutant.
Alternatively, the UL41 gene disruptions in the vhsA and
vhsB strains may significantly retard the progress of the lytic
cycle, indirectly delaying the onset of late shutoff. Further
experiments are needed to distinguish between these possi-
bilities.

Inhibition of transcription of the endogenous f-globin gene.
The results outlined above demonstrate that L.7/14 and its
parent, KOS PAATS, strongly suppress endogenous -globin
gene expression, at least in part through UL41-induced RNA
turnover. In order to determine whether transcription is also
inhibited, we employed the nuclear run-on technique to
measure the rate of mouse B-globin gene transcription before
and after infection with KOS PAA'S. Nuclei were isolated
from infected and uninfected hexamethylene bisacetamide-
induced MEL cells, and labeled run-on RNAs were hybrid-
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FIG. 8. Effects of UL41 gene disruptions on turnover of endog-
enous B-globin mRNAs. Induced MEL cells were either mock
infected (mock) or infected with 10 PFU of the indicated virus strain
per cell, and cytoplasmic RNAs harvested at the indicated times
postinfection were analyzed for mouse B-globin mRNA by primer
extension (see Materials and Methods). Act. D, Cells infected in the
continuous presence of 10 pg of dactinomycin per ml.

ized to single-stranded DNA prepared from M13 clones
complementary to HSV rtk mRNA and mouse B-globin
mRNA (Fig. 9). We found that the levels of B-globin run-on
transcription were greatly reduced (greater than 95%) by 5 h
postinfection. These data indicate that HSV-1 infection
strongly suppresses transcription of the endogenous B-globin
gene.

DISCUSSION

The results presented in this paper demonstrate that
HSV-1 infection of murine erythroid cells strongly inhibits
expression of the endogenous B-globin gene, whereas a
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FIG. 9. Effect of HSV-1 infection on transcription of the mouse
B-globin gene in MEL cells. Differentiated MEL cells were infected
with 10 PFU of HSV-1 KOS PAA'S per cell, and nuclei were
harvested at 5 h postinfection. After in vitro run-on transcription in
the presence of [a-3?P]JUTP, RNAs were isolated and hybridized to
a nitrocellulose membrane with 10 ug of single-stranded DNAs
prepared from M13 clones bearing DNA fragments complementary
to HSV-1 zk and mouse B-globin major mRNAs.

B-globin gene residing in the viral genome is activated in
parallel with HSV E genes. These data have interesting
implications concerning the mechanisms of HSV-induced
host shutoff and the basis for the selective activation of viral
genes that occurs during infection.

Our results suggest that at least two distinct mechanisms
contribute to HSV-1l-induced inhibition of endogenous
globin gene expression: preexisting cytoplasmic mouse B-
globin RNAs were rapidly degraded (as originally reported
by Nishioka and Silverstein [57]), and ongoing globin gene
transcription was strongly inhibited. We found that degrada-
tion of endogenous globin RNA did not require de novo viral
gene expression, suggesting that this process is triggered by
a component of the infecting HSV-1 virion in our experimen-
tal system. Consistent with this hypothesis, the vAs1 mutant
isolated by Read and Frenkel (70) did not induce rapid
turnover of B-globin RNA. We confirmed the requirement
for vhs function by demonstrating that two mutant strains
bearing disruptions of the UL41 open reading frame were
also defective in this assay. Several previous studies have
indicated that virion-induced host shutoff in Vero cells
involves accelerated turnover of cellular mRNAs and that
the vhs function is required for this process (44, 45, 71, 78).
Our results indicate that similar mechanisms underlie the
rapid decline in mouse B-globin RNA levels during infection
of MEL cells with HSV-1 KOS. This conclusion differs from
those reached by Nishioka and Silverstein (58), who found
that the degradation of globin mRNA induced by HSV-1
strain F required de novo viral polypeptide synthesis. Pre-
vious reports have indicated that various HSV-1 strains
differ in their ability to induce virion-mediated shutoff (19).
Perhaps HSV-1 strains F and KOS differ in the potency of
their vhs functions.

