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The US3 gene of human cytomegalovirus (HCMYV) is expressed at immediate-early (IE) times in permissive

HF cells, but not in nonpermissive rodent cells, and encodes several proteins that have been reported to have
regulatory characteristics, although they are dispensable for growth in cell culture. Both spliced and unspliced
forms of US3 IE transcripts are associated with the second of only two known large and complex upstream
enhancer domains within the 229-kb HCMV genome, which we refer to as the IES cis-acting control region.
Only the 260-bp proximal segment (from —313 to —55) of the 600-bp IES control domain, which contains
multicopy NF-kB binding sites, proved to be necessary to transfer both high basal expression plus phorbol
ester- and okadaic acid-inducible characteristics to heterologous promoters in transient assays in U-937 and
K-562 cells. However, the IES control region contains a distinctive 280-bp distal domain, characterized by the
presence of seven interspersed repeats of a 10-bp TGTCGCGACA palindromic consensus motif that encom-
passes a Nrul site. This far upstream Nru repeat region (from —596 to —314) imparted up to 20-fold down-
regulation effects onto strong basal heterologous promoters as well as onto the IES enhancer plus minimal
promoter region in both U-937 and K-562 cells. Functional Nru repressor elements (NREs) could not be
generated by multimerizing either the palindromic (P) Nru motifs alone or adjacent degenerate interrupted (I)
Nru motifs alone. However, multimerized forms of the combined P plus I elements reconstituted the full 20-fold
cis-acting down-regulation phenotype of the intact NRE domain. The P and I forms of the Nru elements each
bound independently and specifically to related cellular DNA-binding factors to form differently migrating A
or B complexes, respectively, whereas the combined P plus I elements bound cooperatively to both the A and
B complexes with high affinity. Interestingly, nuclear extracts from U-937, K-562, HeLa, and Vero cells all
formed both the A and B NRE binding factor complexes, whereas those from HF cells produced only A com-
plexes, and Raji, HL60, and BALB/c 3T3 cells lacked both types of binding factor complexes. The core penta-
meric CGACA and CGATA half sites present in both the P and I Nru motifs are related to recently described
Drosophila chromosomal insulator binding sites. Therefore, in addition to its cis-repression or silencer char-
acteristics, the NRE domain appears likely to act to shield adjacent segments of the viral genome from the
chromatin-reorganizing effects of the IES-inducible enhancer. We speculate that differential expression and
regulation of the IES enhancer-controlled US3 protein, either in concert with or separately from the major IE
(MIE) enhancer-controlled IE1 and IE2 transactivator proteins, may play a critical role in determining HCMV
permissiveness in some cell types and perhaps also in the establishment of or reactivation from latency.

Much of the current research on latency and chronic or
persistent infection of human cytomegalovirus (HCMV) in
peripheral blood mononuclear cells is focused on monocyte/
macrophage and myeloid precursor cell types, in which the
major immediate-early (MIE) regulatory genes appear to be
repressed but respond to positive up-regulation by differenti-
ation events and signal transduction reagents, including phor-
bol esters (TPA) and tumor necrosis factor alpha (TNFa) (24,
31, 52, 53, 60). We have shown elsewhere that TPA treatment
after infection of nonpermissive monocytoid U-937 cells pro-
vides a model system whereby the MIE gene encoding the IE1
and IE2 proteins of both HCMV and simian CMV (SCMV)
can be induced, leading to low levels of the full lytic cycle and
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progeny virion production (9). Up-regulation of the HCMV
MIE enhancer and promoter region by TPA occurs through at
least four distinct types of upstream enhancer elements, in-
cluding NF-kB sites (46), AP-1 sites, palindromic CRE motifs
(6, 18, 48), and overlapping SRF/ETS motifs (4, 7). However,
many infected human cells observed in vivo (44, 57, 63, 64) as
well as infected nonpermissive rodent cell culture systems (19,
28-30) display abundant synthesis of the IE1 acidic phospho-
protein and IE2 transactivator-repressor proteins, but appar-
ently without concomitant expression of other viral gene prod-
ucts. Therefore, we are interested in the concept that other
accessory regulatory proteins may also be required to be ex-
pressed before full lytic cycle progression can be triggered in
certain cell types or during reactivation from persistent or
latent infections.

In addition to the extensively characterized MIE gene region
(2, 56), HCMV encodes at least three other minor IE class
transcription units. Among these, the US3 gene region is also
known to contain a large, complex, upstream cis-acting tran-
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scriptional enhancer domain, which we refer to as the IES
control region (61, 62). However, the promoters for the two
other described minor IE genes of HCMV, encoding the
UL36/38 (26) and the TRS1/IRS1 (49) proteins, are not known
to contain equivalent specific regulatory or enhancer domains.
Functional analyses by transient cotransfection chloramphen-
icol acetyltransferase (CAT) assays in HeLa cells have sug-
gested that one or more of the US3 gene products can activate
the cellular heat shock (hsp70) promoter but not the viral
UL112 promoter, either alone or in concert with the UL36/38
gene products (11, 54). However, the molecular mechanism
that underlies this transactivation property is not understood.
The US3 coding region adjacent to the IES enhancer region at
genome position 0.825 to 0.828 (Fig. 1A) gives rise to a 0.9-kb
unspliced mRNA and several multiply spliced leftward tran-
scripts with 3’ coterminal poly(A) tails during both IE and later
stages of infection as defined by cycloheximide or anisomycin
block experiments (54, 61). In our hands, synthesis of the
0.9-kb IE form of US3 mRNA peaks between 3 to 6 h after
infection of permissive HF cells but does not occur after in-
fection of nonpermissive BALB/c 3T3 cells (5, 61). Although
the specific proteins encoded by the different US3 mRNAs
have not yet been identified in infected cells, the predicted
coding sequences suggest that the intact US3 gene product
may include a membrane-associated protein domain.

The US3 gene products are not required for HCMV lytic
cycle infection under normal permissive conditions in HF cell
cultures (21, 23), although the temperature-sensitive HCMV
mutant 59, which contains a deletion from US1 through US13,
failed to produce viral progeny at nonpermissive temperatures
and a virus deleted in this region failed to down-regulate major
histocompatibility complex class I expression (20, 23, 65). Per-
haps the US3 gene products help to block or to counteract
stress effects induced by infection at relatively high tempera-
tures. However, since the US3 transcripts are controlled by the
complex IES enhancer region, which we show here can be
influenced by cellular transcription factors and expressed in-
dependently of the MIE proteins, it seems likely that the US3
gene products may also be involved in either cell-type-specific
regulation of permissiveness or in maintenance of or reactiva-
tion from a latent state in vivo.

Weston (61) first characterized the IE mRNA encoded by
the US3 region of HCMV(AD169) and identified and se-
quenced an associated complex upstream regulatory region in
its promoter (Fig. 1A). This putative IES regulatory region
displays an interesting bipartite structure consisting of two
distinct blocks of repeated motifs (62). Seven copies of a novel
10-bp palindromic consensus sequence TGTCGCGACA (en-
compassing a core Nrul site) lie between positions —562 and
—342, and five inverted copies of a classical NF-«kB site with
the consensus sequence of GGGACTTTCC occur between
positions —256 and —89 (Fig. 1B). The NF-kB region in the
HCMYV IES promoter has been previously demonstrated to
give high basal activity in HeLa cells (61). However, no func-
tion was assigned to the Nru motif region, and there has been
no information available about how this promoter is regulated.

Our work described here demonstrates that the intact up-
stream IES promoter control region is subject to complex
regulation involving both TPA- and okadaic acid (OA)-in-
duced signal transduction pathways and cellular basal en-
hancer and repressor factors. The NF-«kB domain mediates the
high basal activity and TPA responsiveness, and multimerized
copies of the Nru plus adjacent Nru-like regulatory elements
(NREs) function as basal repressors or silencers in certain cell
types. We have also identified two specific cellular factors that
bind to these motifs but differ in their cell type distribution.
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Furthermore, we show elsewhere that the IES promoter/en-
hancer is subject to both positive and negative regulation by
the HCMV IE2 transactivator-repressor protein in a manner
that is dependent on the cell type involved (5).

MATERIALS AND METHODS

Cells and reagents. Human K-562 (erythroleukemia), U-937 (monocyte-like
histiocytic lymphoma), Raji (B-cell lymphoblast), and HL-60 (prepromyelocyte)
cell lines were grown in suspension in RPMI 1640 medium plus 10% fetal calf
serum in a 37°C incubator supplied with 5% CO,. Adherent human HF, mouse
BALB/c 3T3, and African green monkey Vero cells were grown in Dulbecco
modified Eagle medium plus 10% fetal calf serum. K-562 and U-937 cells were
obtained from the American Type Culture Collection (Rockville, Md.). TPA
(12-O-tetradecanoylphorbol-13 acetate) was purchased from Sigma and dis-
solved in dimethyl sulfoxide to a concentration of 20 wg/ml as a stock solution
and was used at a working concentration of 50 ng/ml for each TPA stimulation
experiment. OA was purchased from Boehringer Mannheim Co. and dissolved in
ethanol as 100X stock solutions and added at the described concentrations.
Large-scale HeLLa and U-937 cell preparations for nuclear extracts were pur-
chased from the Cell Culture Center (Cellex Biosciences Inc., Minneapolis,
Minn.).

