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The human cytomegalovirus (HCMV) major immediate-early (MIE) genes, encoding IE1 p72 and IE2 p86,
are activated by a complex enhancer region (base positions -65 to -550) that operates in a cell type- and
differentiation-dependent manner. The expression of MIE genes is required for HCMV replication. Previous
studies analyzing functions of MIE promoter-enhancer segments suggest that the distal enhancer region vari-
ably modifies MIE promoter activity, depending on cell type, stimuli, or state of differentiation. To further
understand the mechanism by which the MIE promoter is regulated, we constructed and analyzed several
different recombinant HCMVs that lack the distal enhancer region (-300 to -582, -640, or -1108). In human
fibroblasts, the HCMVs without the distal enhancer replicate normally at high multiplicity of infection (MOI)
but replicate poorly at low MOI in comparison to wild-type virus (WT) or HCMVs that lack the neighboring
upstream unique region and modulator (-582 or -640 to -1108). The growth aberrancy was normalized after
restoring the distal enhancer in a virus lacking this region. For HCMVs without a distal enhancer, the
impairment in replication at low MOI corresponds to a deficiency in production of MIE RNAs compared to WT
or virus lacking the unique region and modulator. An underproduction of viral US3 RNA was also evident at
low MOI. Whether lower production of IE1 p72 and IE2 p86 causes a reduction in expression of the immediate-
early (IE) class US3 gene remains to be determined. We conclude that the MIE distal enhancer region
possesses a mechanism for augmenting viral IE gene expression and genome replication at low MOI, but this
regulatory function is unnecessary at high MOI.

Human cytomegalovirus (HCMV) replicates in many cell
types, including endothelial, smooth muscle, fibroblast, hepa-
tocyte, neuronal, glial, and macrophage cells (reviewed in ref-
erence 45). It replicates poorly or negligibly in lymphocytes,
neutrophils, and certain embryonal cells (11, 12, 25, 44, 45),
and it resides latently in monocytes and their precursors (16,
21, 22, 33, 34, 42, 46, 52, 53, 57). The mechanisms that govern
HCMV replication or latency are poorly understood. Products
of the HCMV major immediate-early (MIE) genes (e.g., IE1
p72 and IE2 p86) are required for viral replication (15, 18, 36,
38, 47). They are not expressed in latently or certain nonper-
missively infected cell types (21, 22, 25, 33, 37, 42, 53). Hence,
the regulation of their expression may be a pivotal step in
controlling viral replication.

The MIE regulatory region controls transcription of its
genes through interplay of both positive and negative cis-acting
elements. The enhancer component of the MIE regulatory
region contains many of these cis-acting elements. The enhanc-
er’s boundaries are inexact but are often considered to span
base positions -65 to -550 with respect to the 11 start site of
MIE RNAs (32). A variety of cellular and viral proteins inter-
act with the enhancer’s cis-acting elements to regulate activity
of MIE promoter segments when assayed in transfection, in
vitro, or transgenic animal studies (reviewed in references 32
and 35). Their roles in regulating the MIE enhancer-promoter
during viral infection are not yet defined. The MIE enhancer’s

activity varies with availability or activity of the cellular or viral
proteins that act on this region. For instance, enhancer activity
is stimulated by several cellular transcription factors, including
NF-kB/rel, CREB/ATF, AP1, retinoic acid receptor, SP-1, se-
rum response factor and ELK-1 (3, 6, 32, 35). These transcrip-
tion factors bind to sites located throughout the enhancer, and
many of them bind to multiple sites. Their amounts or activi-
ties vary greatly depending on cell type, state of cellular dif-
ferentiation, or stimulation of signal transduction pathways.
Viral proteins, like pp71 and IE1 p72, can also bolster en-
hancer activity (8, 26, 29, 48). In contrast to positive regulation,
enhancer function can be repressed by the cellular transcrip-
tion factor YY1 (23, 27, 43). This factor binds to three sites
located in the distal one-third of the enhancer. These sites are
important in repressing enhancer function in undifferentiated
monocytic and embryonal cells. The binding of cellular protein
Gfi-1 to two cognate sites in the enhancer may also confer
repression in certain cell types (58). Thus, enhancer activity is
likely a combined result of complex mechanisms involving mul-
tiple and diverse transcription factors and signal transduction
pathways.

HCMV latency in monocytes and their precursors is distin-
guished from productive viral infection by the lack of transcrip-
tion from the 11 start site of the MIE promoter. However,
viral RNAs colinear with the MIE genes are detectable in
latently infected monocyte progenitors but not monocytes (16,
21, 22, 42, 53). These latency-specific (LS) RNAs originate
from base position -292 or -356 of the MIE regulatory region
and encode a protein (UL126/ORF94) of unknown function
(22). The mechanism by which the LS and MIE promoters are
differentially regulated is unknown. These findings further em-
phasize the complexity of the enhancer, which does not acti-
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vate the MIE promoter during viral latency yet gives rise to LS
RNAs.

Whether the entire enhancer region is needed for regulation
of the MIE genes during a productive viral infection is unclear.
Removal of the distal half of the enhancer does not reduce
activity of MIE promoter segments in transfected fibroblasts as
well as differentiated THP-1 and NTera-2 cells (26, 28, 50; J. L.
Meier and M. F. Stinski, unpublished data). However, this
same deletion increases activity of MIE promoter segments in
transfected undifferentiated THP-1 and NTera-2 cells because
of removal of YY1 binding sites (23, 27, 41, 43). In mice having
a chromosomal insertion of the HCMV MIE enhancer-pro-
moter and adjoining transgene, the exclusion of distal en-
hancer (-304 to -550) from the insert alters the cell types in
which the transgene is expressed (5, 24). Thus, the distal en-
hancer may possess a regulatory function that is dependent on
cell type, context of chromatin, or both. Whether the distal
enhancer controls MIE or LS gene expression during viral
latency is unknown, although deletion of this region en bloc
would likely disrupt the transcriptional initiation of LS RNAs.

To extend our understanding of the regulatory mechanisms
governing MIE gene expression and viral replication, we con-
structed an assortment of HCMVs lacking the MIE distal en-
hancer. In this report, we demonstrate that deletion of the
MIE distal enhancer impairs HCMV replication at low multi-
plicity of infection (MOI) but not high MOI. This growth
defect corresponds to an underproduction of MIE RNAs,
which does not occur at high MOI. The MIE enhancer deletion
also impairs production of viral US3 RNAs at low MOI but not
high MOI. Hence, the deletion alters expression of two viral
immediate-early (IE) class genes that are widely separated in
the viral genome. Possible explanations for this finding are
discussed.

MATERIALS AND METHODS

Cells and virus. Primary human foreskin fibroblast (HFF) cells were grown in
Eagle’s minimal essential medium supplemented with 10% newborn bovine
serum as described previously (31). These same culture conditions were applied
to the growth of fibroblasts with hypoxanthine-guanine phosphoribosyltrans-
ferase (HGPRT) deficiency (GM02291), which were obtained from Coriell In-
stitute for Medical Research (Coriell Cell Repositories, Camden, N.J.). HCMV
strain Towne and recombinant viruses were propagated on HFF cells, using an
MOI of 1023 to 1026 PFU/cell. Supernatants of infected cells were passed
through a 0.45-mM-pore-size filter to yield cell-free virus stocks. Virus absorption
was carried out for 1 to 1.5 h.