The levels of cytoplasmic mouse B-globin RNA were
rapidly reduced during infection with 1.7/14, whereas rabbit
B-globin RNAs arising from the viral genome accumulated
with a time course characteristic of an HSV E RNA. These
results are consistent with the hypothesis that the vhs-
induced RNA turnover system does not identify cellular
RNAs as preferred targets on the basis of their primary
nucleotide sequence (44, 62). Taken alone, our observations
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leave open the possibility that vhs-induced RNA turnover
occurs in a short-lived burst immediately after infection,
resulting in a temporal specificity for preexisting cellular
RNAs. Indeed, Fenwick and Owen recently provided evi-
dence that HSV-induced mRNA destabilization occurs only
transiently during infection (21). On the basis of these
results, these investigators have proposed that newly syn-
thesized viral proteins down regulate the virion-induced
turnover system to allow accumulation of viral mRNAs.
However, studies by other investigators have demonstrated
that the vhs-induced RNA turnover system destabilizes viral
mRNAs at relatively late times postinfection (44, 45, 62, 78).
On the basis of these observations, it has been proposed that
the vhs function indiscriminately destabilizes mRNAs
throughout the infective cycle, facilitating the transition
from one phase of infection to the next by tightly coupling
cytoplasmic RNA levels to transcription rates (44, 62). If this
latter hypothesis is correct, then the implication is that the
vhs-induced RNA turnover system magnifies the conse-
quences of differential transcriptional regulation of the
endogenous and viral globin genes during infection of MEL
cells with L7/14. According to this view, mouse B-globin
RNA levels are rapidly reduced because transcription is not
stimulated whereas rabbit globin RNA later accumulates to
the (much lower) levels characteristic of HSV E RNAs as a
result of transcriptional activation by IE polypeptides. Fur-
ther studies are required to distinguish between these two
possible explanations for the differential behavior of viral
and endogenous globin RNAs in our experimental system.

We found that transcription of the endogenous B-globin
gene was strongly inhibited during infection. In contrast,
expression of the rabbit B-globin gene borne by L7/14 was
activated by viral IE gene products, presumably at the
transcriptional level. In principle, these differential re-
sponses could result from differences in the sequences of the
rabbit and mouse B-globin promoters. However, this expla-
nation seems unlikely, because the mouse B-globin gene is
also induced by HSV IE gene products when it is inserted
into the HSV genome and delivered into Vero cells (unpub-
lished data).

What is the molecular basis for these opposing transcrip-
tional effects? One possibility is that HSV products disrupt
preexisting transcription complexes on actively transcribed
cellular genes, releasing transcription factors which are then
preferentially reassembled on promoters located in the viral
genome. Two previously described features of intracellular
HSV DNA might serve to selectively target free transcrip-
tion factors to promoters located in the viral genome. First,
most of the viral DNA is not organized into nucleosomes and
is probably present in a relatively open conformation com-
pared with that of host chromatin (10, 46, 56). Second, the
viral genome may be localized to a limited number of
privileged intranuclear sites (32, 38). In support of this latter
hypothesis, viral DNA is concentrated in discrete foci or
replication compartments at late times postinfection (69) and
ICP4 and ICP8 colocalize to these sites (39, 69). The
combination of these two features might also render genes
located in the viral genome more accessible to HSV products
that act directly on promoters to stimulate transcription.
Alternatively, the differential control could reflect the nega-
tive influence of HSV regulators on specific cis-acting signals
flanking the B-globin gene in the cellular genome. Transcrip-
tion of the endogenous B-globin gene is heavily dependent on
several enhancer-like sequences that are located within the
globin gene, in the 3’-flanking sequences, and at either end of
the entire B-globin-like gene cluster (1, 5, 8, 27, 40). The
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latter elements have been postulated to represent anchor
points of the globin gene domain to the nuclear matrix (27)
and are sufficient to confer erythroid-specific transcription
on heterologous promoters (5). Only the intragenic enhancer
element is present on the globin fragment that we inserted
into the HSV genome, and it is possible that one or more of
the other elements represent specific targets of HSV-induced
transcriptional repression.