Plasmids and reporter gene constructs. Plasmid pCJC81 containing the min-
imal SCMV/(Colburn) MIE promoter region (MIEm) from —69 to +30 in front
of a CAT reporter cassette with a Bg/II linker site has been described previously
(7). The full-length HCMV IES promoter/enhancer gene construction NE/IES-
CAT (—596 to +80) in plasmid pYJC94A was generated by PCR techniques
from pRL105 (Towne HindIII-E fragment; 17.2 kb) using primers LGH449 and
LGH450 to generate a 686-bp (NE/IES) DNA fragment (between genome co-
ordinates 194691 to 195376), which was digested with BamHI plus Bg/II and
subsequently cloned into a BamHI site in the reporter gene vector plasmid
pCATB'. The same PCR fragment was digested with EcoRV or EcoRV plus
SnaBI to generate the intact upstream Nru (N) domain (—596/—314), the intact
NF-«B (E) enhancer domain (—313/—55), or the NF-«B plus minimal promoter
and TATA (E/IES) fragment (—313/+80). A 12-mer BamHI linker was added to
the 5" end of the E/IES fragment, or an 8-mer BamHI linker was added to the
3’ end of the Nru domain and to both the 5" and 3’ ends of the NF-«kB domain.
The E/IES fragment was then cloned into a BamHI site in pCATB' to generate
the E/IES-CAT gene in plasmid pYJC93A. The Nru and NF-kB domains were
cloned into the BamHI site of a pUC18-based vector (pGH56) to generate N and
E cassettes in plasmids pYJC82 and pYJCS81, respectively, and were then sub-
cloned into the Bg/II site of the SCMV MIEm(—69/+33)-CAT gene in pCJC81
to give pYJC92 (containing the N domain) and pYJC91 (containing the E
domain). Plasmid pYJC90 containing the minimal IES(—54/+80)-CAT gene was
generated by deletion of plasmid pYJC94A between BamHI and SnaBI, with the
addition of a 12-mer BamHI linker followed by BamHI digestion and religation.
The intact NE/IES and the truncated E/IES fragments were also cloned into a
BgllI site in the pGL2-BAS vector (13) containing a luciferase (LUC) reporter
gene to generate the NE/IES-LUC gene in pYJC94L and the E/IES-LUC gene
in pYJCO3L.

Plasmid pCJC114b contains four copies of the synthetic SNE (SRF/ETS) motif
oligonucleotides LGH218/219 placed in the backward orientation at the 5" Bg/I1
site at —69 in the SCMV MIEm(—69/+30)-CAT gene of pCIC81 (7). Six tan-
demly repeated copies of a series of different synthetic oligonucleotide deriva-
tives of the Nru repressor elements (LGHS895/534, -647/648, -1243/1244, etc.;
Table 1 and the legend to Fig. 6) were cloned into either the 5’ BglII site of
pCIC114b or the 5’ BamHI site of pYJC93A to give plasmids pYJC606A,
pWPTI15A, pWPTI16A, and pWPT17A in the E/IES(—313/+80)-CAT back-
ground or pYJCIS6A, pYJC586A, pYJIC636A, pYIC646A, pYJC656A,
pYJCT726A, pYJC846A, pYJC856A, pYJC866A, pYIC866B, and pYJC886A in
the (SNE),/MIEm(—69/+30)-CAT background. Reporter genes containing the
intact HCMV (—760/+10) and SCMV (—633/+30) MIE enhancer/promoter
regions in front of CAT were described previously (6, 42, 50). The human
immunodeficiency virus (HIV) long terminal repeat (LTR)-CAT target genes
referred to as wild-type LTR(—453/480)-CAT in plasmid pUR-III and
LTR(—453/+80 ANFkB)-CAT in mpUR-III containing 3-bp mutations in both
copies of the NF-kB motifs were described by Nabel and Baltimore (38).

Transient DNA transfection. CAT assays were carried out as described pre-
viously (40). Cells were pelleted in a microcentrifuge at 20°C for 1 min at 15,600
X g, washed with 1 ml of harvest buffer (40 mM Tris-HCI [pH 8.0], 150 mM
NaCl, and 1 mM EDTA), repelleted, frozen and thawed three times in 100 ul of
250 mM Tris-HCL, pH 7.9 (plus 1 mM dithiothreitol [DTT] when cotransfected
with LUC reporter genes), and spun down in a microcentrifuge at 4°C for 10 min
at 15,600 X g. Assay reactions were carried out with 75 pl of either undiluted or
5-, 10-, or 20-fold diluted samples of supernatant in 150 wl of 590 mM Tris-HCl,
pH 7.9-533 uM acetyl-coenzyme A-0.1 p.Ci of [**C]chloramphenicol at 37°C for
1 h. Chloramphenicol was extracted from the aqueous phase with 1 ml of ethyl
acetate by vigorously vortexing and centrifugating at 12,000 rpm for 3 min at
20°C, followed by drying in a vacuum centrifuge and resuspending in 20 pl of
ethyl acetate. Acetylated and nonacetylated forms of chloramphenicol were
separated by thin-layer silica gel chromatography (TLC) on glass plates (20 cm
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FIG. 1. (A) Relative genomic locations of the two known complex HCMV IE cis-acting enhancer domains MIE and IES. The MIE upstream enhancer controls
expression of the abundant IE1 acidic protein (UL123) and the IE2 transactivator-repressor protein (UL122) that are both transcribed leftward with common
N-terminal exons from the MIE transcription unit in UL. The IES enhancer is believed to regulate expression of the 900-bp US3 mRNA and the as yet unidentified
US3 minor IE accessory transactivator protein(s) that is transcribed leftward from within US. The MIE enhancer contains TPA-inducible NF-kB, AP-1, and SEE
(SRE/ETS) motifs, plus TPA- and cAMP-inducible CRE motifs, and the distal negative modulatory region (MOD), whereas as described here, the IES region contains
a TPA-inducible proximal NF-kB domain (ENH) and the more distal negative Nru repressor domain (NRE). Ori-U refers to the location of the HCMV lytic origin
in UL. (B) DNA sequence organization and location of predicted regulatory motifs within the 700-bp HCMV(Towne) IES promoter/enhancer region. The TATAAA
box and ATG initiator for the US3 open reading frame (ORF) are positioned at —25 to —20 and +81 to +83 relative to the start site of transcription (+1 arrow). Two
additional potential TATAAA motifs (one in each direction) lie at position —270 to —264 between the Nru and NF-kB domains. A potential poly(A) signal associated
with the upstream US4 ORF transcript at —610 defines the outside boundary of the intact IES domain. The seven palindromic Nru motifs (numbered Py, to P (7)) and
the three interrupted Nru motifs (numbered I 4, to I(3)) lying between positions —562 and —342 are indicated. The EcoRYV site at position —316 to —311 operationally
defines the boundary between the Nru (NRE) and NF-«kB (ENH) domains. The basal enhancer domain lies between —313 and —55 (EcoRV to SnaBI) and contains
the five (or six?) boxed classical NF-kB consensus motifs (all in inverted orientation). Five potential ATF or half CRE motifs (TGACGT) that are commonly found
near to TATAAA motifs in most HCMV promoters are also indicated. In addition, the positions of the four identified upstream binding sites for the HCMV 1E2
transactivator-repressor protein (double boxes, I to IV) within the enhancer domain are indicated (59a).
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by 20 cm by 0.5 mm), using chloroform-methanol at 19:1 as a solvent for 1 h.The
radioactive spots were visualized by autoradiography and scraped off the TLC
plates for measurement in a scintillation counter. Where appropriate, nonlinear
fold effects from undiluted samples were recalculated by extrapolation from
measurements with diluted samples (e.g., Fig. 2C).

LUC assays. Plasmids containing the LUC reporter gene were transfected into
U-937 cells by the transient DEAE-dextran method as described above. Cells
were harvested at 40 to 44 h. Each sample was resuspended in 100 pl of 0.25 M
Tris-HCI (pH 7.9) plus 1 mM DTT and then disrupted by freeze-thawing. The
LUC assays were carried out at 20°C by mixing 10 pl (4 ug) of cellular protein
extract in 300 pl of reaction buffer A containing 25 mM glycyl-glycine (pH 7.8),
15 mM MgSO,, 5 mM ATP, and 4 mM EGTA with 100 pl of reaction buffer B
containing 1 mM of luciferin (Sigma) in reaction buffer A in the chamber of a
LUMAT LB 9501 luminometer. The program was set to count the relative light
units for 6 s. For each experiment, serial dilutions of standard LUC purchased
from Sigma were carried out to confirm the linearity of the assay.

Labelling of synthetic oligonucleotides. Single-stranded 30-mer oligonucleo-
tides were synthesized by Scott Morrow (Johns Hopkins University, School of
Hygiene and Public Health) and purified by high-pressure liquid chromatogra-
phy procedures. The two complementary strands (10 ug) of each oligonucleotide
pair generated 4-bp GATC 5’ overhangs after being heated to 65°C for 5 min in
100 pl of STE (100 mM NaCl, 10 mM Tris-HCI [pH 8.0], and 1 mM EDTA) and
annealed by slow cooling. The labelling reaction of 3’-recessed ends was carried
out in 20 ! of solution containing 1 pmol/pl of synthetic oligonucleotide (3 pl),
10X reaction buffer (2 pl), 10 mM dGTP, dCTP, and dTTP mixture (1 pl), 3.3
pmol/pl of [a-*?P]dATP (1 pl; 10 pCi), 1 U/l of the Klenow fragment of
polynucleotide polymerase (1 wl), and 12 pl of H,O at 20°C for 30 min. The
labelled double-stranded oligonucleotides were separated from free nucleotides
by centrifugation at 1,600 X g for 5 min on Sephadex G-25 columns.

EMSA. Nuclear extracts were prepared by a modified Dignam method (14).
Suspension cells were collected at a density of 10° cells/ml, and adherent cells
were harvested with rubber scrapers. The cells were washed with phosphate-
buffered saline. Two packed cell volumes of buffer A containing 10 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.9), 1.5 mM MgCl,,
10 mM KCl, 0.5 mM DTT, and protease inhibitor mixture (0.1 mM tolylsulfonyl
phenylalanyl chloromethyl ketone, 1 mM tolylsulfonyl lysine chloromethyl ke-
tone, 0.5 mM phenylmethylsulfonyl fluoride, 1 pg of aprotinin per ml, 1 pg of
leupeptin per ml, and 1 pg of pepstatin A per ml) was added to swell the cells on
ice for 10 min. A Dounce homogenizer size B (7 ml) was used to rupture the cell
membranes. The nuclei were collected at 1,600 X g at 4°C and resuspended in
high salt buffer C containing 20 mM HEPES (pH 7.9), 25% (vol/vol) glycerol,
0.42 M Na(l, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, and the protease
inhibitor mixture to extract nuclear proteins by rocking at 4°C for 1 h and
removing the nuclear debris. The supernatant which contains nuclear proteins
was aliquotted and stored at —70°C for later use.

