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ABSTRACT Reactivation of latent virus is believed to
result from a signal transduction event that inducesIm te-
early (IE) gene transcription. Evidence is presented that the
major IE promoter (MIEP) of human cytomegalovirus
(hCMV) is activated by physiological levels of retinoic acid
(RA) in human embryonal cardnoma cells. Mutagenesis ex-
periments localized in the MIEP enhancer, a retinoic acid-
responsive element composed of a direct repeat separated by
five nucleotides. Protein-DNA binding experiments revealed
that this element functions as a specific target site for the direct
interaction of nuclear receptor proteins for RA. These fildings
implicate the biologically active derivative of vitamin A (RA) as
a potential modulator of hCMV pathogenesis in infants and
immunocompromised adults.

The identification of signals that trigger the activation of a
latent virus is central to elucidating biological mechanisms of
pathogenesis manifest in persistent viral infections, charac-
teristic of the herpesvirus group. Human cytomegalovirus
(hCMV), a potent teratogenic agent, establishes an incurable
latent infection and is the leading cause of congenital infec-
tions in humans (1-3). Symptomatic infection of neonates
with hCMV predominantly affects the immature nervous
system (1-6). Common congenital abnormalities noted in the
brain include microcephaly, hydrocephaly, cerebral necro-
sis, and microgyria (1-11). Interestingly, vitamin A and its
active derivative retinoic acid (RA) can induce a similar
pattern of congenital abnormalities, including microcephalic
and hydrocephalic malformations (12-16). The activity of
hCMV in RA-responsive sites evokes the question ofwhether
retinoids at normal physiological levels might directly signal
the activation of hCMV during embryogenesis, The cellular
responses to RA are primarily mediated by the nuclear RA
receptor (RAR) family of proteins (17-20). These proteins
belong to a superfamily of intracellular receptors that, upon
ligand activation, function as multimeric transcription fac-
tors, controlling gene expression through interactions with
discrete sequences in the promoter regions of specific target
genes (21, 22).

In the presence of RA, the human embryonal carcinoma
cell line NT-2/D1 differentiates in vitro, predominantly into
cell types of neuronal lineage (23-25). hCMV can replicate in
RA-induced differentiated cells but not in uninduced NT-
2/D1 cells, suggesting a link between RA action and CMV
replication in this in vitro model for developmental expres-
sion (24, 26). The failure of hCMV to replicate in the
uninduced cells, which resemble cells in very early embry-
onic stages, is due to extremely low levels of transcription
initiation by the major immediate-early (IE) gene promoter

(MIEP) (27-29). Thus, the effect of RA on the progress of a
hCMV infection in NT-2/D1 cells is determined by the level
of transcription by the MIEP. There are two possible path-
ways, derepression and induction pathways, by which the
action of RA could influence the MIEP. Evidence for a
derepression mechanism has been previously presented (28,
30, 31) in which a candidate repressor protein present in
undifferentiated cells has decreased DNA binding activity 5
days after RA induction (30). The derepression pathway
necessitates events downstream from the primary action of
RA. In contrast, the induction pathway would require either
a direct primary or secondary stimulatory response by RA.
Whether or notRA might act as an extracellular stimulus that
directly activates the MIEP remains unclear. Therefore, we
have explored whether the control of transcription by the
MIEP in the induced NT-2/D1 cells could involve a primary
signaling event by RA that is mediated by the direct partic-
ipation of ligand-activated RARs.

MATERIALS AND METHODS
Plasmids and Mutagenesis. The parent MIEP reporter con-

struct, pMIEP(-1145/+112)CAT in which the gene for
chloramphenicol acetyltransferase (CAT) is the reporter
gene, has been described (32). All deletion mutants were
made by using the native restriction endonuclease sites. The
numbers in parentheses for each clone name indicate the
deletion (5' and 3', respectively) endpoint relative to the cap
site. The clustered point mutations present in the reporter
constructs pMIEP(RA1)CAT, pMIEP(RA2)CAT, and
pMIEP(RA3)CAT were engineered by PCR-directed muta-
genesis. The plasmids pRARE(ab), pRARE(cd), pRARE(eO,
and pRARE(gh), encoding the RA-responsive element
(RARE), were constructed by insertion of the specific oligo-
nucleotide (shown in Fig. 3B and Fig. 4A) at the HindlIl-
BamHI sites upstream of the HSV herpes simplex virus
(HSV) thymidine kinase gene (tk) promoter, tk-CAT
(pRSCAT4; ref. 33). The identity of all of the recombinant
clones was confirmed by sequencing. Expression plasmids
for the three subtypes of RAR used in the cotransfection
assay have been described and are pRShRAR. (17) and
pRShRARfl and pRShRARy (34).

