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Previous studies demonstrated that the rabbit ,B-globin gene is transcribed from its own promoter and
regulated as a herpes simplex virus (HSV) early gene following insertion into the early HSV thymidine kinase
gene in the intact viral genome (J. R. Smiley, C. Smibert, and R. D. Everett, J. Virol. 61:2368-2377, 1987).
We report here that the B-globin promoter remained under early control after insertion into the late HSV gene
encoding glycoprotein C. On the basis of these findings, we concluded that the j-globin promoter is functionally
equivalent to an HSV early-control region. We found that a transduced human a-globin gene was also
regulated as an early HSY gene, while two linked Alu elements minicked the behavior of HSV late genes. These
results demonstrate that certain aspects ofHSV temporal regulation can be duplicated by cellular elements and
provide strong support for the hypothesis that the regulation of HSV gene expression can occur through
mechanisms that do not rely on recognition of virus-specific temporal control signals.

The 70 herpes simplex virus (HSV) genes are transcribed
by RNA polymerase II in a regulatory cascade driven by
viral products (33). Five immediate-early (IE) genes are
expressed first (1, 6, 43, 51, 68), and four of the IE polypep-
tides play crucial roles in activating transcription of the
remaining early (E) and late (L) genes (8, 9, 16, 18, 24, 47, 49,
50, 53-55, 61, 66; reviewed in reference 19). E genes are
maximally expressed before the onset of viral DNA replica-
tion, while two subclasses of L genes require DNA replica-
tion for high-level expression. Promoter transplant experi-
ments have shown that the temporal regulation of individual
HSV genes during infection is dictated mainly by sequences
present in their respective promoter regions (31, 48, 57), and
nuclear run-on transcription assays suggest that this control
occurs largely at the transcriptional level (25, 69).
The detailed mechanisms of action of the HSV IE proteins

remain unknown. Although the IE polypeptide ICP4 binds
directly to specific sequences present in HSV and some
heterologous DNAs (2, 20, 21, 38, 39, 45, 46), the role of
sequence-specific DNA binding in the transactivation medi-
ated by this polypeptide remains unclear; for example, an
ICP4-binding site located in the upstream region of the
glycoprotein D gene (2, 20) does not appear to be required
for transactivation of this gene by ICP4 (14, 15). Extensive
studies of several HSV E and L promoters have indicated
that many of the cis-acting regulatory sequences required for
activation by IE proteins and temporal regulation during
infection correspond to the binding sites of cellular transcrip-
tion factors (7, 12, 13, 15, 31, 32, 35, 56). These results
suggest that the temporal control of HSV E and L genes
relies at least in part on changes in the activity of cellular
transcription factors that recognize distinctive constellations
of binding sites in E and L promoters.
An independent line of evidence supporting this view

comes from studies of the regulation of cellular promoters by
HSV products. The rabbit P-globin gene is activated by HSV
IE polypeptides when it is newly introduced into fibroblasts
by transfection (15-17) or as part of an infecting HSV
genome (60). In the latter case, P-globin is regulated as an
HSV E gene following insertion into the E thymidine kinase
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gene (tk). A straightforward interpretation of these results is
that the ,-globin control region is functionally equivalent to
a bona fide HSV E promoter. An alternative explanation is
that cellular genes resident in the viral genome are regulated
by HSV-specific temporal control signals present in the
flanking viral DNA sequences. According to this hypothesis,
P-globin is controlled as an E gene following insertion into
the tk locus because it falls under the influence of putative
HSV-specific E-regulatory signals that govern tk gene
expression.
The hypothesis that the P-globin promoter is equivalent to

an HSV E-control region predicts that its regulation does not
depend on the temporal class of the viral gene into which it
is inserted. We tested this prediction by inserting the ,B-
globin gene into the HSV L gene encoding glycoprotein C
(gC) and found that the 3-globin promoter remained under E
control in this situation. From these results, we concluded
that the temporal regulation of P-globin expression by HSV
products depends on features of the P-globin promoter
rather than on the nature of the flanking viral sequences.
The finding that the 3-globin promoter was regulated as an

HSV E promoter in a context-independent fashion prompted
us to study the control of several additional cellular genes
following incorporation into the HSV genome. We found
that the human a-globin gene was also regulated as an HSV
E gene, while two linked Ali elements closely mimicked the
behavior of HSV L genes. These results demonstrate that a
variety of cellular promoters are able to function efficiently
in the context of the HSV genome and lend further support
to the hypothesis that temporal regulation during HSV
infection can occur thrQugh mechanisms that do not involve
recognition of virus-specific signals.

MATERIALS AND METHODS
Viruses and cells. HSV type 1 (HSV-1) strain KOS PAA'5

(27) was used throughout this study. Virus stocks were
propagated and titers were determined on monolayers of
Vero cells. Expression of virally transduced cellular genes
was monitored following infection of Vero or BHK21 cells
with a multiplicity of 10 PFU per cell. When indicated,
cycloheximide (100 ,ug/ml) or aphidicolin (10 ,ug/ml) was
added 30 min prior to infection and maintained continuously.