DNA-protein binding reactions were set up as described previously (34, 45) in
a final volume of 20 pl containing 1X ZTA buffer (10 mM HEPES [pH 7.5], 50
mM KCl, 1 mM EDTA, 0.1% TritonX- 100, 5% glycerol, 0.1 mM DTT, and 0.1
mM phenylmethylsulfonyl fluoride), 5 to 10 pg of nuclear extract, 1 pg of
poly(dI-dC)-poly(dI-dC), and 5 fmol of the **P-end-labelled oligonucleotide
DNA probe and incubated for 15 min at 20°C. Electrophoretic mobility shift
assays (EMSA) were performed on the DNA-protein complexes in a 4% poly-
acrylamide gel (acrylamide-bisacrylamide ratio of 29:1) using 0.5X TBE as run-
ning buffer. Electrophoresis was carried out at 150 to 200 V for 60 to 120 min at
20°C, and the gels (18 by 20 cm) were dried for autoradiography.

RESULTS

Identification of a TPA- and OA-responsive enhancer region
upstream of the HCMV IES promoter. To study the transcrip-
tional regulation of the US3 gene, we generated a series of plas-
mids containing CAT or LUC reporter genes encompassing
different portions of the 5’ region upstream from the HCMV
(Towne) US3 open reading frame by PCR. We refer to this en-
hancer/promoter region as the intact IES control region (IE
region in the short unique segment) (Fig. 1). To begin to
determine whether the IES enhancer responded to the same or
different external stimuli than does the MIE enhancer in cells
of the monocyte lineage, the IES minimal promoter from —54
to +80 (IES-CAT gene) or the whole IES enhancer/promoter
from —596 to +80 (NE/IES-CAT gene) was transfected into
suspension cultures of human U-937 cells by the DEAE-dex-
tran procedure. The cultures were subsequently treated with
50 ng of TPA per ml or either 2 or 50 nM OA. The latter
specifically inhibits protein phosphatase 2A (PP2A activity at a
very low dose (50% inhibitory concentration [ICs,] of <1 nM)
and at a higher dose inhibits protein phosphatase 1 (PP1)
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activity (ICs, = 10 to 15 nM) (11). Without any external
stimulation, the intact regulatory domain in NE/IES-CAT gave
only 2.7-fold higher basal activity in U-937 cells than that of the
minimal IES promoter in IES-CAT (Fig. 2A, lanes 1 and 5).
However, both TPA and 50 nM OA treatment resulted in 93-
and 66-fold stimulation of NE/IES-CAT activity, respectively
(lanes 6 and 8). In contrast, the minimal IES promoter, IES-
CAT, responded to TPA and OA only 1.3- to 1.7-fold (lanes 2
and 4). Low-dose (2 nM) OA failed to enhance the NE/IES-
CAT basal activity (1.1-fold increase, lane 7). Therefore, we
conclude that the IES enhancer can respond to phosphoryla-
tion state modulators including the protein kinase C pathway
stimulant TPA and the phosphatase inhibitor OA.

The proximal NF-kB segment of the IES 5'-upstream region
is sufficient for TPA and OA responsiveness and gives high
basal enhancer activity in U-937 cells. To further dissect the
regulatory region in the IES enhancer, we examined the se-
quence of the entire IES control region and found two distinct
blocks of repetitive motifs (Fig. 1). The proximal region en-
compasses five or six copies of a classical consensus NF-kB
binding site, GGGACTTTCC, and the distal region encom-
passes seven copies of a novel 10-bp palindromic consensus
sequence, TGTCGCGACA. We will refer to the distal region
from —596 to —314 as the Nru domain (N) and the proximal
region from —313 to —55 as the NF-kB enhancer domain (E).
Weston (61) examined the promoter strength of the NF-«xB
and Nru domains in HeLa cells by using B-globin gene reporter
mRNA and concluded that the NF-kB domain gave basal
enhancement but that the Nru domain had little effect on
promoter activity. To determine whether the TPA responsive-
ness lies within the NF-kB domain, CAT reporter genes con-
taining both the Nru and NF-kB domains (NE/IES-CAT) or
the NF-kB domain alone (E/IES-CAT) were transfected into
U-937 cells and assayed for CAT activity. The minimal IES
promoter (IES-CAT) served as a negative control.

The initial results shown confirmed that the NF-kB domain
enhanced the basal activity 16-fold in comparison with the
minimal IES-CAT gene in U-937 cells (Fig. 2B, lanes 1 and 3).
In addition, the NF-kB domain in E/IES-CAT responded
strongly to TPA stimulation (lane 4), giving a greater than
15-fold TPA-mediated response in U-937 cells and producing
higher overall activity in the presence of TPA than did the
intact NE/IES-CAT gene in a parallel assay (lane 6). Further-
more, the basal activity of the E/IES-CAT plasmid was about
fourfold higher than that of the NE/IES-CAT plasmid (com-
pare lanes 3 and 5). This result implied that the distal Nru
domain may have negative regulatory properties (see below).

Comparison with CMV MIE and HIV LTR responses. To
put these results in perspective, we also compared the basal
and induced levels of the three forms of IES-CAT reporter
gene in U-937 cells with those of the intact HCMV and SCMV
MIE enhancers and of the intact and NF-kB-mutated forms of
the HIV LTR enhancer (Fig. 2C). As shown in the histogram,
the basal levels of CAT activity revealed a 15-fold increase for
E/IES-CAT over the minimal IES-CAT compared with 150-
and 75-fold increases for the intact SCMV and HCMV MIE-
CAT genes, but only 2.4-fold for HIV LTR CAT (Fig. 2C, top
panel). Under conditions in which E/IES-CAT and NE/IES-
CAT gave 70- and 53-fold responses to TPA and 15- and
25-fold responses to OA, respectively, the intact HCMV MIE-
CAT target gave comparable 23- and 9.7-fold responses to
TPA and OA and the SCMV MIE gave a 12-fold response to
TPA but did not respond significantly to OA (1.6-fold). These
values were all obtained with 10-fold dilutions of the extract. In
contrast, the TPA-induced LTR-CAT target gave only 5% of
the activity of TPA-induced HCMV MIE-CAT at a 10-fold
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dilution (not shown). However, with undiluted extracts the
minimal IES-CAT, minimal MIE-CAT, intact LTR-CAT, and
LTR(ANF-«B)-CAT genes showed 1.5-, 1.0-, 42-, and 1.2-fold
stimulation by TPA and 1.2-, 1.0-, 7.1-, and 1.4-fold stimulation
by OA, respectively (Fig. 2C).

Opverall, these observations showed that all three enhancer
motifs tested that contain classical NF-kB motifs (five copies in
E/IES-CAT and NE/IES-CAT, four copies in HCMV MIE-
CAT, and two copies in LTR-CAT) gave increased basal ac-
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FIG. 2. (A) The HCMV IES enhancer region responds to TPA and OA
stimulation in U-937 cells. Autoradiograph showing the results of transient CAT
expression assays in U-937 cells after transfection of the minimal IES-CAT gene
(in plasmid pYJC90) compared with those of the whole enhancer NE/IES-CAT
reporter gene (pYJC94A) with and without TPA or OA treatment. TPA (50
ng/ml) or OA (2 or 50 nM) was added to the culture medium 18 h prior to
harvesting. The percent conversion of ['*C]chloramphenicol to acetylated forms
and fold induction are indicated below each lane. (B) Basal enhancement and
TPA responsiveness map to the proximal NF-kB enhancer domain (E) of the
IES promoter. Autoradiograph comparing the results of transient CAT expres-
sion assays in U-937 cells with those for the minimal IES-CAT gene (pYJC90),
the minimal plus NF-kB domain E/IES-CAT gene (pYJC93A), and the whole
Nru plus enhancer domain NE/IES-CAT gene (pYJC94A) in the presence or
absence of TPA (50 ng/ml). (C) Histogram comparing basal levels and the results
of TPA and OA treatment on the HCMV NE/IES and E/IES regions with those
obtained on the HCMV and SCMV MIE and HIV LTR regions. Transfection
experiments were carried out in U-937 cells with minimal IES-CAT (pYJC90),
E/IES-CAT (pYJC93A), NE/IES-CAT (pYJC94A), minimal SCMV MIE(—69/
+30)-CAT (pCJC81), intact SCMV MIE(—633/+30)-CAT (pDG7), HCMV
MIE(—760/+10)-CAT (p760wt-CAT), intact HIV LTR-CAT (pU3RIII), or mu-
tant HIV LTR(ANF-«kB)-CAT (mpU3RIII). Separate panels show basal levels
and response to 50 ng of TPA per ml or response to 50 nM OA. CAT results are
plotted as percent conversion, using undiluted samples for most basal measure-
ments and 10-fold diluted samples of the extracts for most TPA and OA re-
sponses. The fold increases in minimal IES-CAT basal levels or fold-induction
values after TPA and OA treatment are given above the columns.

tivity and strong TPA and OA responses. Both of these re-
sponses were abolished by point mutations within the 2X
NF-«kB motifs in the HIV LTR(ANFkB)-CAT gene. Note that
parallel experiments with the SCMV MIE enhancer region,
which lacks classical NF-kB sites, while still being stimulated
strongly by TPA, failed to produce OA responses. Sambucetti
et al. (46) previously demonstrated that the NF-xB (18-bp)
elements in the HCMV MIE enhancer responded to TPA in
Jurkat T cells. We have also found that the addition of a two-
copy tandemly repeated classical consensus wild-type NF-kB
site, but not mutant NF-kB motifs, into a simian virus 40
minimal promoter CAT gene produced both OA and TPA
responsiveness, as well as TNFa responsiveness and basal en-
hancement in U-937 cells (3, 9).