Transfections and CAT Assays. The cell lines NT-2/D1,
U373-MG, and CV-1 were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10%o (vol/
vol) fetal bovine serum. DNA-mediated transfections were
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FIG. 1. RA induction of the hCMV MIEP. NT-2/D1 cells were
transfected with various amounts (from 0.1 ug to 10 Mg) of a MIEP
reporter construct, pMIEP(-750/+54)CAT, and incubated with 10
AM RA (o) or with ethanol (n). RA induction of the MIEP in the
transient assay required a minimum of 2-6 hr of exposure to ligand
(data not shown). Quantitation is expressed as the percentage
conversion of chloramphenicol to the acetylated forms (CAT activ-
ity).

essentially carried out as described (32, 35). After removal of
the DNA-calcium phosphate precipitate, the cells were kept
in DMEM with 10o charcoal-resin-treated fetal bovine se-
rum in the presence of ligand for 30-36 hr. Control transfec-
tions received solvent only. Plasmid ratios used in the
specific experiments are indicated in the figure legends. CAT
assays were performed as described (32) except that cell
extracts were normalized to j-galactosidase activity before
performing CAT assays. The CAT activity was quantified by
liquid scintillation counting.
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Nuclear Extract Preparation and DNA-Binding Assays. Nu-
clear extracts from uninduced and RA-induced NT-2/D1
cells were prepared as described for HeLa cell nuclear
extract (32, 48). The electrophoretic mobility-shift assay
(EMSA) was performed as described (32). The specific
probes used in the EMSA are shown in Fig. 4A.

Preparation of Recombinant Human RARa (hRARet) from
Escherichia coli. The hRARa protein was expressed in
BL21(DE3)plysS cells by using the PET-8C expression vec-
tor as described (36). The expressed hRARa protein was
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FIG. 2. Identification of a RARE in the MIEP of hCMV. RA
responsiveness ofthe various mutants was monitored by assaying for
CAT activity from NT-2/D1 cells treated with (+) or without (-) 10
ILM RA. Identical results were also obtained with gene-transfer
experiments in permissive U373-MG glial cells. Note that the CAT
activities shown for the various promoter constructs represent
independent experiments; therefore, their relative levels of expres-
sion are not directly comparable in this figure. A schematic of the
MIEP mutant is shown to the left of the CAT assays with the name
ofthe mutant indicated below. The numbers correspond to the 5' and
3' deletion endpoints of the MIEP. The various transcription control
domains are designated by the modulator, NFI-USR (nuclear factor
I-unique sequence region) enhancer, T (TATA box) and leader
regions. The location of the RA-responsive region is marked by the
black box.

FIG. 3. Mutational analysis of the MIEP-RARE. (A) Clustered
point mutations were introduced into the parental wild-type construct
pMIEP(-305/+54)CAT. NT-2/D1 cells were transfected in the pres-
ence (lanes +) and absence (ethanol only) (lanes -) ofRA with either
wild-type (Wt) or the following mutant constructs: RA1,
pMIEP(RA1)CAT; RA2, pMIEP(RA2)CAT; and RA3, pMIEP-
(RA3)CAT. A schematic ofthe reporter constructs is shown below the
CAT assays with the point mutations in motif I, II, and III indicated
above the wild-type sequence. The numbers refer to the nucleotide
position relative to the initiation site of transcription. Identical results
were also obtained with gene-transfer experiments in permissive
U373-MG cells. (B) The MIEP-RARE localized to positions -294 to
-269 was transferred to the heterologous HSV-1 tk promoter
(pRSCAT4) to create the reporter plasmid pRARE(cd). In addition, a
control oligonucleotide encompassing nucleotides -284 to -258 with
point mutations (indicated by circled bases) was also cloned upstream
of the tk promoter to generate the reporter plasmid pRARE(ab). The
plasmids, pRSCAT4, pRARE(ab), and pRARE(cd) were cotrans-
fected with the 13-galactosidase internal control expression vector into
NT-2/D1 cells and then treated with 10 AuM RA (lanes +) or with
ethanol (lanes -). Identical results were obtained with transient
expression experiments in U373-MG cells.

Biochemistry: Ghazal et al.
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chromatographically enriched from the clarified crude bac-
terial lysate by using a heparin-agarose column as described
(36).