Construction of recombinant viral strains. Viral strains
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FIG. 1. Structure of strain gC-beta. A 3.7-kb XbaI fragment bearing the rabbit ,B-globin gene and 1,200 nt of 5' flanking sequences was
inserted into the XbaI site within gC-coding sequences present on pHindlIl L. The resulting insertion mutation was transferred to the gC locus
in the viral genome by in vivo recombination, as described in Materials and Methods.

bearing inserts of cellular sequences were derived by in vivo
recombination following cotransfection of Vero cells with
KOS PAAr5 DNA and plasmids bearing the desired insertion
mutation, as previously described (58-60).

Strain gC-beta, bearing the rabbit 3-globin gene inserted
into the HSV gene encoding glycoprotein C, was con-
structed by converting a previously described 3.7-kilobase
(kb) globin-bearing SstI fragment (60) into an XbaI fragment,
then inserting this into the XbaI site within gC-coding
sequences (22) present on pHindlIl L (Fig. 1; pHindIII L
was provided by E. K. Wagner). Globin-bearing viral clones
were identifed by plaque hybridization (32), plaque purified,
and then screened for the desired insertion by Southern blot
hybridization.

Strain tk-alpha, bearing the human a2 globin gene inserted
into the viral gene encoding thymidine kinase (tk), was
constructed by inserting a 4.3-kb a2 globin SstI fragment
(provided by A. Bernstein) into the SstI site located within
the tk coding sequences present on pTK173 (65). tk-deficient
viral recombinants were selected by plaque purification on
Vero cells in the presence of 20 ,uM acycloguanosine.
Primer extension and Si nuclease analysis. Cytoplasmic

RNA was extracted by the method of Berk and Sharp (3).
Primer extension and S1 nuclease analysis were performed
exactly as previously described (60).
The following synthetic primers were purchased from the

Central Facility of the Institute for Molecular Biology and
Biotechnology, McMaster University: (i) gC, 5'-AAACG
ACCTCCACACGGCCCACCGG-3', predicted extension
product of 79 nucleotides (nt) (22, 32); (ii) US11, 5'-GAT
GCGTTGGGGGCGATTTCGGGCA-3', predicted exten-
sion product of ca. 80 nt (36); (iii) glycoprotein D (gD),
5'-CCCCATACCGGAACGCACCACACAA-3', predicted
extension product of ca. 80 to 90 nt (67); (iV) a2 globin,
5'-AGGCGGCCTTGACGTTGGTCTTGTC-3', predicted
extension product of 80 nt (41); (v) AluI, 5'-TTAGTATAAC
TGGGGTTTCTCCATA-3', predicted extension product of
120 nt (11); and (vi) AluII, 5'-TTAGTAGAGACGGGGTT
TCTCCATG-3', predicted extension product of 120 nt.

RESULTS

Insertion of the rabbit I-globin gene into the HSV gC locus.
Previous studies demonstrated that the intact rabbit P-globin
gene is transcribed from its own promoter and regulated as
an HSV E gene following insertion into the E tk gene in the
viral genome (60). We wished to determine whether the
P-globin promoter remained under E control when the globin
gene was placed within the body of a true L HSV gene. We
constructed a plasmid in which a 3.7-kb XbaI fragment
bearing the rabbit ,3-globin gene and 1,200 nt of 5' globin-
flanking sequences was inserted into the XbaI site within the
dispensable L gene encoding gC (22, 32), and then we
transferred the resulting insertion mutation into the viral
genome by in vivo recombination to produce strain gC-beta
(Fig. 1). The introduction of 3-globin sequences into the gC
gene resulted in the replacement of a wild-type 2.2-kb
HindIII-EcoRI gC fragment with the expected gC-globin
fusion fragments of 3.3 and 1.9 kb (Fig. 2) and the acquisition
of a 590-base-pair internal globin EcoRI fragment (data not
shown).
E expression of rabbit ,I-globin in strain gC-beta. We first

tested whether the insertion of P-globin sequences disrupted
the regulation of transcripts initiated from the gC promoter
in strain gC-beta by studying the effects of inhibiting viral
DNA replication with aphidicolin. Cytoplasmic RNA ex-
tracted from Vero cells infected with gC-beta and the paren-
tal PAA'5 strain was analyzed by primer extension by using
a probe complementary to residues +54 to +79 relative to
the gC mRNA cap site. Accumulation of correctly initiated
gC RNAs was strongly inhibited by blocking viral DNA
replication in both viral strains (Fig. 3). We therefore con-
cluded that expression from the gC promoter remained
highly dependent on DNA replication in gC-beta.
We studied the regulation of the inserted ,B-globin gene by

