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Repression of human cytomegalovirus o (immediate-early) gene expression is under the control of the viral
ie2 gene. Here we show that ie2 negatively regulates gene expression directed by the strong cytomegalovirus
enhancer via a specific 15-bp target sequence (which we term cis repression signal [crs]). This crs is located
between —14 and +1 relative to the transcription start site and will function in an orientation-independent
fashion, consistent with repression occurring at the transcriptional level. Repression is dominant over
transactivation by iel gene products. The crs (5'-CGTTTAGTGAACCGT-3’) does not contain previously
recognized binding sites for cellular transcription factors, and a precise copy is not found elsewhere in the
human cytomegalovirus genome. The position of the signal near the transcription start site appears to be
important in function; addition of the crs near the transcription start site of a heterologous promoter, from the
thymidine kinase gene of herpes simplex virus type 1, conferred cytomegalovirus ie2-dependent repression
upon this promoter. Thus, we propose that an ie2 gene product or an induced cellular protein mediates
repression by binding to crs. Negative regulation of o gene expression may be important during viral

replication or latency.

Human cytomegalovirus (human herpesvirus 5; CMV), a
herpesvirus causing disease primarily in immunocompro-
mised patients, carries over 200 genes whose expression is
coordinately regulated and sequentially ordered during viral
growth (35, 53). Three regions of o (immediate-early) gene
expression have been mapped on the CMV genome (21, 26,
47, 50, 51, 62, 63), with one much more abundantly ex-
pressed than the others in infected human fibroblast (HF)
cells (10, 21, 59, 61, 63). This prominent o region maps
between 0.738 and 0.762 on the CMV genome and includes
genes that encode a family of nuclear phosphoproteins (16,
17, 27, 33). Two genes within this region, iel and ie2, that
carry out regulatory functions (8, 11, 12, 19, 20, 29, 39) are
expressed via differential splicing from a single transcription
start site (7, 47, 51; Fig. 1). Expression of iel and ie2 is under
control of a strong enhancer (1, 4, 59) and is subject to both
positive and negative regulation by factors acting on the
promoter-enhancer region (8, 19, 20, 29, 37, 39, 42, 44, 45,
48, 49, 54).

Transient expression experiments have demonstrated that
the product of the most abundantly expressed a gene, iel, a
491-amino-acid (aa) protein referred to as the major imme-
diate-early protein (17, 53), participates in enhancer activa-
tion via the 18-bp repeat element (8). This positive autoreg-
ulation by iel is mediated through the cellular transcription
factor, NFkB, which binds to a site within the 18-bp repeat
element (36, 42). Although iel transcript levels peak between
S and 8 h postinfection, protein products continue to accu-
mulate throughout infection (47; our unpublished data). One
predominant ie2 gene product 579 aa in size (also called 86K
on the basis of electrophoretic mobility) and one less abun-
dant 425 aa in size are expressed immediately after infection
from transcripts that are 5’ coterminal and share three exons
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with iel (47, 51; Fig. 1). At late times, one abundant ie2 gene
product (302 aa in size) is expressed from a promoter that
maps just downstream of the iel polyadenylation signal (47,
51). Spliced ie2 transcripts structurally similar to those
expressed immediately after infection continue to persist
throughout infection (47).

The transactivating and repressing properties of ie2 prod-
ucts have been reported. In combination with iel, the ie2
region is capable of complementing an adenovirus mutant
defective in Ela (56, 57). In transient assays, ie2 gene
products can transactivate a variety of heterologous target
promoters: herpes simplex virus type 1 (HSV-1) glycopro-
tein D (12); adenovirus E2 (20, 58); human immunodefi-
ciency virus type 1 long terminal repeat (9); and HSV-1 ICP4
(IE175), simian virus 40 early, adenovirus E3, and @ inter-
feron (39). The presence of iel gene products generally
increases transactivation of these promoters in the presence
of the ie2 gene, presumably through increasing the levels of
expression of ie2 gene products. Significantly, at least four
CMV B (delayed-early) promoters can be transactivated by
the ie2 products in conjunction with iel: the promoter of the
B gene encoding the 2.2-kb transcript (46), the promoter of
the DNA polymerase gene (11), the promoter of the B gene
encoding the predominant 2.7-kb transcript (25), and the
multiple promoters of the B gene encoding the 1.7-kb tran-
script (6). The work of Pizzorno et al. (39) has suggested that
important ie2 transactivating functions are contained within
the amino-terminal sequences shared between iel and either
the 579- or 425-aa species of ie2. Further work on the 579-aa
protein has implicated both amino- and carboxyl-terminal
sequences in transactivation (48).