Viral growth curves and DNA replication rates were determined in HFF cells
(between passages 5 and 10) in six-well culture plates. After virus absorption for
1.5 h, cells were washed with Hanks’ balanced salt solution without calcium and
magnesium (HBSS) and exposed 1 min to citrate buffer (50 mM sodium citrate,
4 mM KCl) of pH 3 to inactivate extracellular virus (39). Infected cells were
washed twice more with HBSS prior to addition of growth medium. Input virus
titer was determined by standard plaque assay on subconfluent HFF cells as
described previously (31). However, this assay was inadequate for determining
input titers of recombinant viruses that inefficiently form plaques. Therefore,
titers of these viruses were determined by comparison to known titers of repli-
cation-competent viruses, using the following two methods. First, serial twofold
dilutions of viral stocks were compared in abilities to induce cytopathic effect
(CPE) in HFF cells at 24 h postinfection (hpi), as an indirect measure of relative
viral titers. Second, the relative amount of viral DNA in HFF cells at 4 hpi, which
precedes onset of viral DNA synthesis, was determined by Southern blot analysis
as detailed below. These two methods were highly concordant in determination
of viral titers. At the indicated times postinfection, cells were sacrificed for either
viral growth curves or DNA replication studies. For viral growth curves, the
infected cells were washed with HBSS, scraped into 1 ml of Eagle’s minimal
essential medium containing 10% newborn bovine serum, and stored at 270°C.
In parallel, samples of each time point were thawed, sonicated (2 min), and
centrifuged (1,000 3 g for 5 min), and supernatants were subjected to plaque
assay on subconfluent HFF cells. For viral DNA replication studies, the infected
cells were washed with 13 phosphate-buffered saline (PBS) and DNA was
prepared and analyzed as described below.

Plasmids. The derivation of pDMSVgpt has been detailed previously (31). This
pGEM-4Z-based plasmid (Promega, Madison, Wis.) contains the ScaI-SalI frag-
ment (HCMV AD169 nucleotides [nt] 172864 to 176219 [7]) of HCMV Towne

strain, in which the BsrGI-MluI segment (nt 174365 to 174833) was replaced with
the basal simian virus 40 (SV40) early promoter (2138 to 157), guanine phos-
phoribosyltransferase (gpt) open reading frame (ORF), and SV40 early intron
and polyadenylation signal. Plasmid pIE1EM has been detailed previously (31)
and contains the HCMV BamHI-SalI fragment (nt 170970 to 176219). The SphI
fragment (nt 173560 to 176219) of pIE1EM was subcloned into an SphI site of
pGEM-4Z to produce p4EM. To construct pUS3a, the HindIII-BamHI fragment
of pMal-C2 (31) was inserted into corresponding sites in pGEM-4Z and the
HindIII-AccI segment of US3 ORF was deleted; the vector HindIII and AccI
ends were blunted with T4 polymerase prior to their ligation. pSV71 was con-
structed by inserting the XbaI fragment of pCMV71 (26), which contains the
HCMV pp71 ORF, into the BamHI site of pSG5 (Pharmacia, Piscataway, N.J.);
the XbaI and BamHI ends were blunted with Klenow enzyme prior to ligation.

Plasmid pD-300/-1108SVgpt was derived from pDMSVgpt by deletion of
Sau96I-BsrGI fragment (nt 174034 to 174371), and the Sau96I and BsrGI ends
were blunted with Klenow enzyme before ligation. The HindIII-BamHI segment
in each of the pD-300/-1108SVgpt and pDMSVgpt plasmids that contains the gpt
ORF and SV40 intron and poly(A) site was replaced with the HindIII-BamHI
segment of phGFP-S65T (Clontech, Palo Alto, Calif.) that contains the green
fluorescent protein (gfp) ORF and SV40 intron and poly(A) site, to produce
pD-300/-1108SVgfp and pD-640/-1108SVgfp, respectively. pD-300/-640SVgpt was
constructed by replacing the corresponding BamHI (blunted with T4 polymer-
ase)-SalI segment of pD-300/-1108SVgfp with a corresponding BsrGI (blunted
with T4 polymerase)-SalI fragment of pIE1EM.

Plasmids pD-300/-1108Egfp and pD-640/-1108Egfp were derived from pD-300/
-1108SVgfp and pD-640/-1108SVgfp, respectively, by replacing the entire basal
early SV40 promoter with an adenovirus E1b TATA box. This was accomplished
by removing the SV40 promoter as a BglII-HindIII fragment and replacing it with
a synthetic duplex oligonucleotide (59-GATCTGGGTATATAATGGATCCCG
GG-39) having compatible BglII and HindIII ends. This oligonucleotide contains
the 8-bp E1b TATA box (underlined) flanked by downstream SmaI and BamHI
sites, which are functionally inactive in in vitro transcription and transfection
studies (31, 40). pD-582/-1108Egfp was derived from pD-640/-1108Egfp by delet-
ing the SpeI-BglII segment and religating the remaining plasmid after blunting its
ends with Klenow enzyme.

Plasmid p1.6 was constructed by subcloning an HCMV EcoRI-BamHI frag-
ment (nt 185496 to 187110) of pMSDT-D (55) into corresponding sites of
pGEM-4Z. This fragment contains predicted HCMV ORFs IRL3 and IRL4 (7).

HCMV recombination. Recombinant HCMVs rD-300/-640SVgfp, rD-640/
-1108SVgfp, rD-300/-1108SVgfp, rSVgfp, rD-300/-1108Egfp, rD-582/-1108Egfp, and
rD-640/-1108Egfp were derived from rDMSVgpt (r2 clone), which was described
previously (31). In the parent rDMSVgpt virus, the BsrGI-MluI segment (-640 to
-1110) of the MIE regulatory region containing the modulator was replaced with
the basal SV40 early promoter (-138 to 157), bacterial gpt ORF, and SV40 early
intron and polyadenylation signal. This virus was used for homologous recom-
bination with the plasmids listed below. The resultant recombinant viruses lack
gpt, which allows for their selection in HGPRT-deficient fibroblasts and 6-thio-
guanine (50 mg/ml) as described by Greaves et al. (14). Viral DNA was prepared
for recombination as described previously (31). Subconfluent HFF cells (100-
mm-diameter dish) were cotransfected with viral DNA (30 to 50 mg) and the
indicated plasmid (5 or 10 mg), using the DNA-calcium phosphate coprecipita-
tion method of Graham and van der Eb (13). The rD-300/-640SVgfp, rD-640/
-1108SVgfp, rD-300/-1108SVgfp, rD-300/-1108Egfp, rD-582/-1108Egfp, and rD-640/
-1108Egfp viruses were made by using the pD-300/-640SVgfp, pD-640/-1108SVgfp,
pD-300/-1108SVgfp, pD-300/-1108MEgfp, p-582/-1108Egfp, and p-640/-1108Egfp
plasmids, respectively. Viruses arising from the cotransfections were used to
infect HGPRT-deficient fibroblasts at an MOI of 0.3 to 0.5. Viral plaques were
picked and transferred to HFF cells in 12-well dishes as described previously
(31). Once these infected cells reached 100% CPE, the growth medium contain-
ing virus was removed and stored at 270°C. Infected cells were washed with PBS,
and the cell-associated viral DNA was isolated and subjected to restriction
endonuclease and Southern blot analyses as described previously (31). All re-
combinant viruses were subjected to at least two rounds of plaque isolation.
Replication-impaired viruses were plaque purified on HGPRT-deficient fibro-
blasts, whereas the other viruses were plaque purified on HFF cells. Genomes of
plaque-purified viruses were again scrutinized by restriction endonuclease and
Southern blot analyses. Two or three recombinant virus clones were obtained
from independent transfection-recombination procedures to control for spurious
genomic mutations.