S1 nuclease analysis of globin transcripts produced during
lytic infection of Vero cells. The S1 probe was derived from
a previously described gD-globin fusion (14) and allowed
differentiation of globin RNAs initiated from the globin
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FIG. 2. Southern blot analysis of strain gC-beta DNA. The
indicated DNAs were cleaved with a mixture of Hindlll and EcoRI.
transferred to nitrocellulose, and then probed with pHindlll L
(lacking the 3-globin insert). Insertion of globin sequences disrupted
the 2.2-kb PAAr5 Hindlll-EcoRI fragment and led to the appearance
of two gC-globin fusion fragments (3.3 and 1.9 kb).

promoter from those arising by readthrough from upstream
sequences (Fig. 4D). Correctly initiated f-globin transcripts
were detectable at 3 h postinfection and did not increase in
abundance thereafter. These globin RNAs accumulated with
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FIG. 3. Expression of gC RNAs in strain gC-beta. Vero cells
were infected with 10 PFU of the indicated viral strain per cell.
Cytoplasmic RNA (20 ,g), harvested at the indicated times postin-
fection. was analyzed by primer extension with a 5'-labeled syn-
thetic gC primer. Following treatment with reverse transcriptase.
products were displayed on an 8% sequencing gel. Where indicated.
10 ,ug of aphidicolin (Aph) per ml was added 30 min prior to infection
and maintained continuously. Markers (M) were 3'-labeled Hptlll
fragments of pBR322 DNA. Marker fragment sizes (in nucleotides)
are shown at the right.

FIG. 4. Time course of 3-globin RNA expression during infec-
tion with gC-beta. Cytoplasmic RNA (20 p.g). prepared from Vero
cells infected with gC-beta (10 PFU per cell), was hybridized to the
5'-labeled probe diagrammed in panel D to detect globin transcripts.
Following treatment with S1 nuclease. digestion products were

displayed on an 8% sequencing gel. These RNA samples were also
analyzed for gD and US11 transcripts by primer extension with
5'-labeled synthetic 25-mers. (A) Time course of ,B-globin RNA
accumulation. ATI and AT2. Aberrant transcripts (described in the
text). A portion of the globin probe was also hybridized to 1 ng of
purified rabbit globin mRNA (alpha plus beta) to provide a marker
for the position of correctly initiated globin RNAs. Markers (M) for
panels A to C were 3'-labeled Hptill fragments of pBR322 DNA.
Marker fragment sizes (in nucleotides) are shown at the right. (B)
Time course of gD RNA accumulation. (C) Time course of US11
RNA accumulation. (D) Probe fragment used in panel A. The
fragment was derived from a gD-globin fusion (14) and allows
transcripts initiated from the globin promoter to be distinguished,
from those arising by splicing (AT1) and readthrough (AT2) from
upstream sequences.
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FIG. 5. Effects of inhibitors on ,-globin expression. Cytoplasmic
RNA (20 jig), prepared from Vero cells at the indicated times
postinfection with gC-beta (10 PFU per cell), was hybridized to the
P-globin probe described in the legend to Fig. 4, and the hybrids
were digested with S1 nuclease. Cycloheximide (Cx; 100 ,ug/ml) or
aphidicolin (Aph; 10 jig/ml) was added 30 min prior to infection.
Markers (M) were 3'-labeled HpaII fragments of pBR322 DNA.
Marker fragment sizes (in nucleotides) are shown at the right.

roughly the same time course as those derived from the E gD
gene (14, 67) and were detectable before those arising from
the true L US11 gene (36). Accumulation of globin RNA was
strongly suppressed by blocking viral protein synthesis with
cycloheximide but was not reduced by blocking viral DNA

replication with aphidicolin (Fig. 5). These data suggest that
globin expression required viral IE polypeptide synthesis
and was largely independent of DNA replication. On the
basis of these results, we concluded that the rabbit 3-globin
gene remained under E control when it was embedded within
a viral L gene.
Two additional globin-related transcripts, AT1 and AT2

(Fig. 4 and 5), accumulated at later times postinfection. One
of these, AT2, gave rise to an Si signal mapping to the site
of sequence divergence between gC-beta DNA and the
probe used and must therefore arise by readthrough from the
upstream globin sequences. The second (AT1) generated an
S1 signal mapping to a previously described cryptic splice-
acceptor site located at approximately +46 in the globin-
coding sequences (26, 60) and most likely originates through
alternative splicing of RNAs initiated at one or more up-
stream promoters. It seems likely that some of the RNAs
that give rise to the AT1 and AT2 Si signals initiate at the gC
promoter. However, we found that the AT1 and AT2 Si
signals were considerably less sensitive to inhibition of viral
DNA replication than transcripts driven from the gC pro-
moter (compare Fig. 3 and 5). We therefore suspect that
transcripts initiated at one or more additional promoters,
perhaps located upstream of the gC promoter or within the 5'
flanking globin sequences, also contributed to the AT1 and
AT2 Si signals.