The basal enhancer and TPA-responsive characteristics of
the IES NF-kB enhancer domain can be transferred to a
heterologous promoter in both U-937 and K-562 cells. To
confirm the observation that the proximal NF-kB domain but
not the distal Nru domain of the IES control region gives rise
to both the basal activity and TPA responsiveness, we placed
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FIG. 3. The NF-«kB enhancer domain (E) transfers both basal enhancement
and TPA responsiveness to a heterologous promoter. The histograms compare
the results of transient CAT expression assays to measure levels of TPA induc-
tion from the isolated IES, ENH(E), and NRE(N) domains placed in the min-
imal MIE promoter background in U-937 and K-562 cells. Samples included the
parent minimal SCMV IE94 promoter CAT reporter gene (MIEm-CAT gene in
pCIC81), a version with the IES NF-kB domain added (the E/MIEm-CAT gene
in pYJC91), a version with the IES Nru domain added (the N/MIEm-CAT gene
in pYJC92), and a version with four tandem copies of the 30-mer wild-type
SCMV SNE (SRF/ETS) motif oligonucleotide added [the (SNE),/MIEm-CAT
gene in pCJC114B]. The data are shown as percent conversion and fold-induc-
tion values measured in 10-fold diluted (U-937) or 20-fold diluted (K-562)
extract samples. Open bars represent basal levels, and solid bars represent
TPA-treated samples.

the isolated NF-kB and Nru domains separately in front of
the heterologous SCMV IE94 minimal promoter, MIEm(—69/
+30)-CAT, to generate E/MIEm-CAT (containing the NF-xB
domain) and N/MIEm-CAT (containing the Nru domain).
These targets were tested in a transient transfection assay in
both U-937 and K-562 cells (Fig. 3), together with the known
highly TPA-responsive target reporter gene (SNE),/MIEm-
CAT, which contains four copies of the overlapping SRE and
ETS motifs from the SCMV MIE ENH-A?2 region (7). The
results show that E/MIEm-CAT increased the basal level 11-
fold more than the parent minimal promoter in the MIEm
(—69/+30)-CAT gene and TPA treatment increased this value
to 140-fold, in contrast to only 1.3-fold for the parent MIEm-
CAT target. As expected, the N/MIEm-CAT plasmid neither
gave high basal activity nor responded significantly to TPA
stimulation. These results compare favorably with the values of
12-fold for basal and overall 67-fold with TPA for the SCMV
4x SNE motifs. Once again, these measurements all involved
10- or 20-fold dilutions of the extracts, whereas for the control
LTR-CAT gene in undiluted K-562 extract samples the values
were 5.7% basal and 54% after TPA treatment (9.7-fold in-
duction) and for LTR(ANF/kB)-CAT the values fell dramati-
cally to 0.5% basal and 0.6% after TPA treatment (not shown).
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Therefore, we conclude that both the high basal activity and
TPA responsiveness are mediated exclusively by the proximal
NF-kB domain, rather than by the distal Nru domain and that
the effects were quite similar in K-562 cells and in U-937 cells.

The distal Nru domain functions as a negative modulator to
down-regulate a high basal promoter. In the above experi-
ments the basal activity of the E/IES-CAT gene, which con-
tains only the NF-kB domain, was 3- to 5-fold higher than that
of the NE/IES-CAT gene, which encompasses both the Nru
domain and the NF-kB domain (Fig. 2B and C). This result
implied that the Nru domain might negatively regulate the
basal activity of the IES promoter. Therefore, to ask whether
the Nru domain serves as an independent transferrable nega-
tive regulatory region, we moved the Nru domain (N) into 5’
upstream locations in two well-defined heterologous reporter
genes having moderate and very high basal activity, respec-
tively. Initially, it was placed at position —69 in the minimal
SCMV MIE promoter background as described above and
both basal and TPA-induced activities were measured in un-
diluted K-562 extracts. The results again revealed an at least
fivefold basal repression effect by the Nru domain (N) com-
pared with a 12-fold basal stimulation by the NF-kB enhancer
domain (E) (Fig. 4A). Second, the Nru domain was placed at
position —190 in a parent (SNE),/MIEm-CAT gene, which
contains four added upstream tandem copies of a 30-bp syn-
thetic oligonucleotide pair encompassing overlapping SRF and
ETS binding sites from the SCMV MIE gene (4, 7) and pro-
vides both high basal enhancer activity and TPA responsive-
ness (Fig. 3).

This new target gene, N/(SNE),/MIEm-CAT, was tested
together with its parent and appropriate control reporter genes
containing different segments of the IES enhancer and mini-
mal promoter regions in a transient transfection assay in U-937
cells. Again, the basal activity was reduced fourfold for the
natural context NE/IES-CAT control compared with E/IES-
CAT (Fig. 4B, upper panel). Furthermore, the down-regula-
tion effect of the Nru domain proved to be transferrable to the
enhanced heterologous system in which it reduced the basal
activity of the (SNE),/MIEm-CAT gene by 6.2-fold [compare
(SNE),/MIEm-CAT and N/(SNE),/MIEm-CAT in Fig. 4B,
upper panel]. In both backgrounds, the overall activity after
TPA treatment was also lower by 4.4-fold in the presence of
the Nru domain (Fig. 4B, center panel), whereas the actual
TPA-induction responses of these target genes were all in the
range of 20- to 40-fold in diluted extracts (Fig. 4B, lower
panel). In contrast, expression from the minimal IES-CAT
gene increased only 1.3-fold after TPA stimulation. Therefore,
the negative effect of the cis-acting Nru domain persisted after
TPA stimulation, and the Nru domain apparently neither im-
peded nor augmented the TPA responsiveness of either its
natural adjacent NF-kB proximal domain nor that of the syn-
thetic SNE motifs.

To confirm that the lower basal activity seen in the CAT
reporter gene containing the Nru domain was not caused either
by experimental error related to variations of transfection ef-
ficiency or to reporter gene specific effects, a reciprocal dose-
response experiment was performed by cotransfecting either a
LUC reporter gene driven by the NF-kB domain (E/IES-LUC)
and a CAT reporter gene driven by the NF-«kB plus Nru do-
main (NE/IES-CAT) or the reciprocal paired combination of a
LUC gene driven by the NF-«B plus Nru domain (NE/IES-
LUC) and a CAT gene driven by the NF-kB domain (E/IES-
CAT). In each sample, the combined total amount of the two
input plasmid DNAs was adjusted to 4 pg, with gradual in-
creases in the amounts of the CAT reporter genes from 0 to 4
pg concomitant with parallel decreases in the amounts of the
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FIG. 4. Evidence that the distal Nru domain has negative regulatory or si-
lencer characteristics. (A) Transfer of the repression effect to the minimal MIE
promoter. Autoradiograph showing basal down-regulation by the addition of the
Nru (N) domain to SCMV MIE(—69/+30)-CAT in undiluted K-562 extracts. (B)
Histograms comparing the basal activity and TPA responsiveness of a heterol-
ogous high basal enhancer domain in the presence and absence of the Nru
domain. Plasmids containing the minimal IES-CAT reporter gene (pYJC90), a
minimal IES plus NF-kB domain reporter gene (E/IES-CAT in pYJC93A), and
the intact minimal IES plus Nru and enhancer domains (NE/IES-CAT gene in
pYJCY94A), together with the parent heterologous promoter (SNE),/MIEm-
CAT gene (pCJC114B) and its Nru domain derivative containing the N/(SNE),/
MIEm-CAT gene (pYJC201A), were transfected into U-937 cells. Parallel cul-
tures were grown in the presence or absence of TPA and harvested for CAT
assays. Relative values based on percent conversion measurements are shown for
basal activity in the absence of TPA, overall CAT activity in the presence of TPA,
and fold stimulation in the presence of TPA for each construction compared with
the basal level (set at 1.0X) for the minimal IES promoter in the absence of TPA.
(C) The cis-acting Nru domain down regulates both CAT and LUC reporter
genes in reciprocal dose-response experiments in U-937 cells. Plasmids contain-
ing either CAT or LUC reporter genes driven by the intact IES promoter in
NE/IES-CAT (pYJC94A) or NE/IES-LUC (pYJC94L) were cotransfected with
plasmids containing the alternate reporter gene driven by a truncated IES pro-
moter lacking the Nru domain E/IES-LUC (pYJC93L) or E/IES-CAT (pYJC93A).
The ratios of input CAT to LUC genes were varied inversely such that the total
input DNA amounts in all samples were 4 pg. Both CAT (percent conversion)
and LUC (relative light units) activities were assayed from the same sample
extracts.
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TABLE 1. Mutant Nru oligonucleotide motifs

Probe DNA-bound complex
Site name Oligonucleotide pair number and sequence (top strand only shown) B — Repression

name A B

12345 678910

WTO P, 895/534 GATCCACATGTCG-CGAGBTACCAGCTGA  ++ - +
PM1 pml 535/536 GATCCACATGTAC-GTAGSTACCAGCTGA — — - -
PM2 pm2 647/648 GATCCACATTGCG-CGUBBTACCAGCTGA  — - -
PM3 pm3 805/306 GATCCTGTTGTCG-CGATPGCACAGCTGA  +-+ - ND
PM4 pmé 891/892 GATCCTGTTGTCG-CGAGBTACCAGCTGA  (+) ND ND
PMS5 pm5 893/894 GATCCACATGTCG-CGATPGCACAGCTGA  (+) ND ND
WT1 P,* 1243/1244 GATCCTTCTGTCG-CGAGACRCAGTGA  ++ + ++
WT1-Ext PI 1267/1268 GATCCTTCTGTCG-CGAGRCGACGATGA  +/— S -
PM6 Pt 1249/1250 GATCCTTCTGTAC.GCTAGICRACAGTGA - - -
WT3 P, 1245/1246 GATCCATATGTCG-CGASECECAGTGA  ++ +t +t
PM7 Pyt 1251/1252 GATCCATATGTAC.GTABACECAGTGA - - ND
PMS Py, 1253/1254 GATCCATATTGCG-CGCARCECAGTGA  — - ND
PM9 I 1257/1258 GATCCATATECG CGAMTCECAGTTGA - S -
WT7 P, 1247/1248 GATCCACATGTCG-CGACBCGGCAGCTGA  ++ - +
Ext-WT7 1P, 1259/1260 GATCCCTGCA CGAATGTCG-CGAGICA +/- bt -
PM10 IP,,, 1263/1264 GATCCCTGCA CGAATGTAC-GTAGBCA - +/- +/-
PMI11 1P, 1265/1266  GATCCCTBACT GTACATGTCG-CGA@CA ++ +— +

LUC reporter gene DNA. A histogram of the results (Fig. 4C)
shows that both versions of the target gene that contained only
the NF-kB domain always gave higher CAT or LUC activities
than those containing the additional Nru domain sequences,
irrespective of which reporter gene was used. Therefore, we
conclude that the distal Nru domain contains transferable cis-
acting NREs, which function to down-regulate the basal IES
promoter activity.