In addition to the transactivating properties of the ie2
products, Pizzorno et al. (39) were the first to show that
these products may negatively autoregulate the o promoter-
enhancer. The target construct that was repressed in their
transient expression assays contained CMV « promoter-
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enhancer sequences from —760 to +10 (relative to the
transcription start site) fused to an indicator gene. Using
effector plasmids with deletions in iel and ie2 in transient
cotransfection assays, they demonstrated that the repression
function resided in a region distinct from the transactivation
domain, i.e., that the repression function, unlike the trans-
activating function, lies outside of the sequences shared by
iel and ie2 gene products, within the ie2 gene (exon 5) of the
a region. This work has been recently confirmed and ex-
tended by others (19, 48) who have shown that a carboxyl-
terminal domain of this ie2-specific exon is involved in
negative regulation.

In this report, we show that the cis target site through
which ie2 negatively regulates the a promoter-enhancer is a
15-bp sequence located from —14 to +1 (relative to the
transcriptional start site). Repression is dominant over trans-
activation by iel gene products. This sequence will function
in an orientation-independent fashion, consistent with re-
pression occurring at the transcriptional level. The results
predict a direct mechanism for ie2-mediated repression that
may involve blocking formation of an active transcription
complex.

MATERIALS AND METHODS

Cell culture, viruses, and transient assays. HF cells, Vero
cells, and CMV (Towne) were grown as described previ-
ously (44). Plasmids were introduced into HF or Vero cells
by DEAE-dextran-mediated transfection (40, 43, 44). Fol-
lowing transfection, B-galactosidase (B-gal) synthesis di-
rected from these plasmids was measured by adding 4-me-
thylumbelliferyl-B-p-galactoside (Sigma) to the medium
between 48 and 72 h posttransfection, at which time the
cleavage product was measured on a Dynatech Microfluor
fluorimeter that excites at 365 nm and reads emission at 450
nm (14). All transient assays were performed at least four
times, with all critical assays performed at least 10 times.
The effector-to-target ratio in our experiments was 2:1, a
ratio which does not result in enhancer competition effects
(8; data not shown). In most experiment, 10 HF cells were
transfected with 10 pg of target and 20 pg of effector
plasmid.

Plasmid constructs. Plasmids pXbaE, pON308, and
pON303 have been described elsewhere (44, 60).
pON303AAcc, which is similar to plasmids constructed by
others (20, 39), was constructed by digesting pON303 with
Accl (Fig. 1) and subsequently religating. Indicator plasmids
pON249, pON284, pON283, pON2044, and pON2046 have
been described previously (8, 14, 44). pPON249 contains the a
promoter-enhancer sequences from —1138 to —14 fused to
lacZ. pON284 contains the o promoter-enhancer sequences
from —672 to —14 fused to lacZ. The 5' endpoints of the
plasmids are as follows: pON284, —672; pON283, —219;
pON2044, —103; and pON2046, —75. All of these constructs
extend 3’ to —14 (all numbers are relative to the transcription
start site). pPON239 contains o promoter-enhancer sequences
from —1138 to +913 (including the first exon and first intron
of the a locus) fused to lacZ (44). pON249crs was con-
structed by digesting pON249 at the unique HindIII site
(polylinker site at —5 relative to the transcription start site)
and inserting the double-stranded synthetic —14 to +9
oligonucleotides 5'-AGCTTCGTTTAGTGAACCGTCAGA
TCGCA-3' and 5'-AGCTTGCGATCTGACGGTTCACTAA
ACGA-3' (CMV DNA sequences shown in bold). Clones of
the pON249crs substitution mutation series were all con-
structed in the same way as pON249crs except that a
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synthetic double-stranded cis repression signal (crs) oligo-
nucleotide carrying a specific substitution mutation was
inserted in place of the wild-type —14 to +9 sequence (see
Fig. 6). pON2200 was constructed by digesting pON249 at
the unique SnaBlI site (at —242) and inserting the wild-type
—14 to +9 oligonucleotide after filling in the HindIIl ends
with Klenow polymerase (30). pON239crsE was constructed
by ligating together three fragments to create a plasmid that
contained the o promoter-enhancer sequences from —1138
to +1 fused to lacZ. The first was a 7-kbp HindIII-Sall
fragment generated from pON239 that contained lacZ and
pBR322 sequences; the second was an 1,124-bp Sacl-Sall
fragment from pON239 that contained a promoter-enhancer
sequences from —1138 to —14; and the third was double-
stranded synthetic oligonucleotide containing the sequences
5'-CGTTTAGTGAACCGTA-3' and 5'-AGCTTACGGTTC
ACTAAACGAGCT-3' (5’ Sacl end and a 3’ HindIII end)
representing o promoter sequences from —14 to +1. The
enhancer deletion plasmids were constructed as follows:
parent lacZ indicator plasmids (8) with various amounts of
enhancer sequences, pON283 (containing —219 to —14),
pON2044 (containing —103 to —14), and pON2046 (contain-
ing —75 to —14), were digested with HindIII, and the —14 to
+9 crs oligonucleotide was inserted into the HindIII site of
each plasmid, resulting in pON283crs, pON2044crs, and
pON2046¢crs. pON2201 was constructed by inserting the
240-bp Pst1 HSV-1 B thymidine kinase (TK) promoter frag-
ment from TK/LS —6/—16 (32) into pON3 (31) which had
been digested with PstI. pON2202 was constructed by
digesting pON2201 with BamHI, filling in with Klenow
enzyme, and ligating to the filled-in double-stranded crs
oligonucleotide; the sequence was cloned in the natural
5'-to-3' (—14 to +9) orientation. pRB201 contains the HSV-1
HindIIl HM junction fragment with the HSV-1 a0, o4, and
a27 genes.