Our results provide strong evidence that features other
than promoter sequence and mRNA structure can play a
major role in dictating the response of a gene to HSV
regulators. We suspect that a complete description of HSV
regulatory strategies will require a greater understanding of
the roles of higher-order DNA packaging and intranuclear
architecture in the control of gene expression in mammalian
cells.

ACKNOWLEDGMENTS

We thank Margaret Howes and Joanne Duncan for excellent
technical assistance, S. Weller and P. Leder for gifts of plasmids,
G. S. Read for supplying the vhsl mutant, and G. S. Read and K.
Knight for communicating their unpublished resuits.

This research was supported by the Medical Research Council of
Canada and the National Cancer Institute of Canada. C.A.S. is a
Research Student, and J.R.S. is a Terry Fox Senior Scientist of the
National Cancer Institute of Canada.

LITERATURE CITED

1. Anteniou, M., E. deBoer, G. Habets, and F. Grosveld. 1988. The
human B-globin gene contains multiple regulatory regions: iden-
tification of one promoter and two downstream enhancers.
EMBO J. 7:377-384.

2. Batterson, W., and B. Roizman. 1983. Characterization of the
herpes simplex virion-associated factor responsible for the
induction of « genes. J. Virol. 46:371-377.

3. Baumruker, T., R. Strum, and W. Herr. 1988. OBP100 binds
remarkably degenerate octamer motifs through specific interac-
tions with flanking sequences. Genes Dev. 2:1400-1413.

4. Berk, A. J., and P. A. Sharp. 1977. Sizing and mapping of early
adenovirus mRNAs by gel electrophoresis of S1 endonuclease
digested hybrids. Cell 12:721-732.

5. Blom van Assendelft, G., O. Hanscombe, F. Grosveld, and D. R.
Greaves. 1989. The B-globin dominant control region activates
homologous and heterologous promoters in a tissue-specific
manner. Cell 56:969-977.

6. Bzik, D. J., and C. M. Preston. 1986. Analysis of DNA se-
quences which regulate the transcription of herpes simplex virus
immediate-early gene 3: DNA sequences required for enhancer-
like activity and response to trans-activation by a virion poly-
peptide. Nucleic Acids Res. 14:929-943.

7. Campbell, M. E. M., J. W. Palfreyman, and C. M. Preston.
1984. Identification of herpes simplex virus DNA sequences
which encode a trans-acting polypeptide responsible for stimu-
lation of immediate early transcription. J. Mol. Biol. 180:1-19.

8. Choi, O.-R., and J. D. Engel. 1986. A 3’ enhancer is required for
temporal and tissue-specific transcriptional activation of the
chicken adult B-globin gene. Nature (London) 323:731-734.

9. Coen, D. M., S. P. Weinheimer, and S. L. McKnight. 1986. A
genetic approach to promoter recognition during trans induction
of viral gene expression. Science 234:53-59.

10. Deshmane, S. L., and N. W. Fraser. 1989. During latency,
herpes simplex virus type 1 DNA is associated with nucleo-
somes in a chromatin structure. J. Virol. 63:943-947.

11. Efstratiatis, A., F. C. Kafotos, and T. Maniatis. 1977. The
primary structure of rabbit beta-globin RNA as determined from
cloned DNA. Cell 10:571-585.

12. Everett, R. D. 1983. DNA sequences required for regulated
expression of the HSV-1 glycoprotein D gene lie within 83 bp of
the RNA cap sites. Nucleic Acids Res. 11:6647—-6666.

13. Everett, R. D. 1984. A detailed analysis of an HSV-1 early

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

J. VIROL.

promoter: sequences involved in trans-activation by viral imme-
diate-early gene products are not early gene specific. Nucleic
Acids Res. 12:3037-3056.