Insertion of the human t2 globin gene and two Alu elements
into the tk locus. Tackney et al. (62) reported that the intact
Chinese hamster adenine phosphoribosyltransferase (aprt)
gene was not detectably transcribed following incorporation
into the HSV genome and interpreted these results as
indicating that HSV regulators distinguish between cellular
and viral promoters. Because of the contrasting behavior of
the rabbit 3-globin and hamster aprt genes, we wished to
learn whether the 3-globin gene was unique among cellular
elements in its ability to be expressed to high levels when
transduced by HSV. We therefore studied the regulation of
the human (2 globin gene and two linked Alu elements
present on a 4.3-kb SstI fragment following insertion into the
viral tk gene (Fig. 6). These particular cellular elements were

BomHI Rli Sst RI Bam Hi
3' 4 5'tk

aku alu11alpha 2-gicb~n
FIG. 6. Structure of strain tk-alpha. A 4.3-kb SstI fragment of human DNA bearing the a2-globin gene and two Alu repetitive elements was

cloned into the SstI site within tk coding sequences, and the resulting tk-deficient insertion mutation was transferred into the tk locus in the
viral genome by recombination in vivo. The intron-exon arrangement of the ao-globin gene and the transcriptional polarities of the Alu elements
are indicated. RI, EcoRI.
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FIG. 7. Southern blot analysis of tk-alpha DNA. The indicated

DNAs were cleaved with EcoRI (RI) or BamHI, transferred to
nitrocellulose, and then probed with a tk plasmid. Insertion of the
a-globin fragment increased the size of the PAAr5 EcoRI and
BamHI tk fragments by 4.3 kb.

chosen for two reasons. First, the a- and P-globin promoter
regions have little primary nucleotide sequence homology,
and these two genes are regulated very differently in trans-
fection assays (5, 34, 63). Thus, if the ox-globin gene was also
activated by HSV products, the result would reduce the
likelihood that this control results from recognition of "vi-
rus-specific" signals accidentally present in globin DNA.
Second, Alu elements are transcribed by RNA polymerase
III in vitro (10, 11; reviewed in reference 52), and we wished
to learn whether certain cellular pollll-transcribed genes can
also be expressed to high levels following transduction by
HSV.

Insertion of the 4.3-kb (x-globin fragment into the tk gene
of strain tk-alpha resulted in loss of the wild-type 3.5-kb
BamHI and 2.4-kb EcoRI tk fragments and acquisition of the
predicted 7.8-kb BamHI and 6.7-kb EcoRI fragments bearing
the globin insert (Fig. 7).
E expression of the a-globin gene. We studied the regula-

tion of the inserted a-globin and Alii transcription units by
primer extension analysis of cytoplasmic RNAs produced
during lytic infection of Syrian hamster BHK21 cells with
tk-alpha. BHK21 cells were chosen instead of Vero cells to
reduce the risk of cross-hybridization between primers de-
signed to detect transcripts arising from the virally trans-
duced human genes and the closely related endogenous
primate sequences present in Vero cells. Control experi-
ments demonstrated that RNA prepared from PAAr5-in-
fected BHK21 cells did not react with the ot-globin and Alu
primers (data not shown).

Correctly initiated ox-globin transcripts accumulated with
an early time course: transcripts were detected at 3 h
postinfection, reached maximal levels by 6 h, and remained
relatively constant in abundance thereafter (Fig. 8). In

addition, ot-globin expression was blocked by inhibiting
protein synthesis with cycloheximide but was not greatly
affected by suppressing viral DNA replication with aphidi-
colin (Fig. 9). Similar results were obtained during infection
of Vero cells with strain tk-alpha (data not shown).
L expression of Alu elements. The two Alu elements

transduced by strain tk-alpha differ in size: AluI is a standard
human monomer, while AllII is a dimer composed of two

aiu 11 '124

-82

-78

FIG. 8. Time course of ot-globin and Alu expression during
infection with tk-alpha. Cytoplasmic RNA (20 ,ug), extracted from
BHK21 cells at the indicated times postinfection, was analyzed by
primer extension with 5'-labeled synthetic 25-mers designed to
detect ot-globin, AluI, AlillI, gD, and US1l RNAs. The sizes (in
nucleotides) of the major extension products (estimated relative to
HpaII fragments of pBR322 DNA) are indicated.

fused Alii elements. In addition, AluI and AluII differ signif-
icantly in their primary sequences, necessitating the use of
separate primers to detect their respective transcripts. The
primers were complementary to residues 95 to 120 of the Alu
elements and were designed to prevent cross-hybridization
to the related 7SL RNA (64).

Both Alu elements gave rise to abundant cytoplasmic
transcripts initiated at the first residue of the Alu repeat, i.e.,
the initiation site of RNA polymerase III in vitro (Fig. 8 and
9) (11). Alu transcripts were first detected 6 h postinfection,
and the levels of Alii RNA increased at later times. Accu-
mulation of Alii transcripts was completely suppressed by
blocking DNA replication with aphidicolin and by inhibiting
protein synthesis with cycloheximide (Fig. 9). In these
respects, the Alii elements were regulated in a fashion that
closely mimics the behavior of HSV true L genes.
RNA polymerase III terminates transcription immediately

following a run of four or more T residues in the nontemplate
strand (4, 11, 40). As an indirect test of whether the Alti
transcripts arising from the virally transduced elements were

transcribed by polymerase III, we mapped the 3' end of the
AluI transcript by S1 nuclease protection analysis. Using a

3'-labeled A}vaI-Nc oI probe fragment labeled at an AvaI site
ca. 100 nt upstream of the 3' end of the element, we detected
a protected fragment of ca. 162 nt (Fig. 10). This result maps
the 3' end of the AluI transcript within a run of 6 T residues
(Fig. 10C), which corresponds to the first run of four or more

T residues in the downstream flanking human sequences.
Thus, the position of the 3' end of this Alu transcript
provides indirect evidence that it is transcribed by RNA
polymerase III.