RNA isolation and blot hybridization. Whole-cell RNA was
isolated by the guanidium isothiocyanate method (30). A
10-p.g sample of each RNA was electrophoresed on a form-
aldehyde-1% agarose gel, and the RNA was transferred to
nitrocellulose and probed as previously described (8, 13, 14).
Equivalent amounts of RNA were loaded on each lane, as
indicated by identical rRNA bands following ethidium bro-
mide staining. .

Immunofluorescence assays. Transfected HF cells were
grown on glass coverslips, and 72 h posttransfection the cells
were washed in medium and fixed in cold acetone for 3 to 5
min. They were then incubated with 100 pl of a mixture of
mouse monoclonal antibody (MAb810; Chemicon) directed
against an epitope encoded by the third exon of the CMV «
gene locus (27; Fig. 1) and a polyclonal anti-B-gal antibody
(Cappel) at final dilutions of 1:100 and 1:60, respectively, for
30 min at 20°C. After the cultures were washed in medium,
the cells were exposed to a mixture of tetramethylrhodamine
isothiocyanate (TRITC)-conjugated F(ab’), fragments of
goat anti-mouse immunoglobulin G (IgG) and fluorecein
isothiocyanate (FITC)-conjugated goat IgG anti-rabbit IgG
(both from Cappel) at final dilutions of 1:100. After further
washing in medium, the coverslips were mounted in p-phe-
nylenediamine on a microscope slide and examined under
both phase-contrast and epifluorescence microscopy with a
Zeiss photomicroscope. Cells were observed under a 500-
fold magnification with TRITC as well as FITC filters to
determine the number of cells expressing a gene products or
B-gal per approximately 10,000 cells examined.
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FIG. 1. Organization of the human CMV genome. The 230-kbp human CMV genome is depicted on the top line, with the large boxes
indicating inverted repeats (ab and ca) flanking the unique (U) regions of the L and S components. An Xbal restriction map is shown. The
Xbal E fragment with effector plasmids pON303, carrying the iel and ie2 genes, and pON308 (44), carrying iel, are depicted in the expanded
region along with the splicing pattern of the predominant « mRNAs. « protein coding sequences are represented as open boxes, and the
epitope for MAb810 is indicated with an asterisk. lacZ target constructs pON239 (44), pON249 (14), and pON284 (8) are depicted. The lacZ
cassette (stippled box) contains a simian virus 40 early polyadenylation site (44). The arrowhead () indicates transcription start sites, and

the striped box represents the CMV enhancer on plasmid constructs.

RESULTS

ie2-mediated repression of a gene expression. In previous
studies of the effect of o gene products on the a promoter-
enhancer, we had observed an activation by iel products (8,
42). Others (19, 39, 48, 49) reported negative effects of iel or
ie2 gene products. The effector plasmids used in these
different studies were similar; however, the enhancer-pro-
moter targets varied with respect to indicator gene chosen,
chloramphenicol acetyltransferase or lacZ, as well as with
respect to the point of fusion to the indicator gene. To
ascertain the influence of ie2 gene products without regard to
incidental target gene structure, we examined the autoregu-
latory influence of this gene directly on o gene expression.
We included for comparison in our experiments previously
characterized o promoter-enhancer-lacZ fusion constructs.