Everett, R. D. 1984. Transactivation of transcription by herpes-
virus products: requirement for two HSV1 immediate-early
polypeptides for maximum activity. EMBO J. 3:3135-3141.
Everett, R. D. 1985. Activation of cellular promoters during
herpes simplex virus infection of biochemically transformed
cells. EMBO J. 4:1973-1980.

Everett, R. D. 1987. The regulation of transcription of viral and
cellular genes by herpesvirus immediate-early gene products.
Anticancer Res. 7:589-604.

Everett, R. D. 1988. Promoter sequence and cell type can
dramatically affect the efficiency of transcriptional activation
induced by herpes simplex virus type 1 and its immediate-early
products Vmw175 and Vmw110. J. Mol. Biol. 203:739-751.
Fenwick, M. L. 1984. The effects of herpesviruses on cellular
macromolecular synthesis, p. 359-390. In Comprehensive virol-
ogy, vol. 19. Plenum Publishing Corp., New York.

Fenwick, M. L., and J. Clark. 1982. Early and delayed shut-off
of host protein synthesis in cells infected with herpes simplex
virus. J. Gen. Virol. 61:121-125.

Fenwick, M. L., and J. Clark. 1983. The effect of cycloheximide
on the accumulation and stability of functional a-mRNA in cells
infected with herpes simplex virus. J. Gen. Virol. 64:1955-1963.
Fenwick, M. L., and S. A. Owen. 1988. On the control of
immediate early (o) mRNA survival in cells infected with herpes
simplex virus. J. Gen. Virol. 69:2869-2877.

Gaffney, D. F., J. McLauchlan, J. L. Whitton, and J. B.
Clements. 1985. A modular system for the assay of transcription
regulatory elements: the sequence TAATGARAT is required
for herpes simplex virus immediate-early gene activation. Nu-
cleic Acids Res. 13:7847-7863.

Gerster, T., and R. G. Roeder. 1988. A herpesvirus trans-
activating protein interacts with transcription factor OTF-1 and
other cellular proteins. Proc. Natl. Acad. Sci. USA 85:6347-
6351.

Goldstein, D. J., and S. K. Weller. 1988. An ICP6::lacZ inser-
tional mutagen is used to demonstrate that the ULS52 gene of
herpes simplex virus type 1 is required for virus growth and
DNA synthesis. J. Virol. 62:2970-2977.

Graves, B. J., P. F. Johnson, and S. L. McKnight. 1986.
Homologous recognition of a promoter domain common to the
MSV LTR and the HSV tk gene. Cell 44:565-576.

Greenberg, M. E., and T. P. Bender. 1989. Identification of
newly transcribed RNA, p. 4.10.1-4.10.8. In Current protocols
in molecular biology, vol. 1. Greene Publishing Associates and
John Wiley & Sons, Inc., New York.

Grosveld, F., G. Blom van Assendelft, D. R. Greaves, and G.
Kollias. 1987. Position-independent, high level expression of the
human B-globin gene in transgenic mice. Cell 51:975-985.
Hall, J. D., D. M. Coen, B. L. Fisher, M. Weisslitz, S. Randall,
R. E. Almy, P. T. Gelep, and P. A. Schaffer. 1984. Generation of
genetic diversity in herpes simplex virus: an antimutator phe-
notype maps to the DNA polymerase locus. Virology 132:26-37.
Hill, T. M., J. R. Sadler, and J. L. Betz. 1985. Virion component
of herpes simplex virus type 1 KOS interferes with early shutoff
of host protein synthesis induced by herpes simplex virus type
2 186. J. Virol. 56:312-316.

Hill, T. M., R. K. Sinden, and J. R. Sadler. 1983. Herpes
simplex virus types 1 and 2 induce shutoff of host protein
synthesis by different mechanisms in Friend erythroleukemia
cells. J. Virol. 45:241-250.

Hoefer, E., R. Hofer-Warbinek, and J. E. Darnel, Jr. 1982.
Globin transcription: a possible termination site and demonstra-
tion of transcriptional control correlated with altered chromatin
structure. Cell 29:887-893.