2.4Kb
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FIG. 9. Effects of inhibitors on expression of o-globin and A/u RNAs. Cytoplasmic RNA (20 ,ug), prepared at the indicated times (hours)
postinfection of BHK21 cells with tk-alpha (10 PFU per cell), was analyzed for cx-globin and Alu transcripts by primer extension.
Cycloheximide (Cx; 100 tJg/ml) or Aphidicolin (Aph; 10 ,ug/ml) was added 30 min prior to infection. Markers (M) were 3'-labeled HpaII
fragments of pBR322 DNA. Marker fragment sizes (in nucleotides) are shown at the left.

DISCUSSION

Previous studies demonstrated that the rabbit beta-globin
gene was transcribed from its own promoter and regulated as

an HSV E gene following insertion into the E tk gene in the
intact viral genome (60). The results presented in this paper
show that the globin promoter remained under E control
when it was inserted into the body of the true L viral gene

encoding gC. Thus, in this instance, the regulation of a

cellular gene residing in the HSV genome was not dictated
by the temporal class of the viral gene into which it was

inserted. These data strongly suggest that the 3-globin
control region provides the functional equivalent of an HSV
E promoter and demonstrate that E regulation can occur

through mechanisms that are not restricted to viral promot-
ers. Consistent with this view, we found that the highly
diverged human ot2 globin gene was also expressed under E
control in a viral recombinant. This latter finding reduces the
likelihood that the regulation of globin genes by HSV prod-
ucts relies on recognition of virus-specific temporal control
sequences accidentally present in the upstream regions or

transcribed bodies of these genes. Rather, it seems much
more likely that this control results at least in part from
virus-induced modifications that facilitate the interaction of
one or more cellular factors with the globin control regions.
Interpreted in this way, our data support the hypothesis that
HSV regulators alter the activity of cellular transcription
factors (44) in a fashion similar to that of the adenovirus Ela
proteins (reviewed in reference 37).

It is intriguing that the expression of an HSV-transduced
ot-globin gene required viral polypeptide synthesis. In con-

trast to f-globin genes, the human ot-globin gene is efficiently
expressed following transfection into a variety of cell types
(5, 34, 63). Thus, one might have anticipated that the
ot-globin gene would be directly expressed upon infection in
the absence of viral regulators. Indeed, Hearing and Shenk
(28) found that this gene was expressed in the absence of IE
polypeptides during infection with an Ela-deficient adenovi-
rus recombinant. One interpretation of our data is that the
ot-globin gene is somehow prevented from interacting with

the cellular transcriptional apparatus when it is placed in the
HSV genome and that one or more viral products are
required to overcome this negative control. If this idea is
correct, then it seems possible that similar mechanisms
contribute to the severe restriction of viral E and L gene
expression that is observed in the absence of HSV IE
polypeptides.

Expression of the Ali, elements transduced by strain
tk-alpha stringently required viral protein and DNA synthe-
sis-in these respects mimicking the behavior of viral true L
genes. It is not yet clear whether the requirement for protein
synthesis reflects a direct effect of viral polypeptides on Alu
expression: an equally plausible explanation is that Alu
expression is driven entirely by viral DNA replication. One
hypothesis to explain the requirement for viral DNA repli-
cation postulates that Alli promoters are very weak in vivo
and that detectable expression therefore requires template
amplification. Alternative explanations include (i) the gener-
ation of a transcriptionally permissive, altered DNA confor-
mation during replication and (ii) a replication-dependent
segregation of DNA molecules into specialized nuclear com-
partments containing the necessary transcription factors.

Epstein-Barr virus encodes small po/II-transcribed RNAs
(42), but HSV is not known to bear pollII genes. While we
have no direct evidence that the virally transduced Alui
elements are transcribed by RNA polymerase III during
infection, our observation that the Ali transcripts start at the
predicted polIlI initiation site and end at a classical polIII
terminator provides indirect evidence that this is the case.
Adenovirus and pseudorabies virus IE proteins can activate
the transcription of certain polII genes that have been newly
introduced into cells (23, 30) by modifying the activity of the
polIll transcription factor IIIC (29, 70). We are testing
whether HSV IE products are also able to directly stimulate
transcription by pollII.
Our results strongly suggest that some cellular cis-acting

elements are able to specify control patterns that closely
resemble those of HSV E and L genes. This in turn suggests
that certain aspects of the temporal regulation of HSV genes