Cotransfection experiments were performed with effector
iel and ie2 constructs, and expression of a gene products
was monitored by indirect immunofluorescence. Effector
plasmids (diagramed in Fig. 1) pON303 (carrying iel and
ie2), pON308 (carrying iel), and pPON303AAcc (carrying ie2)
each expressed gene products readily detected with murine
monoclonal antibody MAb810 (Chemicon) as previously
established (27). We observed that the presence of ie2
decreased overall expression of o proteins in transient
expression assays (Table 1). Figure 2 shows an example of

immunofluorescence demonstrating the predominant nuclear
localization of iel and ie2. All three effector plasmids ex-
pressed the epitope reactive with MAb810 (Table 1). Impor-
tantly, and consistent with previous reports obtained by
using similar plasmids (20, 27, 39), ie2 was expressed from
pON303AAcc (Table 1). The number of cells expressing a

TABLE 1. Immunofluorescence analysis of gene expression
by effector and target constructs

No. of cells®

Plasmid(s) expressing: % cells expressing
transfected iel and.1e2 also
p? o%lf:::s B-Gal expressing B-gal
Exp 1
284 0 8 0
284 + 308 (iel) 423 78 19
284 + 303 (iel + ie2) 177 73 41
284 + 303AAcc (ie2) 30 5 17
Exp 2
284 0 4 0
284 + 308 133 39 29
284 + 303AAcc + 308 39 23 59
284 + 303AAcc 13 4 30

“ Per approximately 10,000 HF cells scanned at 72 h posttransfection.
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FIG. 2. Double-label immunofluorescence staining on HF cells 72 h posttransfection with either pPON284 and pON308 (A to C) or pPON284
alone (D to F). (A and D) Phase-contrast photomicrographs showing HF cell monolayers; (B and E) staining with MAb810 and goat F(ab'),
fragments directed against mouse IgG conjugated with TRITC; (C and F) staining with rabbit anti-B-gal antibody and goat IgG anti-rabbit IgG

conjugated with FITC. Magnification, X500.

gene products from pON303 was dramatically reduced com-
pared with pON308, suggesting that the presence of ie2
products had a negative effect on expression. When ie2 was
introduced in trans by using pPON303AAcc, expression from
pON308 was also lower than in cells receiving pON308 alone
(Table 1). This finding is consistent with reports of others
(19, 39, 48) using indicator gene constructs as targets and, in
addition, demonstrates that the presence of ie2 products
clearly had a negative effect on the expression of the intact o
gene cluster. This observation supports a role for repression
in the biology of CMV.

Because this result appeared to contrast with our previous
findings demonstrating that plasmid constructs carrying iel
plus ie2 or iel alone were equally capable of transactivating
the o promoter-enhancer (8), we included a lacZ target
construct in the assay. Inclusion of this indicator construct

did not influence the level of expression of a gene products
from any of the effector plasmids or the negative effect of ie2
on the effector plasmids (unpublished data). Each of these
constructs was cotransfected with target pON284 (carrying
the lacZ gene under control of a 658-bp a promoter-en-
hancer, from —672 to —14 relative to the transcriptional start
site [8; Fig. 1]). Double-label indirect immunofluorescence
was performed with MAb810 to detect iel and ie2 expression
and with a rabbit antibody to detect B-gal expression. Figure
2 illustrates the pattern of expression observed following
immunofluorescence staining on an HF culture 72 h after
cotransfection with pON284 and pON308. Figure 2B shows
two cells expressing iel and ie2 gene products, and one of
these cells also showed expression of B-gal (Fig. 2C), indi-
cating transactivation of the a promoter-enhancer by iel. A
small number of cells transfected with pON284 alone ex-
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FIG. 3. Repression of expression from the o promoter-enhancer
by ie2 gene products. The target construct pON249 or pON239 (10
ng) was cotransfected with 20 pg of effector construct pON308
(carrying iel), pON303 (carrying iel and ie2) or pON303AAcc
(carrying ie2) into 3 X 10° HF cells. B-Gal activity was measured at
48 and 72 h after cotransfection on duplicate dishes (8). B-Gal levels
are expressed as fold activation measured after cotransfection with
an effector clone compared with transfection of pON249 or pON239
alone; the values represent averages of B-gal activities measured
from 12 separate transfection experiments. The B-gal activities
ranged no more than 10% above or below the indicated values.

pressed B-gal (Fig. 2F and Table 1) apparently as a result of
enhancer activity in the absence of any viral regulatory
functions. Consistent with our previous results, immunoflu-
orescence analysis showed that cotransfection of either
effector plasmid with pON284 resulted in a similar number of
cells in which B-gal expression had been transactivated
(Table 1). We interpret this finding to mean that although a
gene expression from the two effector plasmids themselves
was decreased by the presence of ie2, the number of cells
that contained sufficient a gene products to activate -gal
expression remained the same (Table 1). Taken together,
these results predicted that a cis-acting signal was present on
the natural genes carried by effector plasmids but absent
from our lacZ target constructs. This signal was apparently
responsible for ie2-mediated repression of a gene expres-
sion. These results also suggested that even though it is
subjected to shutoff, pPON303 makes sufficient a gene prod-
ucts to transactivate the a promoter-enhancer on the lacZ
target construct.