Homa, F. L., J. C. Glorioso, and M. Levine. 1988. A specific
15-bp TATA box promoter element is required for expression of
a herpes simplex virus type 1 late gene. Genes Dev. 2:40-53.
Homa, F. L., T. M. Otal, J. C. Glorioso, and M. Levine. 1986.
Transcriptional control signals of a herpes simplex virus type 1
late (y2) gene lie within bases —34 to +126 relative to the 5’



VoL. 64, 1990

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

47.

49.

50.

51.

52.
53.

54.

55.

terminus of the mRNA. Mol. Cell. Biol. 6:3652-3666.

Honess, R. W., and B. Roizman. 1974. Regulation of herpesvirus
macromolecular synthesis. I. Cascade regulation of the synthe-
sis of three groups of viral proteins. J. Virol. 14:8-19.
Johnson, P. A., and R. D. Everett. 1986. The control of herpes
simplex virus type 1 late gene expression: a TATA box/cap-site
region is sufficient for fully efficient regulated activity. Nucleic
Acids Res. 14:8247-8264.

Jones, K. A., K. R. Yamameto, and R. Tjian. 1985. Two distinct
transcription factors bind to the HSV thymidine promoter in
vitro. Cell 42:559-572.

Kemp, L. M., and D. S. Latchman. 1988. Induction and repres-
sion of cellular gene expression during herpes simplex virus
infection are mediated by different viral immediate-early gene
products. Eur. J. Biochem. 174:443-449.

Knipe, D. M. 1989. The role of viral and cellular nuclear proteins
in herpes simplex virus replication. Adv. Virus Res. 37:85-123.
Knipe, D. M., D. Senechek, S. A. Rice, and J. L. Smith. 1987.
Stages in the nuclear association of the herpes simplex virus
transcriptional activator protein ICP4. J. Virol. 61:276-284.

. Kollias, G., J. Hurst, E. deBoer, and F. Grosveld. 1987. The

human B-globin gene contains a downstream developmental
enhancer. Nucleic Acids Res. 15:5739-5747.

Konkel, D. A., S. M. Tilghman, and P. Leder. 1978. The
sequence of the chromosomal mouse beta-globin major gene:
homologies in capping, splicing, and poly(A) sites. Cell 15:
1125-1132.

Kristie, T. M., and B. Roizman. 1984. Separation of sequences
defining basal expression from those conferring a gene recogni-
tion within the regulatory domains of herpes simplex virus type
1 a genes. Proc. Natl. Acad. Sci. USA 81:4065-4069.

Kristie, T. M., and B. Roizman. 1987. Host cell proteins bind to
the cis-acting site required for virion-mediated induction of
herpes simplex virus 1 a genes. Proc. Natl. Acad. Sci. USA
84:71-75.

. Kwong, A. D., and N. Frenkel. 1987. Herpes simplex virus-

infected cells contain a function(s) that destabilizes both host
and viral mRNAs. Proc. Natl. Acad. Sci. USA 84:1926-1930.
Kwong, A. D., J. A. Kruper, and N. Frenkel. 1988. Herpes
simplex virus virion host shutoff function. J. Virol. 62:912-
921.

. Leinbach, S. S., and W. C. Summers. 1980. The structure of

herpes simplex virus type 1 DNA as probed by micrococcal
nuclease digestion. J. Gen. Virol. 51:45-59.

Mackem, S., and B. Roizman. 1982. Structural features of the
herpes simplex virus a gene 4, 0, and 27 promoter-regulatory
regions which confer a regulation on chimeric thymidine kinase
genes. J. Virol. 44:939-949.

. Marks, P. A., and R. A. Rifkind. 1978. Erythroleukemic differ-

entiation. Annu. Rev. Biochem. 47:419-448.

Marzluff, W. F., and R. C. Huang. 1984. Transcription of RNA
in isolated nuclei, p. 89-129. In Transcription and translation.
IRL Press, Washington, D.C.