The rSVgfp virus was a by-product of homologous recombination between the
rDMSVgpt viral DNA and plasmid pD-300/-640SVgfp. Recombination occurring
within the 200-bp SV40 early promoter and upstream of the modulator would
produce an HCMV having an SV40 early transcription unit containing the gfp
ORF located between the MIE enhancer and modulator at base position -640.
Restriction endonuclease and Southern blot analyses confirmed such a structural
arrangement in rSVgfp.

The rD21MSVgfp, which was derived from rDMSVgpt, was reverted to wild-
type HCMV (recombinant wild type [rWT]) by homologous recombination in
HFF cells. Plasmids pIE1EM (5 or 10 mg) and pSV71 (5 mg) and viral
rD21MSVgfp DNA (20 to 50 mg) were cotransfected into subconfluent HFF cells
by the DNA-calcium phosphate coprecipitation method (13). The HCMV pp71
protein expressed from pSV71 greatly enhanced replication of transfected
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rD21MSVgfp DNA, which is consistent with the known function of pp71 (4). The
resultant viruses were applied to HFF cells at an MOI of 0.05 to enrich for rWT,
because rD21MSVgfp replicates very poorly at low MOI in comparison to WT.
Serial 10-fold dilutions of the enriched viral stock (106 PFU/ml) were applied to
HFF cells in 12-well dishes (1 ml/well) and overlaid with 0.5% agarose. Viral
plaques developed at 1024 dilution with a growth rate and plaque size consistent
with those of WT. These viral plaques were picked, expanded, and shown by
Southern blot analysis to contain rWT. Two rWT clones that were derived from
separate transfection-recombination procedures were subjected to further
plaque purification and analysis. Unlike the WT stock of 106 PFU/ml, the
rD21MSVgfp stock of 106 PFU/ml failed to form plaques at 1025 dilution and
produced only a few small plaques at 1024 dilution. We continuously monitored
the rD21MSVgfp stock for contaminating WT, which should greatly increase in
amount with successive passages at an MOI of 0.001. Despite more than 12
passages of rD21MSVgfp at an MOI of 0.001, we found no contaminating WT by
Southern blot analysis or the plaque assay procedure described above.

DNA analysis. HCMV genomic DNA was isolated as described previously
(31). All viral genomes were digested with each of enzymes EcoRI, PstI, and
BamHI and fractionated on a 0.5% agarose gel. The gels were stained with
ethidium bromide, and the restriction enzyme fragment profiles were photo-
graphed and scrutinized. The gels were then subjected to Southern blot analysis
and autoradiography as described previously (31). Hybridization was carried out
at 68°C for 4 to 12 h; a high-stringency wash was performed at 55 to 65°C in 0.1X
SSPE (1X SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH
7.7])–0.1% sodium dodecyl sulfate. Distal enhancer- and modulator-specific
probes were generated from multiprime 32P-labeled NdeI-BsrG I (nt 170953 to
174371) and BsrGI-MluI (nt 174371 to 174836) fragments, respectively. The gfp
probe was derived as a HindIII-BsrGI fragment of phGFP-S65T. Stripping of
probes from blots was achieved by boiling the Nytran in 0.2% sodium dodecyl
sulfate. DNA fragments used as probes were gel purified prior to radiolabeling.

For analysis of HCMV DNA replication, uninfected or infected HFF cell
DNA was isolated at the indicated times postinfection by methods described
previously (31). Lambda DNA (2 mg) was added to each sample after cell lysis,
but before proteolysis and phenol-chloroform extraction, to control for sample-
to-sample variation in processing, endonuclease digestion, and loading. The
purified sample DNA was cut with HindIII until the internal lambda DNA
control was completely digested (4 to 18 h). Restricted DNA fragments were
fractionated electrophoretically on a 0.5% agarose gel and subjected to Southern
blot analysis. The 1.6-kbp BamHI-HindIII fragment of plasmid p1.6 (termed, T
probe) was used to probe HCMV genomic termini containing terminal repeat
long (TRL) or inverted repeat long (IRL). Full-length lambda DNA was 32P
labeled for use in probing lambda DNA fragments. Methods of probe labeling,
hybridization, washes, autoradiography, and probe stripping were as described
above. Hybridization signals were quantitated by image acquisition analysis
(Hewlett Packard Instant Imager).

RNA analysis. After virus absorption for 1.5 h, residual extracellular virus was
removed and inactivated by the citiric acid (pH 3.0) wash procedure noted above.
Whole cell RNA from uninfected or HCMV-infected HFF cells was isolated by
the method of Chomczynski and Sacchi (9). The RNase protection (RNP) assay
was performed as described previously (31). Antisense IE1 and actin 32P-labeled
riboprobes were generated as described previously (31). Antisense MIE and US3
32P-labeled riboprobes were generated from templates p4EM and pUS3a, re-
spectively, using T7 polymerase. p4EM and pUS3a were linearized with SpeI and
EcoRI, respectively. The MIE riboprobe spans 1171 to 2582, which includes the
enhancer, exon 1, and part of intron 1. This probe is predicted to protect 170-nt
unspliced and 120-nt spliced MIE RNA products. It was shown previously that a
probe spanning this region also protects an alternative spliced MIE RNA prod-
uct of approximately 140 nt (49). The hybridization of riboprobe(s) to the RNA
sample (20 or 25 mg) was performed overnight at 52°C, and the resultant hybrid
sample was digested with 150 or 200 U of RNase T1 (Boehringer Mannheim,
Indianapolis, Ind.) at 37°C for 1 h. Protected products were analyzed on 6%
polyacrylamide-urea gels.

Quantitative competitive PCR (QC-PCR). HFF cells in six-well culture plates
were washed three times in HBSS at the completion of virus adsorption and then
placed in growth medium. WT-, rD-582/-1108Egfp-, rD-300/-1108Egfp-, and mock-
infected cells were processed in parallel. At 5 hpi, infected cells were washed with
PBS and DNA within them was isolated as described above. The purified DNA
was digested with HindIII in order to reduce sample viscosity, thereby minimiz-
ing error in DNA sampling and quantitation. The restricted DNA fragments
were purified by standard phenol-chloroform and chloroform extraction and
sodium acetate-ethanol precipitation and then resuspended in TE (Tris-HCl [pH
8.0], 1 mM EDTA) buffer at a concentration of 150 ng/ml, as determined spec-
trophotometrically. For each of these DNA samples, four 4-ml (600 ng of DNA)
aliquots were analyzed in parallel by PCR (total volume, 50 ml) in the presence
of 10, 3.0, 1.0, or 0.3 pg of a 1,765-bp fragment of IE1 cDNA. The PCR
conditions have been report previously (21, 31). PCR amplification of genomic or
copy IE1 DNA by using primers IEP3C and IE4BII generates unspliced and
spliced PCR products of 387 and 217 bp, respectively. PCR amplification was
done for 35 cycles at 94°C for 1 min, 62°C for 1 min, and 72°C for 2 min.