The major difference between lacZ target constructs
(pON284 and pON249) and the natural iel and iel-ie2
constructs (pON308 and pON303) was the fact that the target
constructs carried enhancer-promoter sequences only to
—14 relative to the transcription start site. To determine
whether sequences downstream of this site were important
in ie2-mediated repression of gene expression, we cotrans-
fected iel and iel-ie2 effector plasmids with a lacZ target
construct pON239 (44) containing an a gene region from
—1138 upstream of the enhancer to +913 bp (i.e., through
the first exon and first intron). In transient assays, pON239
was compared with pON249 or pON284, which included
upstream sequences extending only to —14. We previously
showed that iel alone or iel and ie2 together transactivated
pON284 or pON249 to similar levels (8) and thus have used
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FIG. 4. Blot hybridization analysis to determine steady-state
RNA levels in transfected cells. Target plasmids pON239 and
pON284 were individually transfected into HF cells (lanes 1 and 7),
transfected into cells that were subsequently infected with CMV
(lanes 2, 3, and 8), or cotransfected together with effector plasmid
pXbaE (lane 4), pON303 (lanes 5 and 9), or pON308 (lanes 6 and 10).
Transfections were performed by using 10 pg of target plasmid and
20 pg of effector plasmid. CMYV infections were performed by using
a multiplicity of infection of 10 (lanes 2 and 9) or 20 (lane 3) PFU per
cell. Whole-cell RNA was harvested at 24 h postinfection and 48 h
posttransfection; 10 pg of each sample was loaded into a lane on a
formaldehyde-1% agarose gel. Following electrophoretic separation
and transfer to nitrocellulose, the blot was hybridized with a
32p.Jabeled RNA probe complementary to the 3'-terminal 199 bp of
lacZ, which detected a 3.6-kb lacZ transcript (indicated by B-gal at
the right).

these two target plasmids interchangeably in our investiga-
tion of the regulation of the a locus. In agreement with our
previous results, iel expressed from pON308 transactivated
both pON239 and pON249 to equivalent levels and pON249
was highly transactivated by iel and ie2 expressed from
pON303 (Fig. 3). pON249 was also transactivated by
pON303AAcc, suggesting that ie2 can activate expression
from the CMV enhancer when the repression signal is
absent. In contrast, iel and ie2 expressed from pON303 (and
ie2 expressed from pON303AAcc) failed to transactivate
pON239, suggesting that ie2 products repressed B-gal
expression from pON239 in a manner similar to what was
observed with the full-length iel and ie2 constructs. Indeed,
levels of expression from pON239 in the presence of ie2
(pON303 or pPON303AAcc) were consistently below those of
pON239 alone (Fig. 3), suggesting that basal expression by
the CMV a promoter-enhancer was also repressed by ie2.
Thus, the target sequence for ie2-mediated repression was
apparently contained within a 927-bp region from —14 to
+913 relative to the transcription start site.

To investigate whether this difference in B-gal activity in
these cotransfections was a result of a difference in tran-
scriptional levels, an RNA blot analysis was conducted (Fig.
4). Steady-state levels of lacZ RNA from either target
construct containing (pON239) or lacking (pON284) the
target signal were similar when transactivated by pON308,
as shown previously (8); however, RNA levels were signif-
icantly lower in cells cotransfected with the iel-ie2 effector
pON303 plus pON239 than in to those cotransfected with
pON303 plus pON284. Furthermore, when cotransfection
was performed with pXbaE, which carries iel and ie2 plus
additional flanking sequences not present in pON303,
pON239 expression was repressed (Fig. 4). Finally, when
cells transfected with pON284 or pON239 were superin-
fected with CMV at a multiplicity of infection of 10 or even
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20, the target construct containing the signal (pON239) was
not transactivated to as great a level as the construct lacking
the signal (pON284; Fig. 4). Taken together, these results
suggested that a signal downstream of —14, and possibly
within the first exon or intron, acted to reduce the steady-
state levels of « mRNA and proteins in an ie2-dependent
manner.

Sequences near the transcription start site of the a promoter
contain the crs and may function in either orientation. Sup-
plementing the results of Pizzorno et al. (39), who showed
that ie2 products negatively regulate expression from a
target promoter containing human CMV a promoter-en-
hancer sequences from —760 to +10, we predicted that the
crs should be contained within the sequences between —14
and +10. To determine whether this sequence alone was
sufficient for repression, a double-stranded oligonucleotide
representing —14 through +9 was synthesized, inserted into
target indicator plasmids, and tested in transient cotransfec-
tion assays for the ability to confer ie2-mediated repression.
This oligonucleotide was cloned in both orientations
(pON249crs and pON249crs’; Fig. 5) into a position such
that the expected transcription initiation site in the sense
construct (pON249crs) would be approximately 12 bp up-
stream of its normal position (14, 59). Following cotransfec-
tion with pON303, only constructs containing this oligonu-
cleotide were repressed, thereby showing that the crs was
contained within this —14 to +9 region (Fig. 5). Effector
pON?303, expressing iel and ie2, but not effector pON308,
repressed B-gal expression. Again, as for the previously
tested target constructs, basal expression of these target
constructs was repressed in the presence of the ie2 construct
pON303AAcc (unpublished data). Given the demonstration
that this sequence functions as a repression signal indepen-
dent of orientation, we believe that repression is being
mediated at the level of transcription.