Mayman, B., and Y. Nishioka. 1985. Differential stability of host
mRNAs in Friend erythroleukemia cells infected with herpes
simplex virus type 1. J. Virol. 53:1-6.

McGeoch, D. J., M. A. Dalrymple, A. J. Davison, A. Dolan,
M. C. Frame, D. McNab, L. J. Perry, J. E. Scott, and P. Taylor.
1988. The complete DNA sequence of the long unique region in
the genome of herpes simplex virus type 1. J. Gen. Virol.
69:1531-1574.

McKnight, S., and R. Tjian. 1986. Transcriptional selectivity of
viral genes in mammalian cells. Cell 46:795-805.

McKanight, S. L., E. R. Gravis, R. Kingsbury, and R. Axel. 1981.
Analysis of transcriptional regulatory signals of the HSV thy-
midine kinase gene: identification of an upstream control region.
Cell 25:385-398.

McKnight, S. L., R. C. Kingsbury, A. Spence, and M. Smith.
1984. The distal transcriptional signals of the herpesvirus tk
gene share a common hexanucleotide sequence. Cell 37:253—
262.

McKusker, C. T., and S. Bacchetti. 1988. The responsiveness of
human papillomavirus upstream regulatory regions to herpes

HSV-INDUCED SHUTOFF OF GLOBIN GENE EXPRESSION

56.

57.

58.

59.

61.

62.

63.

65.

67.

68.

69.

70.

71.

72.

73.

74.

3893

simplex virus immediate-early proteins. Virus Res. 11:199-207.
Mouttet, M. E., D. Guetard, and J. M. Bechet. 1979. Random
cleavage of intranuclear herpes simplex virus DNA by micro-
coccal nuclease. FEBS Lett. 100:107-109.

Nishioka, Y., and S. Silverstein. 1977. Degradation of cellular
mRNA during infection by herpes simplex virus. Proc. Natl.
Acad. Sci. USA 74:2370-2374.

Nishioka, Y., and S. Silverstein. 1978. Requirement of protein
synthesis for the degradation of host mRNA in Friend erythro-
leukemia cells infected with herpes simplex virus type 1. J.
Virol. 27:619-627.

O’Hare, P., and C. R. Gooding. 1988. Herpes simplex virus
regulatory elements and the immunoglobulin octamer domain
bind a common factor and are both targets for virion transacti-
vation. Cell 52:435-445.

. O’Hare, P., J. P. Mosca, and G. S. Hayward. 1986. Multiple

trans-acting proteins of herpes simplex virus that have different
promoter specificities and exhibit both positive and negative
regulatory functions, p. 175-188. In M. Botchan, T. Grodzicker,
and P. A. Sharp (ed.), Cancer cells, vol. 3. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Oroskar, A. A., and G. S. Read. 1987. A mutant of herpes
simplex virus type 1 exhibits increased stability of immediate-
early (alpha) mRNAs. J. Virol. 61:604—606.

Oroskar, A. A.,, and G. S. Read. 1989. Control of mRNA
stability by the virion host shutoff function of herpes simplex
virus. J. Virol. 63:1897-1906.

Panning, B., and J. R. Smiley. 1989. Regulation of cellular genes
transduced by herpes simplex virus. J. Virol. 63:1929-1937.

. Patel, R., W. L. Chan, L. M. Kemp, N. B. La Thangue, and

D. S. Latchman. 1986. Isolation of cDNA clones derived from a
cellular gene transcriptionally induced by herpes simplex virus.
Nucleic Acids Res. 14:5629-5640.

Pizer, L. 1., and P. Beard. 1976. The effect of herpesvirus
infection on mRNA in polyoma virus transformed cells. Virol-
ogy 75:477-480.

. Post, L. E., S. Mackem, and B. Roizman. 1981. Regulation of a

genes of herpes simplex virus: expression of chimeric genes
produced by fusion of thymidine kinase with a gene promoters.
Cell 24:555-565.