RESULTS

Construction of an HCMV without the MIE distal enhancer
region. A set of recombinant HCMVs was assembled to deter-
mine the function of the MIE promoter’s distal enhancer (Fig.
1A). These viruses were derived from the previously reported
recombinant virus, rDMSVgpt (31). This parental virus has an
SV40 early kinetic class transcription unit containing the bac-
terial gpt ORF in place of the deleted MIE modulator region
at base positions -640 to -1108 with respect to the MIE RNA
cap site. rDMSVgpt was shown previously not to differ appre-
ciably from WT in its ability to transcribe the MIE genes at an
MOI of 1 to 5. On the basis of design, rDMSVgpt enabled
selective mutagenesis of the MIE regulatory region by homol-
ogous recombination in conjunction with the elimination of
gpt. Such construction afforded dominant selection of resultant
recombinant viruses in HGPRT-deficient fibroblasts exposed
to 6-thioguanine (14). Replacement of gpt with the gfp ORF
further assisted in the selection of growth-defective recombi-
nant viruses. The minimal SV40 early promoter lacking an
enhancer was chosen to express the gfp gene because it does
not appreciably alter MIE promoter activity when located at
-640 in the MIE regulatory region (31).

For purpose of comparison, we made HCMVs with dele-
tions of the distal enhancer alone (-300 to -640), distal en-
hancer and modulator (-300 to -1108), and modulator alone
(-640 to -1108). These recombinant viruses were designated
rD-300/-640SVgfp, rD-640/-1108SVgfp, and rD-300/-1108SVgfp,
respectively. Each of these viruses has an SV40 early kinetic
class transcription unit containing the gfp ORF that was in-
serted at the site of the deletion. To control for possible ad-
ventitious affects of the insertion, rSVgfp was added to the
study set. This recombinant virus has no deletion in the MIE
regulatory region but has the SV40 early transcription unit
containing gfp inserted between the distal enhancer and mod-
ulator at -640.

For each viral construct in the set, we randomly picked and
studied two or three viral isolates from independent recombi-
nation procedures to control for spurious mutations. The ge-
nomes of these recombinant viruses were analyzed and com-
pared to those of WT and rDMSVgpt viruses with regard to
restriction fragment length polymorphism (RFLP), as pro-
duced by three separate endonucleases (see Materials and
Methods). The predicted sizes of PstI RFLPs are depicted in
Fig. 2A. Findings of Southern blot analyses of PstI RFLPs are
shown in Fig. 2B for a representative set of viral constructs.
The sequential probing of the blot verifies a deletion of -300 to
-640 in rD-300/-640SVgfp and rD-300/-1108SVgfp and deletion
of -640 to -1108 in rD-640/-1108SVgfp and rD-300/-1108SVgfp.
The gfp ORF is positioned correctly in rD-300/-640SVgfp rD-
640/-1108SVgfp, rD-300/-1108SVgfp, and rSVgfp but is absent
in WT and rDMSVgpt. For each of the recombinant viruses,
the PstI RFLP correctly matches its predicted size, and geno-
mic instability was not detected. These findings indicate that
the distal enhancer (-300 to -640) and combined distal en-
hancer and modulator (-300 to -1108) regions are deleted from
HCMVs rD-300/-640SVgfp and rD-300/-1108SVgfp, respectively.

An HCMV without the MIE distal enhancer region is rep-
lication impaired at low MOI but not high MOI. In the early
stages of creating HCMVs without the MIE distal enhancer
(-300 to -640 or -1108), it became clear that these viral con-
structs produce substantially fewer plaques in HFF cells at low
MOI (#1023) in comparison to WT. While the gfp expressed
from these viruses permitted detection of a single infected cell
among thousands of uninfected cells, we found neither indi-
vidual nor small foci of fluorescent infected cells failing sub-
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sequently to form plaques via cell-to-cell spread. Despite their
inefficiency in establishing initial infection, the viral plaques
that formed slowly developed to yield 106 to 107 infectious
extracellular viruses per ml of medium, which is comparable to
that produced by WT (see Materials and Methods). The same
viruses did not exhibit overt growth impairment at high MOIs
such as 1 to 5.

On the basis of these preliminary findings, we conducted a
comparative study of viral replication rates after normalizing
input viral titers by two independent methods that circumvent
potentially deceptive plaque assay results. As detailed in Ma-
terials and Methods, titers of viral inocula were adjusted to
yield equivalent amounts of input viral DNA in HFF cells at 4
hpi and to produce equivalent CPE at 24 hpi. There was high
concordance among these two methods, enabling reliable de-
termination of MOI for each virus relative to WT. Figure 3
shows single-step growth curves of WT, rDMSVgpt, rSVgfp,
rD-300/-640SVgfp, and rD-300/-1108SVgfp that were performed
in parallel at an MOI of 1.0 in HFF cells. The amount of
cell-associated virus produced at 1, 2, 3, 4, and 6 days postin-
fection (dpi) was measured by the standard viral plaque assay.
The HCMVs lacking the distal enhancer, rD-300/-640SVgfp
and rD-300/-1108SVgfp, register substantially less PFU per
ml (21.5 to 22.5 log10 at 3 to 6 dpi) than WT, rSVgfp, or
rDMSVgpt. Growth abnormalities of similar magnitude were
seen with other rD-300/-640SVgfp and rD-300/-1108SVgfp con-
structs made from independent recombination procedures
(data not shown). The abnormal single-step growth curves of

rD-300/-640SVgfp and rD-300/-1108SVgfp could reflect im-
paired viral replication, assay bias, or both.

We examined whether rD-300/-640SVgfp and rD-300/
-1108SVgfp differ from WT and rSVgfp in the abilities to rep-
licate viral DNA in HFF cells at an MOI of 1.0 or 0.005. The
infections were performed in parallel. Cell-associated DNA
was isolated at various times after infection and subjected to
HindIII digestion and Southern blot analysis. The blot was
hybridized to a probe, termed T probe, which recognizes the
RL regions flanking both ends of the long segment (L) of the
HCMV genome (Fig. 4A). This method determines the pro-
portion of RL regions that are not fused (free end) versus fused
(fused end) to the short segment (S) of the viral genome. The
unit-length linear viral genome is composed of an equimolar
ratio of RL free and fused ends, although genomic isomerism
yields L-S junction fragments of two sizes containing RL fused
ends. Shortly after infection, the linear viral genomes form
closed circles and large linear concatemers that lack RL free
ends and possess only fused ends (30). Subsequently, genome
cleavage and packaging regenerate RL free ends (30). Thus,
serial analyses of RL free and fused ends during infection can
reflect production of both replicative intermediates and
cleaved or packaged genomes.

We analyzed infected cell DNA of an MOI of 1 at 4 hpi,
which precedes onset of viral DNA synthesis, to control for
potential differences in input viral titers (Fig. 4B). Viral ge-
nome abundance and configuration resulting from replica-
tion was evaluated on 3 consecutive dpi. As shown in Fig.