Oligonucleotides containing substitution mutations
throughout the —14 to +9 region were synthesized and
cloned into the HindIII site of pON249, maintaining the
spacing as in pON249crs (Fig. 6). These target constructs
were then cotransfected with pON303, and B-gal activity
was measured 48 h later. Sequences within the 5’ portion of
the signal were crucial for repression by ie2 (pON249crsA,
pON249crsB, and, to a lesser extent, pON249crsC were no
longer repressed by pON303); however, a mutation that
disrupted the extreme 3’ end of the —14 to +9 oligonucleo-
tide (pON249c¢rsD) was not repressed by pON303 at all (Fig.
6). An oligonucleotide representing the sequences from —14
to +1 (pON249crsE) was repressed to a level equivalent to
that measured from pON239 or pON249crs. In all cases of
the mutant crs constructs, the crs was cloned in both
orientations and subsequently assessed for function in tran-
sient expression assays; repression was consistently found
to be independent of the orientation of the signal (unpub-
lished data). .

In the pON249crs substitution mutation series, the tran-
scription start site of the a promoter would be expected to
have shifted approximately 12 nucleotides upstream of its
normal position. To ensure that the —14 to +1 signal would
function to mediate repression in its precise natural location
within the a promoter, pON239crsE was constructed. This
plasmid was similar to pON239 except that it contained a
deletion of nucleotides +2 to +913, thus removing the first
exon and first intron of the o gene locus. pON239crsE
responded exactly as pON239 when cotransfected into cells
with pON303: B-gal expression was repressed from both
targets (unpublished data). Furthermore, B-gal expression
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FIG. 5. Occurrence of ie2-mediated repression via a region —14
to +9 spanning the transcription start site. (A) lacZ target con-
structs. pON249 contains enhancer sequences from —1138 to —14
fused to lacZ (14). pON249crs contains the same upstream se-
quences as pON249 plus an insertion of the double-stranded crs
oligonucleotide in positive orientation (5’ —14 to +9 3’) at the unique
Hindlll site at —S (relative to the transcription start site).
pON249crs’ contains the crs oligonucleotide cloned in opposite
orientation (5’ +9 to —14 3’) into the same HindIII site. pPON2200
shares enhancer sequences with pON249 but contains the crs
oligonucleotide cloned (in positive orientation) into the SnaBI site at
—242. The asterisk depicts the transcriptional start site (+1) for the
crs (—14 to +9) sequence when present in its natural setting within
the viral genome (59). (B) Repression of crs when positioned near
the transcription start site. The target constructs containing the crs
in sense (pPON249crs) or antisense (pON249crs’) orientation near the
transcription start site or upstream in the enhancer (pON2200) were
cotransfected with pON303 or pON308 as indicated. B-Gal activity
was assayed as described for Fig. 3.

2200

from pON239crsE was repressed in an ie2-dependent man-
ner just as it had been from target pON249crsE. These data
confirmed that the sequence —14 to +1 of the a promoter
was functional as a cis repression element when placed in its
natural position within the a promoter-enhancer and that the
results obtained from the pON249crs substitution mutation
series accurately reflected the natural setting. Notably, this
sequence is not repeated elsewhere in the CMV genome; the
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FIG. 6. Location of the crs for ie2-mediated repression upstream (between —14 to +1) of the natural transcription start site. Substitution
mutations within the crs oligonucleotide were synthesized and cloned into the HindIII site of pON249, shown as constructs 249crsA through
249crsE. Nucleotides within the —14 to +9 region that have been substituted are underlined. These mutant constructs (10 pg) were
cotransfected with pON303 (20 pg) into 3 x 10° HF cells and assayed for B-gal activity 48 and 72 h posttransfection as described for Fig. 3.
Results were identical when 4 X 10° cells were transfected with either 2 or 4 g of effector plasmid and 1 ug of target plasmid. Similar results

were obtained from transfection of Vero cells (data not shown).

closest homologies require three mismatched base pairs and
are not located near known a genes (unpublished data).