RESULTS AND DISCUSSION
Regulation of the MIEP by RA. To pursue the possibility

that the MIEP is transcriptionally activated through a direct
effect of RA, transient expression by NT-2/D1 cells of a
recombinant plasmid containing the MIEP linked to the CAT
reporter gene was analyzed in the presence and absence of
RA. Fig. 1 shows that RA dramatically induced MIEP-CAT
expression over a range of DNA concentrations. To test
whether the induction of the MIEP expression could also be
observed at a more physiological concentration of RA, tran-
sient transfection experiments were repeated in which theRA
concentration was varied over 6 orders of magnitude. Trans-
fected NT-2/D1 cells were incubated with RA at 10-5, 10-6,
10-7, 10-8, 10-9, 10-10 M, and without RA. RA-induced
expression of the MIEP occurred in a concentration-
dependent manner with a half-maximal response at =50 nM
RA, suggesting the physiological significance ofthe observed
RA induction (data not shown).

Localization of a RARE in the MIEP Enhancer. We next
investigated whether a discrete sequence element mediates
responsiveness to RA. Accordingly, we analyzed a series of
5' and 3' deletion mutants of the MIEP reporter construct in
a transient expression assay. Promoter deletion mutants with
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5' endpoints at nucleotide positions -1145, -750, -524,
-348, and -305 and with 3' endpoints at nucleotide positions
+112, +54, and +7 responded to RA with a 4- to 10-fold
induction of CAT expression (Fig. 2 and data not shown).
Deletion of the MIEP sequences to nucleotide positions
-242, -172, -132, and -117 were nonresponsive to RA
induction. These results suggest that sequences between
nucleotide positions -305 and -242 mediate a stimulatory
effect of RA on MIEP transcription. Inspection of this
63-base-pair (bp) RA-responsive domain revealed sequences
closely resembling RAREs, consisting of a TGACC-related
repeat that recently has been identified in natural and artifi-
cial promoters (33, 35, 37-42). These sequences are TGGCA
(motif I), TGCCC (motif II), and TGACC (motif III) at
nucleotide positions -299, -291, and -280, respectively. To
determine the precise location of the MIEP RARE and the
role of motifs I-III, a series of clustered point mutations were
introduced in the three specific TGACC-related motifs.
When these constructs were transiently expressed in NT-
2/D1 cells in the presence and absence of RA, mutation of
motif I did not alter the ability of the MIEP to be induced by
RA (Fig. 3A). In contrast, mutations in the TGACC-related
motifs II and III abrogated the RA-inducibility of the MIEP,
although in some experiments pMIEP(RA2)CAT showed a
marginal response to RA. We interpret these results to
indicate that motifs II and III constitute an optimal "core"
RARE. Indeed, when transferred to the tk promoter of
HSV-1 that is nonresponsive to RA, motifs II and III but not
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FIG. 4. RA-induced RAR binding to the MIEP-RARE. (A) Primary sequence structure ofthe CD, EF, GH, DR5 (35), and ,SRE2 (33) probes.
Asterisks indicate nucleotide point mutations relative to the wild-type CD template. Reverse print marks the hexad repeat. (B) The CD, EF,
and GH probes were ligated into the pRSCAT4 vector to generate reporter plasmids pRARE(cd), pRARE(ef), and pRARE(gh). These plasmids
were cotransfected with pRSVpgal internal control vector into NT-2/D1 cells and then treated with (lanes +) or without (lanes -) 10 IAM RA.
(C) The response of pRARE(cd), pRARE(ef), and pRARE(gh) to RA (bars +) is plotted as the relative fold-induction observed in these
experiments. (D) EMSA of CD, EF, and GH probes with 5 pg of nuclear proteins from uninduced (lanes -) and RA-induced (lanes +) (96-hr
exposure to ligand) NT-2/D1 cells. The arrow marks specific nucleoprotein complex, and "u" refers to unbound probe. (E) Comparison of the
relative affinity of CD, EF, and GH probes for uninduced (-) and RA-induced (+) NT-2/D1 nuclear receptor proteins. No specific complex
was obtained with the GH probe corresponding to an in vivo down-mutant, whereas a stronger complex was seen with the EF probe
corresponding to an in vivo up-mutant. The quantity of complex formed with each of the probes was determined by scintillation counting of
excised, free, and bound bands. The quantity ofcomplex formed is expressed as a percentage of the total probe, and the value for each template
is shown on the ordinate. The same results were obtained in at least three independent experiments. The lower affinity of receptor complexes
formed for CD, when compared with EF, probably reflects intrinsic binding properties of RAR (see Fig. 5). (F) Competition of CD complex
formation with a 35-molar excess of unlabeled CD, EF, GH, (3RE2, and DR5 probes. The arrow indicates specific nucleoprotein complex.
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a control sequence containing a mutant motif III were able to
confer RA inducibility (Fig. 3B). Based on these data we refer
to the sequence motifs II and III as the MIEP-RARE,
representing one of few naturally occurring RAREs identi-
fied.