Multimerized copies of individual Nru motif elements act as
mediators of the cis-acting repression phenotype. Since the
entire 282-bp Nru domain appeared to display a basal down-
regulation phenotype in our above experiments, we suspected
that the TGTCGCGACA repeats (61), which we refer to as
palindromic Nru elements (P), might themselves act as nega-
tive cis-acting elements (NREs). Therefore, we generated sev-
eral initial tandemly repeated synthetic 30-bp oligonucleotides
encompassing the 10-bp consensus Nru motifs (referred to as
WTO0 and PM1 to PMS5; Table 1) and inserted them at 5’
positions into two types of CAT reporter genes that give high
basal activity, namely (SNE),/MIEm-CAT and E/IES-CAT.
These were subsequently transfected into U-937 or K-562 cells
for comparative measurement of transient expression levels.
However, a representative result with the (WT0)s/(SNE),/
MIEm-CAT gene containing six copies of the wild-type con-
sensus palindromic Nru motif (WT0) showed that it down-
regulated the basal activity only 2.6-fold (Fig. SA, lane 6) in
contrast to the whole Nru domain, which on this occasion
reduced the basal activity 16-fold in a parallel sample (lanes 1
and 2). Furthermore, (PM2)./(SNE),/MIEm-CAT containing
mutated Nru motifs also reduced the basal activity 2.5-fold
(lane 7), indicating that the core palindromic Nru motif alone
was not sufficient to specifically suppress the basal activity.

To determine what kind of Nru motif from the distal IES

domain is necessary for mediating down-regulation in transient
transfection CAT assays, we also used multimerized oligonu-
cleotides representing three larger 18-bp native Nru sequences
(WT1, WT3, and WT7) chosen from among the seven Nru
motifs in the IES control region (Fig. 1B). Two of these new tar-
get genes (WT1)/(SNE),/MIEm-CAT and (WT3),/(SNE),/
MIEm-CAT, which contained wild-type Nru sites 1 and 3,
showed two- to threefold less basal CAT activity than the
(WTT7)4/(SNE),/MIEm-CAT gene containing site 7 (Fig. 5A,
lanes 3, 4, and 5). Since they all encompass intact core 10-bp
palindromic Nru motifs, we speculated that additional se-
quences flanking the palindromic Nru motifs must be required
for repressor activity. However, the basal CAT activity of the
(WT1)/(SNE),/MIEm-CAT or (WT3)/(SNE),/MIEm-CAT
gene in U-937 cells was still twofold higher than that of the
target gene containing the whole Nru domain in N/(SNE),/
MIEm-CAT (lane 2). By scrutinizing the IES enhancer se-
quence, we identified three additional related interrupted Nru
motifs (I) with the core sequence TCGNCGA that flank four
out of the seven palindromic Nru motifs and are labeled I, I,
and I; in Fig. 1B. The two most active oligonucleotides used
(i.e., WT1 and WT3 but not WT7) both happened to include at
least half of one of the interrupted Nru sequences adjacent to
the 10-bp palindromic motif (Table 1).

Mutational analysis of P, I, and P plus I class Nru motifs. To
further evaluate the role of adjacent interrupted Nru se-
quences, we generated a series of eight additional NRE-re-
lated oligonucleotides for insertion into CAT reporter genes.
For example, the (WT1-Ext),/(SNE),/MIEm-CAT gene con-
tains six copies of an extended palindromic Nru motif with the
intact interrupted Nru sequence located 3’ to the palindromic
Nru site 1 and placed in either a forward (A) or backward (B)
orientation relative to the (SNE),/MIEm-CAT promoter. Sim-
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ilarly, the (Ext-WT7)4/(SNE),/MIEm-CAT gene contains an
intact interrupted Nru motif located 5’ to the consensus pal-
indromic Nru site 7. The nucleotide sequences of these and five
additional inserted mutant Nru oligonucleotide motifs (PM6 to
PM11) are listed in Table 1.

In transient transfection assays in U-937 cells using these
new reagents, both of the enlarged multimerized Nru motifs in
(WT1-Ext)¢,/(SNE),/MIEm-CAT and (Ext-WT7)4/(SNE),/
MIEm-CAT gave 12 to 14-fold down-regulation, irrespective
of whether the added intact interrupted Nru motif lay 3" or 5’
to the palindromic Nru site (Fig. 5B, lanes 6 and 7). Further-
more, either the forward or backward orientation of the en-
larged WT1-Ext motif reduced the basal activity equally well
(lanes 5 and 6). In the same experiment, the intact Nru domain
control decreased the basal activity 22-fold compared with that
of the parent (SNE),/MIEm-CAT (Fig. 5B, lanes 1 and 2).
Again, both of the target genes containing a palindromic Nru
motif plus an incomplete interrupted Nru motif (WT1 and
WT3 inserts) gave only partial repression effects (4.6- to 5.2-
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FIG. 5. Reconstitution of upstream basal repression with multimerized syn-
thetic oligonucleotides containing Nru elements. (A) Evidence that the 10-bp
consensus palindromic Nru motifs alone are not sufficient for basal repression.
Autoradiograph comparing the results of transient CAT expression assays in
U-937 cells with plasmids containing the parent (SNE),/MIEm-CAT gene
(pCIC114B) and its derivatives with additional upstream multimerized Nru mo-
tif-related oligonucleotides. Either the whole Nru domain from —596 to —314
was inserted to generate the N/(SNE),/MIEm-CAT gene (pYJC201A) or six tan-
dem copies of the 30-mer synthetic wild-type or mutant Nru oligonucleotides (Ta-
ble 1) were inserted to generate the (WT1)4/(SNE),/MIEm-CAT (pYJC636A),
(WT3)4/(SNE),/MIEm-CAT (pYJC646A), (WT7)4/(SNE),/MIEm-CAT
(pYJC656A), (WT0)4/(SNE),/MIEm-CAT (pYJC586A), and (PM2)4/(SNE),/
MIEm-CAT (pYJC156A) genes. Values for percent conversion of [**C]chlor-
amphenicol to acetylated forms are indicated below each lane. (B) Evidence that
both the palindromic Nru and interrupted Nru motifs together are required for
maximal repression function. The autoradiograph shows the results of transient
CAT expression assays in U-937 cells with plasmids containing the parent het-
erologous (SNE),/MIEm-CAT gene (pCJC114B) and a series of its derivatives
created by inserting six tandem copies of 30-mer synthetic wild-type or mutant
Nru motif oligonucleotides into the 5’ end of the parent promoter (Table 1).
(WT1-Ext)o/(SNE)yMIEm-CAT (pYJC866A), (WT1-Ext)qp/(SNE),/MIEm-
CAT (pYJC866B), and (Ext-WT7)4/(SNE),/MIEm-CAT (pYJC856A) each con-
tain both palindromic Nru and adjacent intact interrupted Nru motifs; (WT1)e/
(SNE)/MIEm-CAT (pYJC636A) and (WT3)s/(SNE),/MIEm-CAT (pYJC646A)
each contain palindromic Nru and partial interrupted Nru motifs, whereas
(WT7)¢/(SNE),/MIEm-CAT (pYJC656A) and (PM11)s/(SNE),/MIEm-CAT
(pYJC726A) contain only palindromic Nru motifs; and (PM9)4/(SNE),/MIEm-
CAT (pYJC846A) and (PM10)4/(SNE),/MIEm-CAT (pYJC886A) contain only
interrupted Nru motifs. (C) Reconstitution of the full cis-acting repressor func-
tion in the IES enhancer plus promoter background. Results of a similar tran-
sient CAT expression experiment carried out in K-562 cells using plasmids
containing the parent E/IES-CAT gene (pYJC93A) and a series of inserted
upstream oligonucleotides containing 6X multimerized P plus I Nru motif de-
rivatives (PM6 in pWPT17A, WT1 in pYJC636A, WT1-Ext in pWPT16A, and
Ext-WT7 in pWPT15A) as well as the positive control NE/IES-CAT gene
(pYJC94A) that contains the added intact Nru domain. Values for percent con-
version of [**C]chloramphenicol to acetylated forms are indicated below each lane.

fold down-regulation, lanes 4 and 11), whereas that containing
the shorter-core 10-bp palindromic Nru motif alone (WT7
insert) gave minimal down-regulation (2.3-fold, lane 8). There-
fore, the extended palindromic Nru motifs with an adjacent,
intact interrupted Nru motif added either 3’ or 5’ fully restored
the ability to down-regulate a high basal heterologous CAT
reporter gene in U-937 cells.

The introduction of mutations into the palindromic Nru
sequence (P) within the WT1 motif nearly totally abolished
basal repression in the (PM6)/(SNE),/MIEm-CAT gene (Fig.
5B, lane 3). Similarly, the introduction of point mutations into
either the palindromic Nru motif (P) or the interrupted palin-
dromic motif (I) of the Ext-WT7 oligonucleotide also virtually
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FIG. 6. Identification of two DNA-bound protein complexes that specifically
interact with wild-type Nru probes. (A) Autoradiograph showing the results of
EMSA using a panel of 3?P-labelled 30-mer synthetic wild-type or mutant Nru
oligonucleotide pair DNA probes (Table 1) and nuclear extracts from U-937
cells (lanes 1 to 3) or HeLa cells (lanes 4 to 11). Lanes: 1 and 4, wild-type Nru
site 1 (LGH1243/1244) probe with palindromic and partial interrupted Nru
sequences (P;"); 2 and 5, wild-type Nru site 3 (LGH1245/1246) probe with
palindromic and partial interrupted Nru sequences (P5*); 3 and 6, wild-type Nru
site 7 (LGH1247/1248) probe with palindromic Nru sequences only (P,); 7 and 8,
wild-type Nru probes (LGH895/534 and LGHS533/534) with a 10-bp consensus
palindromic Nru motif and randomly selected flanking sequences (P, and Py"); 9,
10, and 11, mutant Nru (LGHS535/536, LGH647/648, and LGH805/806) probe
with mutated palindromic Nru sequences (pm1 and pm2) or mutated flanking
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abolished the silencer effect in U-937 cells. In this case, the
12-fold repression by the parent P plus I version in the Ext-
WT7 element (lane 7) was reduced to only 2.0- to 3.5-fold
repression when either the P or I submotif was mutated (PM10
and PM11 in Fig. 5B, lanes 9 and 10). Interestingly, disruption
of the palindromic Nru motif within the WT3 element by the
insertion of 1 bp to convert it into an interrupted Nru motif
also abolished the repression function (compare the WT3 in-
sert with PM9 in Fig. 5B, lanes 11 and 12).