J. VIROL.
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FIG. 10. Location of the 3' end of the AluI transcript. (A)
Cytoplasmic RNA (20 ,ug) prepared from BHK21 cells 9 h postin-
fection with PAAr5 or tk-alpha (10 PFU per cell) was hybridized to
the 3'-labeled probe diagrammed in panel B. After treatment with S1
nuclease, hybrids were displayed on an 8% sequencing gel. Markers
(M) were 3'-labeled HpaII fragments of pBR322 DNA. Marker
fragment sizes (in nucleotides) are shown at the left. (B) Probe
structure. The probe extends from an AvaI site in the AluI element
to an NcoI site in the 3' flanking human sequences. The Alu element
is represented as a thick closed bar, the 15-nt direct repeats of host
sequences flanking the element are indicated by small arrows, and
the structure of the Alul transcript is diagrammed. (C) Nucleotide
sequence at the 3' end of the AluI transcript. The sequence in the
sense of the Alu transcript is presented. The arrow marks the
approximate position of the 3' end, as estimated from the data
displayed in panel A.

arise through processes that do not involve recognition of
14SV-specific cis-acting signals. It will be interesting to learn
whether any of the IE polypeptides provide additional levels
of control that are specifically targeted to HSV E and L
genes.

ACKNOWLEDGMENTS

We thank Margaret Howes and Joanne Duncan for expert tech-
nical assistance.

This research was supported by grants from the Medical Research
Council of Canada and the National Cancer Institute of Canada.
J.R.S. is a Terry Fox Senior Scientist of the National Cancer
Institute (C).

LITERATURE CITED
1. Anderson, K. P., R. H. Costa, L. E. Holland, and E. K. Wagner.

1980. Characterization of herpes simplex type 1 RNA present in

the absence of de novo protein synthesis. J. Virol. 34:9-27.
2. Beard, P., S. Faber, K. W. Wilcox, and L. I. Pizer. 1986. Herpes

simplex virus immediate-early infected-cell polypeptide 4 binds
to DNA and promotes transcription. Proc. Natl. Acad. Sci.
USA 83:4016-4020.

3. 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.

4. Bogenhagen, D. F., S. Sakonju, and D. D. Brown. 1980. A
control region in the center of the 5S RNA gene directs specific
initiation of transcription. II. The 3' border of the region. Cell
19:27-35.

5. Charnay, P., R. Treisman, P. Mellon, M. Chao, R. Axel, and T.
Maniatis. 1984. Differences in human a and p-globin gene
expression in mouse erythroleukemia cells: the role of intra-
genic sequences. Cell 38:251-263.

6. Clements, J. B., J. McLauchlan, and D. J. McGeoch. 1979.
Orientation of herpes simplex virus type 1 immediate-early
mRNA. Nucleic Acids Res. 7:77-91.

7. 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.

8. Costa, R. H., K. G. Draper, G. A. Devi-Rao, R. L. Thompson,
and E. K. Wagner. 1985. Virus-induced modification of the host
cell is required for expression of the bacterial chloramphenicol
acetyltransferase gene controlled by a late herpes simplex virus
promoter (VP5). J. Virol. 56:19-30.

9. DeLuca, N. A., A. M. McCarthy, and P. A. Schaffer. 1985.
Isolation and characterization of deletion mutants of herpes
simplex virus type 1 in the gene ehcoding immediate-early
regulatory protein ICP4. J. Virol. 56:558-570.

10. Duncan, C., P. A. Bero, P. V. Choudary, J. T. Elder, R. R. C.
Wang, B. G. Forget, J. K. deRiel, and S. M. Weissman. 1979.
RNA polymerase III transcription units are interspersed among
human non-a globin genes. Proc. Natl. Acad. Sci. USA 76:
5095-5099.

11. Duncan, C. H., P. Jagadeeswaran, R. C. Wang, and S. M.
Weissman. 1981. Structural analysis of templates and RNA
polymerase III transcripts of Alu family sequences interspersed
among the human P-like globin genes. Gene 13:185-196.

12. Eisenberg, S. P., D. M. Coen, and S. L. McKnight. 1985.
Promoter domains required for expression of plasmid-borne
copies of the herpes simplex virus thymidine kinase gene in
virus-infected mouse fibroblasts and microinjected frog oocytes.
Mol. Cell. Biol. 5:1940-1947.

13. El Kareh, A., A. J. M. Murphy, T. Fithcer, A. Efstradiatis, and
S. Silverstein. 1985. "Transactivation" control signals in the
promoter of the herpesvirus thymidine kinase gene. Proc. Natl.
Acad. Sci. USA 82:1002-1006.

14. 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.

15. Everett, R. D. 1984. A detailed analysis of an HSV-1 early
promoter: sequences involved in trans-activation by viral imme-
diate-early gene products are not early gene specific. Nucleic
Acids Res. 12:3037-3056.

16. 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.

17. Everett, R. D. 1985. Activation of cellular promoters during
herpes simplex virus infection of biochemically transformed
cells. EMBO J. 4:1973-1980.