FIG. 1. Schematic diagram of recombinant HCMVs containing mutations of the MIE regulatory region. HCMV genome and its unique long (UL) and short (US),
internal repeat long (IRL) and short (IRS), terminal repeat long (TRL) and short (TRS), and a-sequence components are depicted. Locations of MIE regulatory region,
MIE gene exons 1 to 4 (open boxes), and putative UL128 gene (open box) within UL component are shown. The MIE regulatory region of the WT is composed of
proximal promoter (11 to 264), enhancer (Enh; -65 to -550), unique region (-551 to -749), and modulator (Mod; -750 to -1140). Numerical base positions are assigned
relative to start site of MIE RNAs. Recombinant HCMVs rD-300/-640SVgfp, rD-300/-1108SVgfp, rD-640/-1108SVgfp, and rSVgfp were derived from rDMSVgpt (29).
rD-300/-640SVgfp, rD-300/-1108SVgfp, and rD-640/-1108SVgfp have deletions from -300 to -640, -300 to -1108, and -640 to -1108, respectively. An enhancerless SV40
early promoter (2138 to 157), gfp ORF, and SV40 early intron and polyadenylation signal were inserted at the site of deletion. rSVgfp has the same insertion at -640
but has no deletion. rDMSVgpt has a deletion of -640 to -1108 and insertion of the SV40 early transcription unit containing the gpt ORF.
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4C, the rates of production and processing of viral genomes at
an MOI of 1.0 were similar among rD-300/-640SVgfp, rD-300/
-1108SVgfp, rSVgfp, and WT. A remarkably different finding
emerged from an MOI of 0.005 (Fig. 4D). At this low MOI, the
genomes of rD-300/-640SVgfp or rD-300/-1108SVgfp were pro-
duced in approximately 5- to 11-fold lesser amount than those
produced by WT or rSVgfp on 4 or 5 dpi. The ratio of free to
fused ends was not appreciably different among the viruses.

The combined findings suggest that a deletion of -300 to -640
of the MIE regulatory region impairs viral DNA replication at
low MOI but not high MOI. The exhibited deficiency of these
viruses in establishing initial infection at low MOI is consistent
with this inference.

Validation of the MIE distal enhancer region’s role in
HCMV replication. Two strategies were applied to substantiate
the notion that deletion of the distal enhancer region (-300 to
-640) impairs viral replication at low MOI but not high MOI.
First, the deletion/insertion was repaired, with the objective of
rescuing the WT phenotype. Second, we made another HCMV

without the distal enhancer in which the 8-bp adenovirus Elb
TATA box was inserted instead of the 200-bp SV40 promoter
to control for possible confounding interactions of neighboring
MIE and SV40 promoters.

rWT (Fig. 5A) was made from rD-300/-1108SVgfp by selec-
tion in low-MOI conditions for robustly replicating rWT, as
described in Materials and Methods. Recombinant viruses
rD-300/-1108Egfp and rD-640/-1108Egfp were derived from
rDMSVgpt (Fig. 5A). These viruses have deletions at -300 to
-1108 and -640 to -1108 of the MIE regulatory region, respec-
tively. The Elb TATA box, gfp ORF, and SV40 early intron and
polyadenylation signal were inserted into the deletion. For
each of the rWT, rD-300/-1108Egfp, and rD-640/-1108Egfp con-
structs, two or more isolates were derived from independent
recombination procedures and fully analyzed. Their genomes
were compared to those of WT and rDMSVgpt by RFLP, using
three separate restriction endonucleases. The predicted sizes
of the PstI RFLPs are depicted in Fig. 5B. Findings of the
Southern blot shown in Fig. 5C reveal that the PstI RFLPs of
rWT, rD-300/-1108Egfp, and rD-640/-1108Egfp match the size
predictions. The series of probes to which the blot was hybrid-
ized indicate that the insertions/deletions were correctly con-
structed to eliminate the distal enhancer (-300 to -640) in
rD-300/-1108Egfp and the modulator (-640 to -1108) in rD-300/
-1108Egfp and rD-640/-1108Egfp. These probes also confirm
that rWT was fully restored to WT genotype.

We compared rates of genome replication of WT, rWT,
rD-640/-1108Egfp, and rD-300/-1108Egfp in HFF cells at MOIs
of 1.0 and 0.001. The DNA of infected cells was isolated at
designated times after infection and subjected to HindIII di-
gestion and Southern blot analysis. The viral RL-containing
fragments were hybridized to the T probe depicted in Fig. 4A.
Analysis of viral DNA within HFF cells at 4 hpi (MOI of 1.0)
controlled for differences in input viral titers (Fig. 6A). On 2
and 3 dpi at an MOI of 1.0, the cohort produced similar
amounts of genomic RL free and fused ends (Fig. 6B). On 4
and 5 dpi at an MOI of 0.001, the genomes of rD-300/-1108Egfp
were not detected, in contrast to those of WT and rWT, in
which the genomes were in abundance (Fig. 6C). Genomes of
rD-640/-1108Egfp accumulated at a lower rate than that of WT
or rWT but at a much greater rate than that of rD-300/
-1108Egfp (Fig. 6C). We have also observed modest delays in
replication of other HCMV recombinants devoid of a modu-

FIG. 2. Structural analysis of rD-300/-640SVgfp, rD-300/-1108SVgfp, rD-640/
-1108SVgfp, and rSVgfp. (A) Schematic diagram of HCMV genome and its
components, as well as exploded view of the PstI fragment (1943 to -1141)
containing the WT MIE regulatory region. Predicted sizes of PstI fragments
of WT, rD-300/-640SVgfp, rD-300/-1108SVgfp, rD-640/-1108SVgfp, rSVgfp, and
rDMSVgpt are shown. Locations of exon 1, enhancer, and modulator are de-
picted. (B) Analyses of genomes of WT, rD-300/-640SVgfp, rD-300/-1108SVgfp,
rD-640/-1108SVgfp, rSVgfp, and rDMSVgpt. Viral DNAs were subjected to PstI
digestion, agarose gel fractionation, Southern blot analysis, and autoradiography
as described in Materials and Methods. The Southern blot was serially hybridized
to 32P-labeled probes corresponding to the distal enhancer (-300 to -640), mod-
ulator (-640 to -1108), and gfp ORF (see Materials and Methods). Positions of
accompanying size markers are provided.

FIG. 3. Single-step growth curves of WT, rDMSVgpt, rSVgfp, rD-300/
-640SVgfp, and rD-300/-1108SVgfp in HFF cells. In parallel, HFF cells were
infected with these viruses at an MOI of 1. Cell-associated virus was prepared on
1, 2, 3, 4, and 6 dpi and subjected to standard plaque assay as detailed in
Materials and Methods. PFU per milliliter of extract was determined on sub-
confluent HFF cells. The assay’s lower limit of sensitivity was 10 PFU per ml
(dashed line). Input viral titers at day 0 were not determined by plaque assay but
by two other methods described in Materials and Methods and Results. Each
growth curve represents the average of two independent experiments.
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lator, although this difference has been difficult to consistently
demonstrate at the level of DNA replication (31; Meier and
Stinski, unpublished data).

These data further support the notion that removal of the
MIE distal enhancer region (-300 to -640) hinders viral DNA
replication at low MOI but not high MOI.