We also tested another set of CAT reporter plasmids con-
taining NREs inserted upstream of the NF-kB domain and the
IES minimal promoter in the E/IES-CAT background. These
were transfected into K-562 cells (Fig. 5C). The results dem-
onstrated that both the PI and IP combinations of the palin-
dromic Nru motif plus adjacent interrupted Nru motifs also
fully restored the down-regulation function of the Nru domain
in these cells (compare the parent NE/IES-CAT target in lane
2 with the WT1-Ext and Ext-WT?7 inserts in lanes 5 and 6).
Mutation in the palindromic Nru motif again abolished the
repression function for (PM6)/E/IES-CAT (lane 3). There-
fore, we conclude that the palindromic Nru motifs are abso-
lutely necessary for the silencer activity in the IES minimal plus
NF-kB enhancer promoter background but that the flanking
interrupted Nru motifs are also required to reconstitute the full
repression phenotype.

Identification of specific Nru motif binding factors in U-937
and HeLa cell nuclear extracts. Since the Nru elements exert
down-regulation functions, we anticipated that a novel cellular
factor might bind to these sites. Therefore, we initially synthe-
sized and end-labelled consensus 30-bp oligonucleotide pair
probes representing the core 10-bp palindromic wild-type Nru
motif with randomly chosen flanking sequences (P,) or repre-
senting a series of point mutants derived from P, (pm1, pm2,
pm3, pm4, and pm5) (Table 1) and tested them for binding
activities in U-937 or HeLa cell nuclear extracts by either direct
or competition EMSA. Two versions of the wild-type palin-
dromic Nru motif (P, and P,") formed several complexes with
HeLa nuclear extracts (Fig. 6A, lanes 7 and 8), and competi-
tion with P, itself prevented all of these complexes from form-
ing (not shown). Mutations within the 10-bp core Nru motif at
positions 4, 5, 6, and 7 for pm1 or at positions 2, 3, 8, and 9 for
pm2 (Table 1) both abolished formation of one of these com-
plexes (A; Fig. 6A, lanes 9 and 10), but mutation outside of the
core Nru motif (pm3) failed to do so (lane 11). In contrast,
formation of an abundant, but slightly slower migrating com-
plex (labelled with an asterisk) that bound to both P, and P’
was abolished by both the pm2 and pm3 mutations (although
not by pm1), implying that it represented an artifactual binding
species created by the junction of the core Nru motif and the
particular flanking sequences used in P, (lanes 7, 8, and 9).

Therefore, to avoid this complication, we used new synthetic
wild-type oligonucleotide probes containing the core palin-
dromic Nru motifs together with their natural context flanking
sequences from three of the seven Nru sites (P, *, P;*, and P,)
(Table 1). The results of EMSA experiments using this series
of probes showed similar binding patterns in both U-937 and
HeLa cell extracts (Fig. 6A, lanes 1 to 6). The wild-type Nru

sequences (pm3). (B) Similar EMSA with another panel of Nru oligonucleotide
probes. Lanes: 1 and 6, wild-type Nru site 1 (LGH1243/1244) probe (P;*); 2 and
7, wild-type Nru site 3 (LGH1245/1246) probe (P3*); 3 and 8, mutant Nru site 1
(LGH1249/1250) probe (Pi,*); 4, 5, 9, and 10, two versions of Nru site 3
(LGH1251/1252 and LGH1253/1254) with mutations in the core Nru palindrome
sequence (P5,,;" and P3,,"). A and B, specific Nru complexes; *, artifactual
flanking sequence binding factor; NS, nonspecific binding; F, free probe.
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FIG. 7. (A) Evidence that both the A and B complexes bind to the palindromic Nru motifs as assayed by competition EMSA. A 3?P-labelled annealed wild-type
Nru site 3 (LGH1245/1246) oligonucleotide probe (P;™) was incubated with the U-937 cell nuclear extract in the presence of a 300-fold excess of a series of unlabelled
annealed Nru motif oligonucleotides (lanes 2 to 10). Lane 1 received an added sample protein without competitor DNA. Lanes: 2, 3, 4, 5, 8, 9, and 10, wild-type 10-bp
palindromic Nru competitor motifs with different flanking sequences (Table 1); 6 and 7, mutant palindromic Nru motif competitors. A and B represent the two
Nru-specific binding activities; NS, nonspecific binding; F, free probe. (B) Evidence that the interrupted Nru motif is required for complex B formation. Autoradiograph
showing the results of EMSA using a series of >?P-labelled Nru oligonucleotides and nuclear extracts from U-937 cells (lanes 1 to 5) or HeLa cells (lanes 6 to 10). Lanes:
1 and 6, wild-type enlarged site 7 (IP,; LGH1259/1260) Nru probe containing both palindromic and intact interrupted Nru sequences; 2 and 7, mutant Nru probe (IP;,;
LGH1263/1264) modified from IP, with a mutated palindromic Nru motif; 3 and 8, mutant Nru probe (I,,P,; LGH1265/1266) modified from IP, with a mutated
interrupted Nru motif; 4 and 9, wild-type site 1 (P, "; LGH 1243/1244) Nru probe containing a Nru palindrome and a partial interrupted Nru motif; 5 and 10, wild-type
enlarged site 1 Nru probe (P,I; LGH1267/1268) modified from P, containing both palindromic and interrupted Nru sequences. A and B, specific Nru binding activity;

C, higher-order Nru binding complex; NS, nonspecific binding; F, free probe.

site 1 (P,") and site 3 (P;™) probes each bound (with different
relative affinities) to two specific complexes, labelled A and B
(lanes 1, 2, 4, and 5), while the wild-type Nru site 7 probe (P,)
formed complex A but very little complex B (lanes 3 and 6). To
confirm that the palindromic Nru motif is required for both the
A and B complexes to form, we also tested three more Nru
probes that were mutated within the core palindromic motifs
(Pym s Psmi ', and Py, "5 Table 1). As expected, both com-
plexes A and B failed to form in samples containing all three
mutant oligonucleotide probes (Fig. 6B, lanes 3 to 5 and 8 to
10). In contrast, both of the wild-type Nru probes tested (P, "
and P;") again formed the A and B complexes (lanes 1, 2, 6,
and 7), although P, " proved to bind preferentially to B rather
than to A, and P, formed more of complex A than of B.
Therefore, we conclude that both the A and B cellular factors
bind specifically to the palindromic Nru motifs.

To examine whether one or both of the A and B complexes
represent factors that can bind to the palindromic Nru motif
alone, without influences from the flanking sequences, a com-
petition EMSA experiment was performed with 300-fold ex-
cess of each of the initial nine Nru oligonucleotide probes.
These contained the wild-type 10-bp palindromic Nru motif,
either with (P,*, P;") or without (P,, P,) adjacent partial
interrupted Nru motifs, or variants of P, with mutations either
inside or outside of the core Nru motifs (Table 1). Without any
specific unlabelled competitor, the **P-labelled P;* probe de-

tected bands A and B (Fig. 7A, lane 1) and the addition of an
excess of the Py ™ oligonucleotide itself efficiently competed for
binding by both the A and B complexes (Fig. 7A, lane 3).
Competition with each oligonucleotide pair containing an in-
tact palindromic Nru motif, with or without its natural context
flanking sequences (P, ", P5, P, pm3, pm4, pm5), also led to a
complete loss of both the A and B complexes in all cases (lanes
2,4, and 5 and 8 to 10). In contrast, the two P -derived oligo-
nucleotides containing mutated core palindromic Nru motifs
(pm1 and pm2) both failed to prevent either complex from
forming (lanes 6 and 7). Therefore, these results confirm that
the 10-bp palindromic Nru motif alone, despite its functional
inactivity, can compete fully for the formation of both the A
and B complexes (at least on the P;* probe).