The crs does not function when positioned far from the start
site of transcription; complex enhancer sequences are not
required to mediate repression. To determine whether the crs
needed to be positioned near the transcription start site to
function, we cloned the signal at —242 in pON249
(pON2200). Following transfection, pON2200 was not re-
pressed by ie2 (Fig. 5), suggesting that proximity to the
promoter may be critical for crs function.

There were at least two possibilities for the observed
results: either the crs must be present very close to the
transcription start site or the signal requires additional
enhancer sequences to be functional. To distinguish between
these two possibilities, we first constructed the pON249crs
enhancer deletion series. These constructs (pON283crs,
pON2044crs, and pON2046crs) carry deletions in upstream
enhancer sequences and contain the —14 to +9 signal near
the transcriptional start site of the CMV « promoter at the
same unique HindlIII site used to construct pON249crs (8).
Parental lacZ constructs (pON249, pON283, pON2044, and
pON2046) do not carry the repression signal. Following
cotransfection with pON303, all constructs carrying the crs
were repressed in an ie2-dependent manner even though the
enhancer repeat motifs and consensus binding sites for a
variety of cellular transcription factors were successively
deleted (Table 2). Therefore, the crs was able to function on
a 75-bp a promoter containing a TATA box, an Spl site, a
CAAT box, and one 19-bp repeat element with its associated
ATF binding site. Repression by ie2 via the crs was not
dependent on the highly complex enhancer.

ie2-mediated repression of a heterologous prometer. Given
the requirement that the crs be placed near the transcription
start site to function in ie2-mediated repression, the signal
may require other elements surrounding this region. To
determine whether the crs could confer ie2-mediated repres-
sion when present near the start site of a promoter other than
the CMV a promoter, we inserted the this signal near the

transcription start site of the HSV-1 TK promoter. As
expected from the HSV literature (12, 15, 38), the HSV TK
promoter without the crs (pON2201) was very well activated
by a plasmid (pRB201) carrying the HindIII HM junction
fragment with the HSV a0, a4, and a27 genes (Fig. 7).
Addition of pON303 did not alter the ability of the HSV «
proteins to transactivate the TK promoter and had only a
small positive effect on expression from pON2201 in the
absence of pRB201. When the crs was used to replace
sequences near the transcription start site of the HSV-1 TK
promoter (pON2202), transactivation by HSV-1 « proteins
was not affected (Fig. 7). To determine whether ie2 was able
to repress expression from pON2202, we conducted trans-
fection experiments with pRB201, pON2202, and pON303.
pON?303 repressed HSV-1 a protein-activated expression of
pON2202 (Fig. 7). Furthermore, pON303AAcc, which ex-
pressed functional ie2 gene products, was able to replace
pON303 in this assay and mediate repression (unpublished
data). In the absence of pRB201, pON303 had no effect on
expression from pON2202. Thus, ie2-mediated repression
can be conferred on a heterologous promoter by crs if the
promoter is transcriptionally active.

TABLE 2. Results showing that delections removing enhancer
elements are still subject to ie2-mediated repression via crs

No. of: Fold activation

Target upon cotrans-
plasmid 21-bp 19-bp 18-bp 16-bp fection with

repeats repeats repeats repeats 303
249 2 4 S 3 10
249crs 2 4 5 3 0.8
283 0 2 2 1 54
283crs 0 2 2 1 0.8
2044 0 1 2/3 0 3.2
2044crs 0 1 2/3 0 0.8
2046 0 1 0 0 2.8
2046¢rs 0 1 0 0 0.9
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p-gal activity (fold activation)

2201 2201 2201 2201

2202 2202 2202 2202
+ 303 + 201 + 303
+ 201

+ 303 + 201 + 303

+ 201

FIG. 7. Demonstration that the —14 to +9 crs confers ie2-
mediated repression upon a heterologous promoter. A 10-ug sample
of target constructs pON2201 (an HSV-1 TK promoter—lacZ fusion)
or pON2202 (a TK promoter—lacZ fusion with the crs oligonucleo-
tide inserted at —16 relative to the transcription start site) was
cotransfected with 20 pg of effector construct pON303 (carrying
CMV el and ie2) alone, pRB201 (carrying HSV-1 a0, a4, and a27
genes) alone, or both pON303 and pRB201 together. -gal activity
was assayed as described for Fig. 3.

DISCUSSION

We have demonstrated that CMV ie2 proteins negatively
regulate the a promoter-enhancer through a cis signal, crs,
contained in the sequence 5'-CGTTTAGTGAACCGT-3',
which naturally overlaps the transcriptional start site (be-
tween —14 and +1) of the CMV a promoter-enhancer. Our
primary interest has been the ability of ie2 to inhibit activa-
tion of the a gene by iel; however our data indicate that the
gene expression is repressed even in the absence of enhancer
transactivation. The signal may be moved to a heterologous
promoter and confer ie2-dependent repression on that pro-
moter. Steady-state RN A levels from crs-containing promot-
ers are reduced in the presence of ie2, and the crs is
functional in either orientation when placed near but up-
stream of the transcription start site, features that strongly
suggest that repression occurs at the transcriptional level.