18. Everett, R. D. 1986. The products of herpes simplex virus
immediate-early genes 1, 2, and 3 can activate HSV-1 gene
expression in trans. J. Gen. Virol. 67:2507-2513.

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

20. Faber, S. W., and K. W. Wilcox. 1986. Association of the herpes
simplex virus regulatory protein ICP4 with specific nucleotide
sequences in DNA. Nucleic Acids Res. 14:6067-6083.

21. Faber, S. W., and K. W. Wilcox. 1988. Association of herpes
simplex virus regulatory protein ICP4 with sequences spanning

A.

B.

VOL. 63, 1989



1936 PANNING AND SMILEY

the ICP4 gene transcription initiation site. Nucleic Acids Res.
16:555-570.

22. Frink, R. J., R. Eisenberg, G. Cohen, and E. K. Wagner. 1983.
Detailed analysis of the portion of the herpes simplex virus type
1 genome encoding glycoprotein C. J. Virol. 45:634-647.

23. Gaynor, R. B., L. T. Feldman, and A. J. Berk. 1985. Transcrip-
tion of class III genes activated by viral immediate-early pro-
teins. Science 230:447-450.

24. Gelman, I. H., and S. Silverstein. 1985. Identification of imme-
diate-early genes from herpes simplex virus that transactivate
the virus thymidine kinase gene. Proc. Natl. Acad. Sci. USA
82:5265-5269.

25. Godowski, P. J., and D. M. Knipe. 1986. Transcriptional control
of herpesvirus gene expression: gene functions required for
positive and negative regulation. Proc. Natl. Acad. Sci. USA
83:256-260.

26. Grosveld, G. C., E. de Boer, C. K. Shewmaker, and R. A.
Flavell. 1982. DNA sequences necessary for transcription of the
rabbit,-globin gene in vitro. Nature (London) 295:120-126.

27. 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.

28. Hearing, P., and T. Shenk. 1985. Sequence-independent auto-
regulation of the adenovirus type 5 Ela transcription unit. Mol.
Cell. Biol. 5:3214-3221.

29. Hoeffler, W. K., R. Kovelman, and R. G. Roeder. 1988. Activa-
tion of transcription factor III C by the adenovirus Ela protein.
Cell 53:907-920.

30. Hoeffler, W. K., and R. G. Roeder. 1985. Enhancement of RNA
polymerase III transcription by the Ela gene product of aden-
ovirus. Cell 41:955-963.

31. 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.

32. 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 +124 relative to the 5'
terminus of the mRNA. Mol. Cell. Biol. 6:3652-3666.

33. 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.

34. Humphries, R. K., T. Ley, P. Turner, A. D. Moulton, and A. W.
Nienhuis. 1982. Differences in human a, P,B and 8-globin gene
expression in monkey kidney cells. Cell 30:173-183.

35. Johnson, P. A., and R. D. Everett. 1986. The control of herpes
simplex virus type 1 late gene expression: a TATA box capsite
region is sufficient for fully regulated activity. Nucleic Acids
Res. 14:8247-8264.

36. Johnson, P. A., C. MacLean, H. S. Marsden, R. G. Dalziel, and
R. D. Everett. 1986. The product of gene US11 of herpes
simplex virus type 1 is expressed as a true late gene. J. Gen.
Virol. 67:871-883.

37. Jones, N. C., P. W. Rigby, and E. B. Ziff. 1988. Transacting
protein factors and the regulation of eukaryotic transcription:
lessons from studies on DNA tumor viruses. Genes Dev.
2:267-281.

38. Kristie, T. M., and B. Roizman. 1986. a4, the major regulatory
protein of herpes simplex virus type 1, is stably and specifically
bound with promoter-regulatory domains of a- genes and of
selected other viral genes. Proc. Natl. Acad. Sci. USA 83:
3218-3222.

39. Kristie, T. M., and B. Roizman. 1986. DNA-binding site of
major regulatory protein a4 specifically associated with promot-
er-regulatory domains of a genes of herpes simplex virus type 1.
Proc. Natl. Acad. Sci. USA 83:4700-4704.

40. Kurjan, J., B. D. Hall, S. Gillam, and M. Smith. 1980. Mutations
at the yeast SUP4 tRNA'Yr locus: DNA sequence changes in
mutants lacking suppressor activity. Cell 20:701-709.

41. Lauer, J., C.-K. Shen, and T. Maniatis. 1980. The chromosomal
arrangement of human a-like globin genes: sequence homology
and a globin gene deletions. Cell 20:119-130.

42. Lerner, M. R., N. C. Andrews, G. Miller, and J. A. Steitz. 1981.

Two small RNAs encoded by Epstein-Barr virus and complexed
with protein are precipitated by antibodies from patients with
systemic lupus erythematosus. Proc. Natl. Acad. Sci. USA
78:805-809.

43. Mackem, S., and B. Roizman. 1980. Regulation of herpesvirus
macromolecular synthesis: transcription initiation sites and do-
mains of(x genes. Proc. Natl. Acad. Sci. USA 77:7122-7126.