The interrupted Nru sequence is also required for efficient
complex B formation. Although the palindromic Nru motifs
were clearly required for the formation of all specific DNA-
bound complexes, the abundance of the A and B complexes as
well as functional down-regulation seemed to be greatly af-
fected by the flanking sequences. To examine the importance
of the flanking sequences for complex formation, the four
variant Nru motif probes containing both P and I motifs (Table
1) were also end labelled and compared with the parent P, ™
probe in a direct EMSA experiment with both U-937 and
HeLa extracts (Fig. 7B). These versions of the NRE included
enlarging the flanking sequences of the palindromic Nru motif
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FIG. 8. (A) Evidence that a component of the complex that binds to the palindromic motif also binds to the interrupted motif. Competition EMSA using the
32p-labelled wild-type extended IP; Nru probe (LGH1259/1260) and HeLa cell nuclear extracts in the presence of excess amounts (300-, 30, and 3-fold) of unlabelled
Nru motif oligonucleotide competitor DNAs (lanes 3 to 17). Lanes 1 and 2 received added sample protein without any competitor or with a nonspecific competitor
(LGHS531/532), respectively. Lanes: 3 to 5, wild-type extended site 7 Nru motif (IP,; LGH1259/1260); 6 to 8, mutant site 3 Nru motif (P5,,, "; LGH1251/1252); 9 to 11,
mutant site 3 Nru motif (P3,,,*; LGH1253/1254); 12 to 14, modified site 3 Nru motif (I"; LGH1257/1258) converted into an intact interrupted Nru motif; 15 to 17, core
consensus palindromic Nru sequence only (Py; LGH 895/534). (B) dose-response relationships between the A, B, and C complexes when bound to the IP and PI probes.
Comparison of EMSA results using the two wild-type extended P plus intact I Nru probes IP, (LGH1259/1260, lanes 1 to 7) or P;I (LGH1267/1268, lanes 8 to 14) and
various amounts of HeLa cell nuclear extract that increased in twofold steps from 0.05 to 3.2 pl.

in P, and P, to encompass the complete adjacent interrupted
Nru motif sequence TCGNCGA (referred to as I), placed on
either the 5’ or 3’ side of the 10-bp palindrome to create the
IP, or P,I double motifs. The EMSA results showed that these
two NRE probes containing both intact interrupted and pal-
indromic Nru motifs resulted in much more complex B forma-
tion than occurred with the P, parent (Fig. 7B, compare lanes
1, 5, 6, and 10 with lanes 4 and 9). Furthermore, the U-937
extract gave rise to the appearance of an even slower mobility
complex C with both probes. Mutation within the palindromic
Nru motif portion of IP, abolished formation of both the A and
B complexes, despite the fact that an intact I motif was still
present (IP,,, = PM10; lanes 2 and 7), but mutation in the
flanking interrupted Nru motif portion of IP, dramatically re-
duced complex B formation (I,,P, = PM11; lanes 3 and 8),
together with a concomitant increase in the amount of complex
A (compare lanes 1 and 3 or lanes 6 and 8). Note that con-
verting the incomplete interrupted Nru motif part of the P,
probe into an intact interrupted Nru motif to generate the
combined P,I probe produced significantly more complex B
(but less complex A) than was bound to the P;* probe (Fig.
7B, compare lanes 4 and 9 with lanes 5 and 10, respectively).
Therefore, we conclude that complex A involves recognition of
the palindromic Nru motif only and that complex B but not A
interacts with the interrupted Nru palindromic sequence. In-
deed, formation of complex B must involve recognition of both
the palindromic plus the interrupted Nru motif sequences.
To further study the relationship between the band A and B
complexes (Fig. 8A), we performed competition EMSA with
the HeLa cell nuclear extract by using decreasing doses of

unlabelled oligonucleotides representing the extended I plus P
Nru motif (IP,), two mutant Nru motifs (P5,,; " and P53, "), an
intact interrupted Nru motif (I"), and the core palindromic
Nru motif alone (P,). Both the P, and I" oligonucleotide
competitors completely prevented formation of both the A and
B complexes at 30-fold excess but did so with at least 3- to
10-fold lower efficiency than did the wild-type IP, oligonucle-
otide competitor. In contrast, both of the mutant Nru oligonu-
cleotides, P5,,,; " and P5,,,", failed to inhibit either complex to
any extent even at 300-fold excess. These results imply that
there must be a common protein component present in both
the A and B complexes.

Finally, we performed a dose response EMSA experiment in
which the amount of HeLa extract used was increased in two-
fold steps (Fig. 8B). The A complexes were the first to form at
the lower input protein levels on both the IP, and P,I probes
followed by both A and B complexes at a higher dose, but
complex A was lost concomitantly with formation of both more
complex B and also complex C at the highest input protein
levels tested. This binding pattern is consistent with the for-
mation of higher-order homo-oligomeric or hetero-oligomeric
structures. Evidently, the protein components that form the A
and B complexes interact either additively or cooperatively
with each other on the extended Nru sites, and either multiple
units of a single factor or perhaps several distinct but closely
related factors with different affinities may be involved.

The Nru motif binding factors are cell-type specific. Since
CMV infection is highly cell-type specific (28) and cellular
factors may play an important role in modifying CMV infec-
tivity, we were interested in knowing whether the Nru binding
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FIG. 9. Differences in cell-type-specific distribution of the Nru binding factors. (A) Autoradiograph showing the results of EMSA using a 3?P-labelled wild-type
extended P plus I Nru probe (P,I; LGH1267/1268) after incubation with 5-pg samples of nuclear extract proteins derived from different cell types. Lanes: 1, HF cells;
2, HL-60 cells; 3, unstimulated U-937 cells; 4, U-937 cells treated with TPA (50 ng/ml) for 18 h; 5, K-562 cells; 6, HeLa cells; 7, BALB/c 3T3 cells; 8, Raji cells; 9, Vero
cells. Lane 10 received 3?P-labelled probe without any sample protein added. The lower panel shows parallel quality control EMSA bands obtained using a 3?P-labelled
wild-type HCMV SRF/ETS oligonucleotide probe (SEE; LGH814/815) and the same nuclear extract samples used above. A and B, Nru-specific complexes; F, free
probe; SRF, DNA-bound SRF or SRF/ETS complexes. (B) Autoradiograph showing the results of EMSA using a panel of five different >?P-labelled 30-mer synthetic
wild-type or mutant Nru oligonucleotide probes (Table 1) and nuclear extracts from either U-937 (lanes 1 to 6), HeLa (lanes 7 to 12), or HF cells (lanes 13 to 18). Note
that the strong new band migrating slightly faster than the A complex on the P5,,," probe in the HF cell extract (lane 15) represents a nonrelevant binding activity

associated with this mutated site only and does not correspond to complex A.

factors were present in just a limited subset of cell lineages or
in many different cell types. Therefore, EMSA experiments
were performed using the parent P;I wild-type probe with
nuclear extracts derived from a variety of different cell types
(Fig. 9A). The results showed that both of the specific Nru
binding complexes A and B can be detected in U-937 cells with
or without TPA stimulation, as well as in K-562, HeLa, and
Vero cells, when equivalent amounts of nuclear extract (5 pg
protein per sample) were used for the assay; however, no such
specific complexes were formed in HL-60, BALB/c 3T3, and
Raji B-lymphoblast cell extracts, and interestingly, HF cell
extracts produced abundant amounts of complex A but very
little or no complex B (Fig. 9A, lane 1). Comparison with an
internal control consisting of the HCMV MIE overlapping
SRF/ETS element probe showed that all of the nuclear extracts
retained SRF binding activity (although at reduced levels in
the Raji and Vero cell extracts), which argues against the
possibility that any of the nuclear preparations that lacked Nru
binding factors contained either degraded proteins or nonspe-
cific inhibiting factors (Fig. 9A, lower panel).

Additional experiments with several other probes including
P;*, P,, and IP, with U-937, HeLa, and HF extracts (Fig. 9B)
confirmed that the HF extract appeared to contain a relatively
normal amount of the A complex binding factor (lanes 13 and

17), whereas the complex B binding factor was virtually absent
even when the IP, probe was used (lane 18). Furthermore, the
use of the I" probe (PM9) here confirmed that conversion of
a palindromic Nru motif to an interrupted Nru motif by a single
base pair insertion into P;* both abolished complex A forma-
tion, without affecting the amount of complex B in U-937 and
HeLa cell extracts (Fig. 9B, compare lanes 1 and 4 with lanes
7 and 10), and also abolished complex A formation in the HF
cell extract (compare lanes 13 and 16). Therefore, complex B
does not appear to simply represent two molecules of factor A
bound simultaneously.

DISCUSSION

Correlation between Nru binding activity and the cis-acting
down-regulation phenotype. The results of both the in vitro
binding assays and our functional assays for basal repression by
components of the IES-NRE domain in transfected cells are
summarized and correlated in Table 1. Although the multi-
merized core 10-bp palindromic Nru motif alone (P,) displayed
very little silencer function, it was clearly a necessary compo-
nent for the full repression phenotype because mutations
within the core palindromic Nru motif itself abolished all neg-
ative effects, regardless of the presence of adjacent partial or
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complete interrupted Nru motifs (compare IP,, IP,., and
I.,P,). Nevertheless, the palindromic Nru motif alone still
formed complex A with both the U-937 and HeLa extracts, and
therefore we believe that complex A is necessary, but not
sufficient, for the full repression phenotype. On the other hand,
the interrupted Nru motif alone (I") generated complex B
only, but again without showing any functional down-regula-
tion effects. The full down-regulatory phenotype required both
the palindromic and interrupted Nru sequences, which to-
gether form complexes A, B, and C with the bipartite probes
P,I and IP,. Curiously, the intact palindromic Nru motif plus
an adjacent half-site interrupted Nru motif still gave partial
repression along with some complex B formation (probes P, ™"
and P;"), and P;" was more efficient than P, at binding to
complex B. In summary, the results suggest that additive in-
volvement of binding complexes built up from at least two
distinct but probably related protein factor components are
required for the full Nru domain down-regulation function.

Role of signal transduction pathways in regulation of IES/
US3 gene expression. We have also demonstrated here that the
bipartite HCMV IES (US3) promoter region (Fig. 10A) con-
tains a proximal basal enhancer (ENH) that can be activated
strongly in transient assays by either TPA or OA treatment.
Evidently, this portion of the IES control region can detect and
respond to changes in the cellular environment without other
viral gene products being present. TPA stimulation of the IES
ENH domain in U-937 and K-562 cells almost certainly acts
through the multicopy NF-kB elements, because responses in
our control HIV LTR-CAT target were abolished by mutations
of the NF-«kB sites and the addition of consensus NF-kB oli-
gonucleotides to heterologous nonresponsive promoters trans-
ferred responsiveness in these cell types. We also believe that
the OA response is mediated by the NF-kB motifs, because it
displays the same pattern as TPA responsiveness with these
control targets and because the SCMV MIE region, which
lacks any classical NF-«B sites, did not respond. However, the
SCMV MIE enhancer is stimulated by TPA induction medi-
ated by both the series III SRF/ETS binding sites (SNE motifs)
and by the CRE motifs (4, 9). We initially used OA because of
reports that it interfered with the action of phosphatases PP1
and PP2A (10) and altered the function of both the AP-1
transcription factor and MAP kinase (55). More recent reports
have suggested that OA induces serine phosphorylation of
IkBa and its subsequent proteolytic degradation by a PP2A-
dependent mechanism that is different from that mediated by
TNFa. However, like TPA and TNF«a treatment, this ulti-
mately leads to activation of the Rel/NF-«kB heterodimers (51,
58).