An MIE distal enhancer deletion reduces expression of viral
IE RNAs at low MOI but not high MOI. We compared WT,
rD-640/-1108Egfp, and rD-300/-1108Egfp with regard to pro-
ductivity of both IE1 RNA and viral DNA in HFF cells at
MOIs of 1.0 and 0.05. Infections were performed in parallel.
Infected cell DNA was isolated at 4 dpi and subjected to
HindIII digestion and Southern blot analysis with the T probe
(Fig. 4A). Whole cell RNA was isolated at 8 hpi, during peak
production of IE1 RNA under these experimental conditions
(see Materials and Methods). The relative amount of IE1
RNA was determined by RNP assay, using a riboprobe corre-
sponding to exon 4 of IE1 (31). The concurrent analysis of

cellular actin RNA controlled for sample-to-sample variation
(31). Findings of the analyses are shown in Fig. 7. WT, rD-640/
-1108Egfp, and rD-300/-1108Egfp produce equivalent amounts
of IE1 RNA and viral DNA at an MOI of 1.0. In contrast,
rD-300/-1108Egfp produces substantially less IE1 RNA and
viral DNA at an MOI of 0.05 compared to levels for WT and
rD-640/-1108Egfp. The difference in IE1 RNA amounts was
not quantifiable because IE1 RNA of rD-300/-1108Egfp was
below the limit of detection of the RNP assay. Free and fused
RL regions of rD-300/-1108Egfp genomes were produced in 3-
and 2.7-fold lesser amounts, respectively, than those of WT or
rD-640/-1108Egfp. These findings suggest that deletion of the
MIE distal enhancer region (-300 to -640) decreases produc-
tion of both viral DNA and IE1 RNA at low MOI but not high
MOI.

We examined whether deletion of the MIE distal enhancer
specifically reduces transcription from the MIE promoter at
low MOI. Using the RNP assay, we analyzed MIE RNA orig-

FIG. 4. Analysis of DNA replication of WT, rSVgfp, rD-300/-640SVgfp, and rD-300/-1108SVgfp in HFF cells. (A) Schematic diagram of HindIII-generated
RL-containing fragments and the T probe. Shown above is a diagram of the HCMV genome and its structural components as detailed in Fig. 1. Sizes of HindIII-
generated RL-containing fragments are depicted for HCMV strain Towne. Genome isomerism yields L-S junction fragments of 17.2 and 13 kb containing RL fused ends,
as well as 9.7-kb fragments representing RL free ends. Formation of circular or long concatemeric genomes results in conversion of RL free ends to RL fused ends,
which are contained in 17.2- or 13-kb L-S junction fragments. Arrows point to regions of genome recognized by the T probe (black bars). (B) Analysis of viral genomes
within HFF cells prior to viral DNA replication. In parallel, HFF cells were infected with WT, rSVgfp, rD-300/-640SVgfp, and rD-300/-1108SVgfp at an MOI of 1.0.
Infected cells were lysed at 4 hpi and spiked with a constant amount (2 mg) of l DNA for purpose of control of sample-to-sample variation (see Materials and Methods).
Infected cell DNA was isolated, digested with HindIII, subjected to Southern blotting, hybridized to a 32P-labeled T probe, and visualized by autoradiography. Arrows
point to positions of fragments containing RL fused ends (17.2 and 13 kb) and free ends (9.7 kb), as gauged by size markers not shown. The blot was stripped and
rehybridized with 32P-labeled l DNA (l probe). The internal l control to which the probe is hybridized is shown in the lower panel and denoted by an arrow. (C)
Analysis of viral DNA replication in HFF cells at an MOI of 1.0. WT, rSVgfp, rD-300/-640SVgfp, and rD-300/-1108SVgfp infections were performed in parallel with those
shown in panels B and D. Infected cell DNA was analyzed on 2, 3, and 4 dpi, using methods described for panel B. (D) Analysis of viral DNA replication in HFF cells
at an MOI of 0.005. WT, rSVgfp, rD-300/-640SVgfp, and rD-300/-1108SVgfp infections were performed in parallel with those shown in panels B and C. Infected cell DNA
was analyzed on 3, 4, and 5 dpi as described for panel B. Hybridization signals were quantitated by image acquisition analysis. Differences between WT or rSVgfp versus
rD-300/-640SVgfp or rD-300/-1108SVgfp varied approximately 3- to 4.5-fold, 5- to 11.5-fold, and 6- to 10.5-fold on 3, 4, and 5 dpi, respectively.
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inating from the 11 start site of the MIE regulatory region.
The riboprobe detects both unspliced and spliced MIE RNAs,
which yield IE1 and IE2 RNAs via differential splicing events.
This probe is also capable of detecting the overlapping latency-
specific RNAs of UL126, should they be activated in HFF cells
by the mutations (Fig. 8A). We also analyzed RNA produced
by the viral IE US3 gene that is separated from the MIE genes
by approximately 21 kbp. To more accurately delineate the
MIE distal enhancer’s role, we made and characterized an-
other recombinant virus, rD-582/-1108Egfp (data not shown).
This virus lacks -582 to -1108 of the MIE regulatory region and
is therefore missing virtually the entire unique region, as well
as the modulator. Like rD-300/-1108Egfp, this virus contains
the E1b TATA box and gfp cassette at the site of the deletion.
Thus, rD-300/-1108Egfp and rD-582/-1108Egfp differ only by
whether they possess the MIE distal enhancer region (-300 to
-582). The rD-582/-1108Egfp, as well as other HCMV con-
structs having deletions of -582 to -1108 (28), replicate at rates
comparable to those of HCMVs lacking the modulator (-640 to
-1108) (28; Meier and Stinski, unpublished data).

Whole cell RNA was isolated at 8 hpi from HFF cells in-
fected in parallel by WT, rD-582/-1108Egfp, and rD-300/
-1108Egfp at MOIs of 1.0 and 0.05. The RNA samples were
analyzed for both US3 and MIE RNAs. The findings of the
analyses are shown in Fig. 8B and C. These findings reveal that
WT, rD-582/-1108Egfp, and rD-300/-1108Egfp produce similar
amounts of US3 and MIE RNAs at an MOI of 1.0. Further-
more, the amount of MIE RNA originating from the 11 start
site does not appreciably differ among the viruses, and there is
no use of alternative or aberrant start sites despite the muta-
tions in rD-582/-1108Egfp and rD-300/-1108Egfp. Infections
conducted at an MOI of 0.05 yield strikingly different findings.
Surprisingly, the 20-fold reduction in MOI greatly diminishes
the amount of both US3 and MIE RNAs expressed from
rD-300/-1108Egfp in comparison to WT and rD-582/-1108Egfp.
This difference cannot be quantitated because both US3 and
MIE RNAs are below the level of detection of the RNP assay.
The same finding was also documented for another rD-300/
-1108Egfp isolate that had been constructed separately (data
not shown). Notably, the findings in Fig. 8C also reveal that
deletion of the unique region and modulator from rD-582/
-1108Egfp does not appreciably change the amount of US3 or
MIE RNA produced relative to that of WT. We confirmed the
comparable integrity of these RNA samples by subjecting them
to RNP assay, using both US3- and actin-specific riboprobes.
As shown in Fig. 8D, the findings of this assay reflect a repro-
ducible diminution in amount of US3 RNA produced by rD-
300/-1108Egfp.

We determined whether WT, rD-582/-1108Egfp, and rD-300/
-1108Egfp were equivalent in their abilities to enter HFF cells
at low MOI. Infections were performed at an MOI of 0.05 in
parallel with those used in the RNA studies shown in Fig. 8C
and D. The infected HFF cells were thoroughly washed, and
DNA was isolated at 5 hpi, a time point well preceding that of
viral DNA synthesis. Relative abundance of HCMV genomes
was determined by QC-PCR that amplifies a portion of the
viral IE1 gene. The findings of this analysis, as shown in Fig.

8E, indicate that the numbers of viral genomes that are cell
associated at 5 hpi are comparable (,2-fold difference) for
these three viruses. Thus, the impaired production of MIE and
US3 RNA by rD-300/-1108Egfp is unlikely a result of deficient
entry into the cell at low MOI.