While a great deal has been learned over the past several
years concerning mechanisms of activation of eucaryotic
gene expression, little is known about negative regulation, or
repression, of transcription. Although the list of eucaryotic
repressors is quite short, a number of mechanisms for their
function have been proposed (28). Our current concept of
repression of eucaryotic gene expression is largely derived
from work conducted in procaryotic systems where the
overriding theme demonstrates a repressor protein binding
to DNA at or near the transcriptional start site such that the
interaction of general transcription machinery, including
RNA polymerase, with the promoter is blocked (24). Exam-
ples of direct repression of gene expression via target signal
have been presented for bovine and human papillomavi-
ruses, in which the E2 protein can mediate shutoff by binding
to sites near a transcription start site (41, 52). Direct binding
to DNA was initially believed to be responsible for simian
virus 40 T-antigen repression of early gene expression;
however, recently indirect mechanisms have been proposed
(18, 34). During the regulation of several drosophila ho-
meobox proteins, a related type of direct repression occurs
through competition for the same or a similar DNA-binding
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site upstream of a promoter that relies on activator binding
and activity for expression (22); repressor binding prevents
activator binding, resulting in repression.

Our results suggest that ie2-mediated repression occurs
directly or via an induced cellular protein, by blocking
access of RNA polymerase to the promoter or somehow
interfering with assembly or processivity of the transcription
complex. The ie2 proteins have not as yet been shown to
possess any sequence-specific DNA-binding activity or to
contain regions of significant homology to other transcrip-
tional regulators; therefore, it is possible that ie2-mediated
repression involves an interaction with a cellular protein.
Clues to the function of ie2 in repression may come from its
well-established role as a heterologous transactivator (58)
similar to adenovirus E1A (3). In the absence of the crs, ie2
functions as a transcriptional activator of a variety of pro-
moters, including the a promoter itself (6, 8, 9, 11, 12, 20, 25,
39, 46, 58; this work). A complete analysis of cis targets
responsive to ie2 transactivation has not been completed;
however, it appears that ie2 may be mediating transactiva-
tion indirectly via a range of cellular transcription factors
along the same lines as adenovirus E1A. Although cellular
transcription factors appear to be activated by viral proteins
like E1A and ie2, possibly certain cellular factors induced by
ie2 act to downregulate transcription through the crs.

In light of the above observations, it is interesting that ie2
acts as a dominant transcriptional repressor even in the
presence of the activator protein iel as long as the crs is
present at the target promoter. This dominant repression by
ie2 appears to extend to other heterologous systems such as
the TK gene activated by HSV a gene products. This finding
suggests that ie2 may exert its repression function via one of
at least two mechanisms depending on the concentration or
availability of other viral proteins and cellular factors with
which it may interact. One possible mechanism would have
ie2 itself or an ie2-induced cellular protein binding to the crs
and preventing transcription initiation. The data presented
here suggest that ie2-mediated repression occurs in a rela-
tively straightforward way, by preventing transcription
through direct or indirect occupation of the crs, a mechanism
reminiscent of classical procaryotic repression. Whether
ie2-mediated repression occurs by steric hindrance as has
been demonstrated for a number of procaryotic repressors,
including Escherichia coli lac (2), P22 mnt and P22 arc (64),
and \ cro and \ clI (23, 24), or by affecting the function of
bound transcriptional machinery remains an open question.
Second, ie2 itself or an ie2-induced protein may repress
transcription by blocking some component of the transcrip-
tion apparatus which is particularly sensitive to the presence
of crs between the TATA box and the transcriptional start
site. A similar type of mechanism has been proposed to
explain how the yeast GALI gene is repressed by negative
regulatory factors bound between the upstream activator
sequence and the TATA region (5, 55) and for the function of
bovine papillomavirus E2 (41).

The CMYV ie2 proteins possess a variety of functions: they
transactivate homologous and heterologous promoters and
repress their own expression as well as the expression of iel.
Indeed, in the context of the intact virus, transcription of iel
and ie2 peaks early in infection and decreases thereafter,
consistent with repression occurring at this locus (47, 49,
51). The multiple functions of the ie2 proteins are likely to be
critical elements of both productive and latent infections.
Furthermore, their diverse functions will probably involve
interactions with accessory cellular proteins, and further
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work should determine the role of these factors in ie2-
mediated repression and activation of a gene expression.
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