The fact that both the IES and MIE enhancer/promoters of
HCMV are activated by TPA and OA stimulation via the
NF-kB elements leads to the hypothesis that signal transduc-
tion pathways triggered by TPA stimulation of protein kinase
C or by inhibition of phosphatases such as PP2A may lead to
reactivation of the dormant virus from a latent state by simul-
taneously activating both types of IE genes. We have shown
elsewhere that in both HCMV- and SCMV-infected U-937
cells, IE1 mRNA and protein production increases after TPA
stimulation and that viral progeny can be found by HF cell
cocultivation assays after TPA induction of infected U-937
cells but not uninduced U-937 cells (9). Hence, TPA or other
similar signal transduction pathway stimulants may provide the
first step in driving the virus into the full lytic replication
cascade from a latent state. Studies are in progress to deter-
mine whether US3 mRNA and protein levels are also in-
creased under these circumstances.

The US3 gene products associated with the IES enhancer
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and encoded by its spliced IE transcripts have been reported to
be capable of transactivating the cellular hsp70 heat shock
gene promoter (11, 54), and heat shock treatment apparently
increases both HCMV early antigen and MIE gene transcrip-
tion (15, 66). Although the US3 gene product is dispensable in
permissive infection in tissue culture (21, 23), a deleted HCMV
lacking 15 kb of the US region including the IES/US3 gene
displays temperature-sensitive characteristics (23) and one of
two distinct viral functions that can down-regulate major his-
tocompatibility complex class I expression in HCM V-infected
cells has also been mapped to this vicinity (20). Therefore, US3
may potentially be involved either in overcoming stress condi-
tions induced by infection or in evading immune responses,
although there is also the more interesting possibility that it
plays a key role in vivo in reactivation from a dormant or latent
state. Note that herpes simplex virus also contains an IE gene,
referred to as IE110 or ICPO, that is dispensible for the lytic
cycle in cell culture conditions but appears to be crucial for
triggering reactivation both in vivo and in vitro in cell culture
models.

Negative cis-acting regulatory regions in gene expression.
Upstream cis-repression motifs are generally thought to be
associated with active transcriptional repressor factors, al-
though relatively few (e.g., Krupple, HMG, and yeast «2) have
been definitively characterized in either viral or cellular sys-
tems (12, 22, 32, 33, 43, 47). In the Epstein-Barr virus (EBV)
BamHI-C latency promoter region, there is an upstream
EBNAZ2-responsive element that binds to the cellular CBF1
repressor protein (35). Upon EBV infection, the negative ef-
fect of bound CBF1 is converted into positive regulation me-
diated by protein-protein complex formation with the EBV-
encoded EBNA2 transactivator (17). Negative cis-acting
regulatory regions can potentially maintain genes in a tran-
scriptionally quiescent state, which may be reversed by differ-
entiation or overcome by induction of positive response fac-
tors.

Here, we have also identified novel multicopy cis-repression
motifs, called the Nru motifs or Nru repressor elements, within
the distal segment (NRE) of the HCMV IES promoter control
region (Fig. 10A) and have shown that two or more cell-type-
specific factors bind to these motifs. Note that the other
HCMYV enhancer/promoter region (MIE) is associated with
two types of cis-repression elements: one a presumed active
form, perhaps mediated by YY1, within both the far upstream
MOD domain and the 21-bp repeats, which contributes to
down-regulation in teratocarcinoma stem cells (16, 25, 27, 37,
39), and the other, a likely passive form, in which the IE2
protein produces negative autoregulation by binding to the
CRS motif at the start site of the MIE transcription unit (8, 36,
41, 42).

Characterization of the Nru binding sites and function of
the Nru motif. We have narrowed down the minimal elements
required for full Nru repressor function to be the 10-bp Nru
palindrome together with an adjacent 7-bp interrupted Nru
motif. Together, this enlarged bipartite Nru repressor element
(NRE) allows at least two distinct types of DNA-protein com-
plexes to form possibly in a cooperative fashion. Evidently both
types of Nru subelements are required for full function and,
although they can each bind independently only to either the A
(palindromic) or B (interrupted) site binding factors, they each
compete for binding to component factors that must be com-
mon to both complexes. However, neither the palindromic nor
the interrupted Nru motifs alone give much down-regulatory
activity. Therefore, we hypothesize that some interaction be-
tween the two types of protein complexes is required for full
function (Fig. 10B) and that the (presumably dimeric) nonre-



5326 CHAN ET AL.
610 270 25 +83
e ,,(OT). . T US3 Regulatory
| NRE ENH ATG Gene Product(s)
7xNupal AP 5y NFB
3 x Nru iInt Pal 4 x |IE2
Basal Down High Basal Activity

Regulation Strong Responses to

TPA, TNFo, OA Induction

J. VIROL.

FIG. 10. (A) Summary of the bipartite structural and functional organization
of the HCMV IES upstream cis-acting control region. Evidence that the proxi-
mal enhancer (ENH) domain but not the distal negative Nru regulatory domain
(NRE) responds to TPA and OA treatment and that the NRE domain, contain-
ing multiple Nru repressor elements, produces a cis-acting basal down-regulation
phenotype. As shown here also down-regulation correlates with binding of cel-
lular factors to both the palindromic and interrupted Nru motifs within each
NRE. Direct evidence that the ENH domain contains five binding sites for
cellular NF-kB/Rel class binding factors and four for the HCMV IE2 DNA-
binding protein as well as the finding that it responds either positively or nega-
tively to cotransfection with IE2 in different cell types is presented elsewhere
(59a). TNFa responsiveness is predicted based on the ability of classical immu-
noglobulin kappa-like NF-kB motifs to confer this property to heterologous
promoters. (B) Diagram illustrating a possible model for Nru factor binding to
the NRE oligonucleotide sites in the IES negative regulatory domain.
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pressing protein subunit (X,) that recognizes the palindromic
Nru motif may in turn serve as a base for binding of another
protein (Y), which also interacts with the nucleotides of the
interrupted Nru motif and may contain the active repression
domain. Alternatively, the palindromic Nru binding protein
may itself contain a repressor domain but requires the inter-
rupted Nru motif binding factor to help it to bind to the
palindromic site with higher affinity or in a correct conforma-
tion. Another alternative model suggests that simultaneous
binding of these two protein complexes allows access for a
third factor (Z) to suppress transcription (complex C), al-
though this may not itself be a direct DNA-binding protein.
Interestingly, if one considers just the pentameric half sites
of the palindromic Nru motifs as a potential core functional
unit here, then the NRE shows considerable resemblance to
both the far-upstream MOD domain within the HCMV MIE
region and to binding sites for a recently described Drosophila
BEAF-32 insulator factor (67). The insulator factor binds to
boundary sequences between polytene chromosome bands and
chromosome puffs that appear to function by blocking the
higher-order chromatin reorganization effects of adjacent en-
hancer or locus control regions (LCRs) on one side of the
binding sites from influencing specific gene domains on the
other side (59). One defined BEAF-32 binding site bounding
the Drosophila hsp70 domain contains three copies of the pen-
tamer CGATA within a 34-bp footprinted region (67). Note
that most of the CMV half-site Nru pentamer motifs are

CGACA and that the entire 260-bp Nru domain from —561 to
—310 contains a cluster of 22 interspersed CGATA or CGA
CA motifs, many of which encompass or are adjacent to the
palindromic Nru sites. Several more potential motifs fit into a
relaxed consensus of CGATY, including most of the inter-
rupted sites adjacent to the Nru palindromes that also proved
to be functionally relevant in our oligonucleotide probe series.
Similarly, within the 260-bp MOD region associated with the
HCMYV MIE enhancer there are 20 copies of either the CGA
TA or CGACA pentamer and again some of them are ar-
ranged as adjacent pairs or back-to-back interrupted palin-
dromes, although no 10-bp Nru-like palindromes are present
(62). It now appears that in both cases these may in effect act
as insulators to separate or dampen the effects of the chroma-
tin reorganization characteristics of the adjacent strong induc-
ible enhancer domains (which are equivalent to cellular LCRs)
from nearby segments of the viral genome. This would likely be
of greatest influence during latency or early stages of reactiva-
tion from latency, rather than during the lytic cycle.
Cell-specific distribution of the Nru site binding factors.
Our results show that both the A and B types of Nru-specific
binding factor complexes can be detected in U-937 cells, either
with or without TPA stimulation, as well as in K-562, HelLa,
and Vero cells; however, no specific complexes were formed
with HL-60, BALB/c 3T3, or Raji cell extracts, and permissive
HF cell extracts contained only the A complex palindromic Nru
binding factor without significant levels of the B complex in-
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terrupted palindrome binding factor (Fig. 9). However, the
role of this tissue-specific distribution in regulating cellular
gene expression is not yet clear, because we have not examined
down-regulation in all of these cell types and the cellular Nru-
binding factor genes have not yet been cloned or sequenced.
Nevertheless, since semipermissive U-937 and nonpermissive
Vero and HeLa cells all contain both types of Nru binding
factors, whereas permissive HF cells only contain the A factor,
there are hints that the relative amount of B factor compared
with A factor may be a critical determinant of IES activity. We
have demonstrated elsewhere that the IES enhancer region
also contains IE2 binding sites and responds to the IE2 trans-
activator either positively or negatively depending on the cell
type (3, 5). In transient cotransfection assays, IE2 can appar-
ently overcome the Nru silencer effect in HF and U-937 cells,
but it down-regulates expression from the IES promoter in
Vero cells. In addition, we have observed that synthesis of IES
mRNA is not detectable in infected nonpermissive BALB/c
3T3 cells under conditions in which the MIE transcripts and
both the IE1 and IE2 proteins are expressed efficiently (3, 5).
A brief recent report by Biegalke (1) has claimed that the IES
promoter can also be down-regulated by IE2 acting through
the cap site. Obviously, the complex factors governing whether
or not IES-associated transcripts are expressed in parallel with
MIE transcripts, rather than being differentially repressed,
may be a significant determinant of whether or not lytic cycle
progression occurs and is worthy of much further study.
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