DISCUSSION

We have reported previously that deletion of the modulator,
-640 to -1108, of the MIE regulatory region has minimal effect
on HCMV replication and negligible effect on MIE gene ex-
pression in infected HFF, Tera2, or THP-1 cells (31). Here, we
extend our genomic deletion analysis to determine the function
of the MIE distal enhancer. Of the various deletions made
between base positions -300 to -1108 of the MIE regulatory
region, only those that remove the distal enhancer (-300 to
-582 or -640) markedly affect HCMV replication in HFF cells
(Fig. 3, 4, 6, and 7). The distal enhancer’s elimination substan-
tially decreases rate of viral DNA replication at an MOI of
#0.05 but not at an MOI of 1.0. The extent of this decrease is
commensurate with the level of reduction in MOI (compare
MOIs of 0.001 and 0.05 in Fig. 6 and 7). Cleavage and pack-
aging of the viral genomes appear to progress normally. The
virus’s ineffectiveness at replicating its DNA at low MOI cor-
responds to an antecedent underproduction of viral IE RNAs,
which involves both MIE and US3 genes (Fig. 7 and 8). Be-
cause the MIE gene products are required for viral genome
replication (15, 18, 36, 38, 47), we surmise that their reduced
expression likely hinders replication. Notably, the replication
phenotype of the distal enhancer mutants closely resembles
that of recombinant HCMVs lacking IE1 p72 (15, 36). We do
not dismiss the possibility that other viral IE gene products
(e.g., those encoded by UL36-38, UL115-119, or TRS1/IRS1)
may also be reduced in amount to impede viral genome rep-
lication, although the US3 gene product is not needed for viral
replication in HFF cells (reviewed in reference 10). At an MOI
of 1.0, viral DNA replication progresses at a normal rate in
association with normal levels of MIE and US3 RNAs, despite
the distal enhancer’s absence (Fig. 7). Thus, the MIE distal
enhancer functions to augment viral IE gene expression and
genome replication at low MOI, but this regulatory function is
unnecessary at high MOI.

The following considerations substantiate the specificity of
the deletion analysis in determining the distal enhancer’s role
in viral replication and IE gene expression. First, deletions of
neighboring upstream regions, such as the unique region or
modulator (-582 or -640 to -1108), cause little or no abnormal-
ity in production of viral genomes or MIE and US3 RNAs (Fig.
4 and 6 to 8). Second, the inserted marker gene does not
confound the findings, since viral DNA replication is unaltered
by the insertion itself (Fig. 4). Furthermore, replacement of the
MIE distal enhancer with a reconfigured marker gene contain-
ing only the 8-bp E1b TATA box as its promoter generates
phenotypic abnormalities comparable to that of other HCMVs
lacking the distal enhancer (Fig. 6). Similar phenotypic abnor-
malities are exhibited by a recently constructed HCMV lacking
the MIE distal enhancer (-300 to -582) but not possessing a

FIG. 5. Construction of rWT, rD-300/-1108Egfp, and rD-640/-1108Egfp. (A) Schematic diagram of WT, rWT, rD-300/-1108Egfp, rD-640/-1108Egfp, and rDMSVgpt.
The MIE regulatory region in relation to the HCMV genome is shown. rD-300/-1108Egfp and rD-640/-1108Egfp were derived from rDMSVgpt and have deletions from
-300 to -1108 and -640 to -1108 of the MIE regulatory region, respectively. The 8-bp adenovirus Elb TATA box, gfp ORF, and SV40 early intron and polyadenylation
signal were inserted at the site of deletion. rWT was derived from rD-300/-1108SVgfp (Fig. 1). Enh, enhancer; Mod, modulator. (B) Depiction of predicted sizes of PstI
fragments of rDMSVgpt, WT, rWT, rD-640/-1108Egfp, and rD-300/-1108Egfp containing the MIE regulatory region. (C) Southern blot analysis of rDMSVgpt, WT, rWT,
rD-640/-1108Egfp, and rD-300/-1108Egfp genomes. Viral DNAs were subjected to PstI digestion and Southern blot analysis as described for Fig. 2B. The 32P-labeled
probes recognize the distal enhancer (-300 to -640), modulator (-640 to -1108), or gfp ORF. Positions of accompanying size markers are provided.
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marker gene insertion (data not shown). Last, placement of the
distal enhancer in a virus missing this region restores replica-
tion kinetics to levels matching those of WT (Fig. 6). These
cumulative findings indicate that the MIE enhancer’s absence
is the cause of impaired HCMV replication and IE gene ex-
pression at low MOI.

How does the MIE distal enhancer affect expression of two
viral IE genes separated by approximately 21 kbp? Although
we do not yet have the answer to this question, we have exam-
ined some of the possibilities and contemplated others. Fore-

most, we verify the reproducibility of this finding among sev-
eral independently constructed HCMVs lacking the MIE distal
enhancer (Fig. 7 and 8), including a recombinant HCMV in
which the distal enhancer and unique region were replaced
with heterologous DNA not containing a marker gene (data
not shown). Three different types of assays were performed to
ensure that this finding is not merely the result of difference in
titer of infectious virus or ability of virus to penetrate HFF
cells. Equivalence in viral entry is maintained even after dilu-
tion of viral inocula (Fig. 8E). The distal enhancer’s ability to
augment the steady-state amount of unspliced 11 MIE RNA
at low MOI suggests that this region’s functional role extends
to the transcriptional regulation of the MIE genes (Fig. 8C).
On this basis, we propose that the MIE distal enhancer’s func-
tion is to increase or hasten transcription of the viral MIE
genes at low MOI. The mechanism by which it does so is
unclear. The distal enhancer does contain known binding sites
for SRF, ELK-1, NF-kB/rel, CREB/ATF, SP1, YY1, and reti-
noic acid receptor (3, 6, 32, 35), but whether these and/or other

FIG. 6. Analysis of DNA replication of WT, rWT, rD-640/-1108Egfp, and
rD-300/-1108Egfp in HFF cells. (A) Analysis of viral genomes within HFF cells
prior to viral DNA replication. HFF cells were infected in parallel with WT,
rWT, rD-640/-1108Egfp, and rD-300/-1108Egfp at an MOI of 1.0. Infected cell
DNA was isolated at 4 hpi, digested with HindIII, and subjected to Southern
blotting using the 32P-labeled T or l probes described in the legend to Fig. 4A.
l DNA served as an internal control, as detailed for Fig. 4A. Arrows point to
positions of RL 9.7-kb free ends, 17.2- and 13-kb RL fused ends, and internal l
control. (B) Analysis of viral DNA replication in HFF cells at an MOI of 1.0.
WT, rWT, rD-640/-1108Egfp, and rD-300/-1108Egfp infections were performed in
parallel with those shown in panels A and C. Infected cell DNA was analyzed on
2 and 3 dpi as described for Fig. 4B. (C) Analysis of viral DNA replication in
HFF cells at an MOI of 0.001. WT, rWT, rD-640/-1108Egfp, and rD-300/
-1108Egfp infections were performed in parallel with those shown in panels A
and B. Infected cell DNA was analyzed on 4 and 5 dpi as described for Fig. 4B.