Preston, C. M., M. G. Cordingley, and N. D. Stow. 1984.
Analysis of DNA sequences which regulate the transcription of
a herpes simplex virus immediate early gene. J. Virol. 50:
708-716.

Preston, C. M., M. C. Frame, and M. E. M. Campbell. 1988. A
complex formed between cell components and an HSV struc-
tural polypeptide binds to a viral immediate-early gene regula-
tory DNA sequence. Cell 52:425-434.

Randall, R. E., and N. Dinwoodie. 1986. Intranuclear localiza-
tion of herpes simplex virus immediate-early and delayed early
proteins: evidence that ICP4 is associated with progeny virus
DNA. J. Gen. Virol. 67:2163-2177.

Read, G. S., and N. Frenkel. 1983. Herpes simplex virus
mutants defective in the virion-associated shutoff of host poly-
peptide synthesis and exhibiting abnormal synthesis of a (im-
mediate-early) viral polypeptides. J. Virol. 46:498-512.

Schek, N., and S. L. Bachenheimer. 1985. Degradation of
cellular mRNAs induced by a virion-associated factor during
herpes simplex virus infection of Vero cells. J. Virol. 55:
601-610.

Shapira, M., F. L. Homa, J. C. Glorioso, and M. Levine. 1987.
Regulation of the herpes simplex virus type 1 late (y2) glyco-
protein C gene: sequences between base pairs —34 to +29
control transient expression and responsiveness to transactiva-
tion by the products of immediate early (o) 4 and 0 genes.
Nucleic Acids Res. 15:3097-3111.

Smiley, J. R. 1980. Construction in vitro and rescue of a
thymidine kinase-deficient deletion mutation of herpes simplex
virus. Nature (London) 285:333-335.

Smiley, J. R., B. Fong, and W.-C. Leung. 1981. Construction of
a double-jointed herpes simplex virus DNA molecule: inverted
repeats are required for segment inversion and direct repeats
promote deletion. Virology 113:345-362.



3894

75.

76.

77.

78.
79.

80.

SMIBERT AND SMILEY

Smiley, J. R., C. Smibert, and R. D. Everett. 1987. Expression of
a cellular gene cloned in herpes simplex virus: rabbit beta-globin
is regulated as an early viral gene in infected fibroblasts. J.
Virol. 61:2368-2377.

Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Stenberg, R. M., and L. L. Pizer. 1982. Herpes simplex virus-
induced changes in cellular and adenovirus RNA metabolism in
an adenovirus type S-transformed cell line. J. Virol. 42:474-487.
Strom, T., and N. Frenkel. 1987. Effects of herpes simplex virus
on mRNA stability. J. Virol. 61:2198-2207.

Tackney, C., G. Cachianes, and S. Silverstein. 1984. Transduc-
tion of the Chinese hamster ovary aprt gene by herpes simplex
virus. J. Virol. 52:606-614.

Tremblay, M. L., S.-P. Yee, R. H. Persson, S. Bacchetti, J. R.

81.

82.

83.

J. VIROL.

Smiley, and P. E. Branton. 1985. Activation and inhibition of
expression of the 72,000-Da early protein of adenovirus type 5 in
mouse cells constitutively expressing an immediate early pro-
tein of herpes simplex virus type 1. Virology 144:35-45.
Volloch, V., and D. Housman. 1981. Stability of globin mRNA in
terminally differentiating murine erythroleukemia cells. Cell
23:509-514.

Wagner, E. K. 1985. Individual HSV transcripts: characteriza-
tion of specific genes, p. 45-104. In The herpesviruses, vol. 3.
Plenum Publishing Corp., New York.

Watson, R. J., A. M. Colberg-Poley, C. J. Marcus-Sekura, B. J.
Carter, and L. M. Enquist. 1983. Characterization of the herpes
simplex virus type 1 glycoprotein D mRNA and expression of
this protein in Xenopus oocytes. Nucleic Acids Res. 11:1507—
1522.