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

45. Michael, N., D. Spector, P. Mavromara-Nazos, T. M. Kristie,
and B. Roizman. 1988. The DNA binding properties of the major
regulatory protein a4 of herpes simplex virus. Science 239:
1531-1534.

46. Muller, M. T. 1987. Binding of the herpes simplex virus imme-
diate-early gene product ICP4 to its own transcription start site.
J. Virol. 61:858-865.

47. O'Hare, P., and G. S. Hayward. 1985. Evidence for a direct role
for both the 175,000 and 110,000 molecular weight immediate-
early proteins of herpes simplex virus in the transactivation of
delayed-early promoters. J. Virol. 53:751-760.

48. Post, L. E., S. Mackem, and B. Roizman. 1981. Regulation of ax
genes of herpes simplex virus: expression of chimeric genes
produced by fusion of thymidine kinase with a gene promoter.
Cell 24:555-565.

49. Preston, C. M. 1979. Control of herpes simplex virus type 1
mRNA synthesis in cells infected with wild-type virus or the
temperature-sensitive mutant tsK. J. Virol. 29:275-284.

50. Quinlan, M. P., and D. M. Knipe. 1985. Stimulation of expres-
sion of a herpes simplex virus DNA binding protein by two viral
functions. Mol. Cell. Biol. 5:957-963.

51. Rixon, F. J., and J. B. Clements. 1982. Detailed structural
analysis of two spliced HSV1 immediate-early mRNAs. Nucleic
Acids Res. 10:2241-2256.

52. Rogers, J. H. 1985. The origin and evolution of retroposons. Int.
Rev. Cytol. 93:187-279.

53. Sacks, W. R., C. C. Greene, D. P. Aschman, and P. A. Schaffer.
1985. Herpes simplex virus type 1 ICP27 is an essential regula-
tory protein. J. Virol. 55:796-805.

54. Sacks, W. R., and P. A. Schaffer. 1987. Deletion mutants in the
gene encoding the herpes simplex virus type 1 immediate-early
protein ICPO exhibit impaired growth in cell culture. J. Virol.
61:829-839.

55. Sears, A. E., I. W. Halliburton, B. Meigner, S. Silver, and B.
Roizman. 1985. Herpes simplex virus 1 mutant deleted in the
a22 gene: growth and gene expression in permissive and restric-
tive cells and establishment of latency in mice. J. Virol. 55:
338-346.

56. 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 (at) 4 and 0 genes.
Nucleic Acids Res. 15:3097-3111.

57. Silver, S., and B. Roizman. 1985. y2-thymidine kinase chimeras
are identically transcribed but regulated as y2 genes in herpes
simplex virus genome and as P8 genes in cell genomes. Mol. Cell.
Biol. 5:518-528.

58. 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.

59. 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 deletions. Virology 113:345-362.

60. 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.

61. Stow, N. D., and E. C. Stow. 1986. Isolation and characteriza-
tion of a herpes simplex virus type 1 mutant containing a
deletion within the gene encoding the immediate-early polypep-
tide Vmw 110. J. Gen. Virol. 67:2571-2585.

62. Tackney, C., G. Cachianes, and S. Silverstein. 1984. Transduc-

J. VIROL.



REGULATION OF CELLULAR GENES BY HSV

tion of the Chinese hamster ovary dipit gene by herpes simplex
virus. J. Virol. 52:606-614.

63. Treisman, R., M. R. Green, and T. Maniatis. 1983. Cis- and
trans-activation of globin gene expression in transient assays.

Proc. Natl. Acad. Sci. USA 80:7428-7432.
64. Ullu, E., S. Murphy, and M. Melli. 1982. Human 7SL RNA

consists of a 140 nucleotide middle repetitive sequence inserted
in an Alu sequence. Cell 29:195-202.

65. Varmuza, S. L., and J. R. Smiley. 1985. Signals for site-specific
cleavage of HSV DNA: maturation involves two separate
cleavage events at sites distal to the recognition sequences. Cell
41:793-802.

66. Watson, R. J., and J. B. Clements. 1980. A herpes simplex virus
type 1 function continuously required for early and late RNA
synthesis. Nature (London) 285:329-330.

67. 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 Xeniopius oocytes. Nucleic Acids Res. 11:1507-
1522.

68. Watson, R. J., C. M. Preston, and J. B. Clements. 1979.
Separation and characterization of herpes simplex virus type
immediate-early mRNAs. J. Virol. 31:42-52.

69. W'einheimer, S. P., and S. L. McKnight. 1987. Transcriptional
and post-transcriptional controls establish the cascade of herpes
simplex virus protein synthesis. J. Mol. Biol. 195:819-833.

70. Yoshinaga, S., N. Dean, M. Han, and A. J. Berk. 1986. Adeno-
virus stimulation of transcription by RNA polymerase III:
evidence for an Ela-dependent increase in transcription factor
Ilic concentration. EMBO J. 5:343-354.

VOL. 63, 1989 1937