FIG. 7. Analysis of productivity of IE1 RNA and viral DNA by WT, rD-640/
-1108Egfp, and rD-300/-1108Egfp in HFF cells at high or low MOI. (A) Analysis
of viral IE1 RNAs. HFF cells were infected in parallel with WT, rD-640/
-1108Egfp, and rD-300/-1108Egfp at MOIs of 1.0 and 0.05. Total cellular RNA
was harvested at 8 hpi. Equal amounts of RNAs (20 mg) were subjected to RNP
assay, using both IE1- and actin-specific riboprobes, as described previously (17,
31, 56) (see Materials and Methods). RNA of uninfected HFF cells (Mock)
served as a control. Positions of protected actin (230 and 122 nt) and IE1 (145
nt) RNAs (denoted by arrows), as well as selected size markers (Std), are shown.
(B) Analysis of viral DNAs. HFF cells were infected with WT, rD-640/-1108Egfp,
and rD-300/-1108Egfp at MOIs of 1.0 and 0.05. Infections were performed in
parallel with those shown in panel A. Infected cell DNA was isolated at 4 dpi,
digested with HindIII, and subjected to Southern blotting using the 32P-labeled
T or l probe described in the legend to Fig. 4A. l DNA served as an internal
control as detailed for Fig. 4A. Arrows indicate positions of 9.7-kb RL free ends,
17.2- and 13-kb RL fused ends, and internal l control. At an MOI of 0.05,
abundance of RL fused and free ends of rD-300/-1108Egfp differed by approxi-
mately 3- and 2.7-fold, respectively, from those of WT or rD-640/-1108Egfp.
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cis-acting sites are relevant is speculative. We suspect that the
MIE distal enhancer indirectly affects US3 RNA production
through its control on expression of MIE gene products, IE1
p72 and IE2 p86. Whether IE1 p72 and IE2 p86 actually
stimulate US3 gene expression during infection remains to be
determined, but they are known or reputed to activate a wide
variety of other viral and cellular genes (35, 47) and can stim-
ulate US3 promoter activity in transient transfection assay
(B. J. Biegalke, unpublished data). Of the RNAs traversing
US3 at 4 to 8 hpi, the great majority originate from the US3
promoter, whereas a much lesser amount arise from upstream
early/late genes (e.g., US6 and US7) (10, 20, 54). Because our
US3 RNP assay does not distinguish among these different
RNAs, the findings may not precisely reflect the MIE distal
enhancer’s effect on US3 promoter activity. Further studies,
including analyses performed in the presence of protein syn-
thesis inhibitors, are required in order to ascertain the mech-
anism by which the MIE distal enhancer deletion alters US3
RNA production, as well as determine whether the deletion
affects other viral IE genes.

Despite speculation that US3 gene expression is partly
linked to the availability of IE1 p72 and IE2 p86, we do not
discount the possibility of the MIE distal enhancer having an
alternative role in regulating viral IE genes. It is conceivable
that a distal enhancer deletion disrupts an unrecognized viral
gene encoding a trans-acting factor. However, previous studies
of this region have not reported the presence of RNAs colinear
with the distal enhancer in a productive infection (1, 19, 49,
51). Nonetheless, viral RNAs of very low abundance emanate
from this region on both DNA strands in infected HFF cells
(data not shown). The many potential short ORFs that overlap

FIG. 8. Analysis of both MIE and US3 RNAs produced by WT, rD-582/
-1108Egfp, and rD-300/-1108Egfp in HFF cells at high or low MOI. (A) Schematic
diagram of MIE riboprobe. Position of MIE riboprobe (rightward arrow) in
relation to 11 start site of MIE RNA is depicted. LS RNAs arise from two sites,
LSS1 and LSS2 at base positions -356 and -292, respectively (21, 22). Both MIE
and LS RNAs (leftward arrows) possess exons (thick lines; only exons 1, 2, 3, and
L [UL126 ORF] are depicted) and introns (thin lines). The riboprobe extends
from 1171 to 2582, spanning the enhancer (Enh), exon 1, and part of intron 1.
It is predicted to protect unspliced and spliced MIE RNAs of 170 and 120 nt,
respectively. It also can protect an alternatively spliced MIE RNA of ;140 that
was noted previously by Stenberg et al. (49). Mod, modulator. (B) Analysis of
MIE and US3 RNAs in infected HFF cells at an MOI of 1.0. Cells were infected
in parallel by WT, rD-582/-1108Egfp, and rD-300/-1108Egfp. Total cellular RNA
(20 mg) was isolated at 8 hpi and subjected to RNP assay, using both MIE- and
US3-specific riboprobes (see Materials and Methods). RNA of uninfected HFF
cells (Mock) served as a control. Positions of protected US3 (370 nt) and
unspliced (170) and spliced (120 and 140 nt) MIE RNAs (denoted by arrows), as
well as selected size markers (Std), are shown. (C) Analysis of MIE and US3
RNAs in infected HFF cells at an MOI of 0.05. Cells were infected in parallel by
WT, rD-582/-1108Egfp, and rD-300/-1108Egfp. Total cellular RNA (25 mg) was
isolated at 8 hpi and subjected to RNP assay, using both MIE- and US3-specific
riboprobes. (D) Analysis of US3 and actin RNAs in infected HFF cells at an
MOI of 0.05. Total cellular RNA (25 mg) isolated from WT-, rD-582/-1108Egfp-,
and rD-300/-1108Egfp-infected HFF cells and employed in studies shown in panel
C was analyzed by RNP assay, using US3- and cellular actin-specific riboprobes.
Positions of protected US3 (370 nt) and actin (230 nt) RNAs (denoted by
arrows), as well as selected size markers, are shown. (E) Viral entry into HFF
cells. HFF cells were infected at an MOI of 0.05 with WT, rD-582/-1108Egfp, and
rD-300/-1108Egfp in parallel to those shown in panels C and D. Infected cells
were thoroughly washed, and DNA was isolated at 5 hpi. This cell-associated
DNA was then subjected to QC-PCR that amplifies a region spanning intron 3
of the HCMV IE1 gene (see Materials and Methods). Amplification of viral
genomes (gDNA) and IE1 cDNA generates 387- and 217-bp products, respec-
tively. Each QC-PCR mixture contained 600 ng of cell-associated DNA and the
indicated amount (10, 3.0, 1.0, or 0.3 pg) of the 1,765-bp IE1 cDNA. QC-PCR
products were fractionated on an agarose gel containing ethidium bromide. All
steps were done in parallel. The negative control (2) contains uninfected cell
DNA but no IE1 cDNA. Arrows indicate positions of 387 bp (gDNA) and 217 bp
(cDNA) PCR products, as gauged by DNA size markers that are not shown.
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this region do not share appreciable structural homology to
other herpesvirus ORFs and are of unknown significance. Mu-
rine cytomegalovirus has putative ORFs (m124, m124.1, and
m125) in its enhancer, but they do not appear to have a role in
viral replication (2). The possibility of the distal enhancer
possessing a cis-acting mechanism that can directly enhance or
derepress expression of viral IE genes separated by kilobases is
an intriguing notion but an unprecedented circumstance. We
also cannot exclude the possibility of the distal enhancer pos-
sessing a cis-acting function that indirectly secures the tim-
ing or efficiency of IE transcriptional events. Such a paradigm
might entail, for example, a cis-acting function that facilitates
the uncoating of the viral genome, import of the viral genome
to a preferred nuclear compartment, or organization of viral
chromatin into a form that submits to transcription. For this set
of possibilities, it is perplexing that their operations would
manifest differently at low versus high MOI.

While the MIE distal enhancer’s mechanism of action is
unknown, its effect on viral MIE gene expression and genome
replication is remarkable. The manner by which this 280 bp
region importantly contributes to the HCMV life cycle merits
further investigation.
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