Previous studies with artificial RAREs suggest that a direct
repeat of the hexad sequence TGACCT spaced by 3, 4, and
5 nucleotides corresponds to response elements for the
vitamin D3 receptor (VDR), thyroid hormone T3 receptor
(TR), and RAR, respectively (35). The MIEP-RARE agrees
well with the spacing rule of 5, with motif III identical with
the canonical hexad sequence, while motif II diverges by two
nucleotides. Hence, the MIEP-RARE constitutes an imper-
fect direct repeat with a spacing of 5.

Functional Binding of the RARs to theMIEP-RARE. To
explore the interaction of sequence-specific factors with the
MIEP-RARE, the EMSA was used with [32P]DNA probes.
The probes consisted of a wild-type and two mutant forms of
the MIEP-RARE. The EF mutant converts the MIEP-RARE
to the canonical RARE structure, while GH mutations exhibit
a dysfunctional MIEP-RARE (Fig. 4 A-C). Nuclear proteins
prepared from uninduced and RA-induced NT-2/D1 cells
were examined for binding to the various probes in the
EMSA. Fig. 4 D and E shows the dramatic increase in the
appearance of nucleoprotein complex bound to the CD and
EF probes after RA treatment. Mutation of motifsII and III
present in the GH probe inhibited nucleoprotein complex
formation, suggesting those factors that interact with CD and
EF probes recognize the hexad repeat. The sequence re-
quirement for the formation of the induced nucleoprotein
complex bound to the CD probe was investigated further by
performing competition experiments in the EMSA system.
The induced CD complex was inhibited from forming by an
excess of the unlabeled CD and EF probes but not by the GH
probe (Fig. 4F). The inhibition of CD complex formation by
EF and the reciprocal inhibition of EF complex formation
(data not shown) suggest that these probes recognize iden-
tical factors. Since the EF probe represents a synthetic
canonical RAR binding site, it is possible that RARs are
associated with the RA-induced CD and EF nucleoprotein
complexes. To test this suggestion, competition assays were
performed with a naturally occurring RARE defined from the
RAR promoter, 83RE2 (33), and a strong artificial RAR
binding site, DR5 (35). The,8RE2 and DR5 probes competed
effectively for the formation of the nucleoprotein complexes
associated with both CD and EF (Fig. 4F and data not
shown). We infer from these observations that the RARs
participate in the formation of the RA-induced complex from
NT-2/D1 cells.
To demonstrate a direct interaction between the MIEP-

RARE and RAR, bacterially expressed RARa was used in
the EMSA. As predicted, when increasing amounts of RAR
were incubated with labeled CD and EF probes, a major
nucleoprotein complex could be formed. The formation of
this complex could be specifically inhibited by unlabeled
probe and the /3RE2 probe but not by a nonspecific oligonu-
cleotide (data not shown). For comparison, labeled DR5
probe was also included in these studies. The affinity of
binding of EF and DR5 with the RAR was greater than the
binding affinity observed between the CD probe and RAR
(Fig. 5). This observation agreed well with the affinity of
binding detected for CD and EF probes with the RA-induced
nuclear proteins in NT-2/D1 cells (Fig. 4 D and E). Further,
the in vivo RA-responses for CD and EF correlate well with
in vitro DNA-binding affinities of the RAR proteins (Figs. 4
and 5). Finally, overexpression of RAR effector plasmids in
cells was able to activate dramatically reporter constructs in
a MIEP-RARE-dependent fashion (Fig. 6). Together, these
results strongly support the conclusion that RAR directly
binds the MIEP-RARE and thereby enhances transcription.
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FIG. 5. Direct binding of bacterially expressed RAR to the DR5,
CD, EF, and GH probes. Increasing amounts of hRARa bind to
radiolabeled probes for DR5, CD, and EF. Conditions for binding
have been described (36) and included 120, 300, and 600 ng of
partially purified RARa for lanes 1-3, respectively. Specific RAR-
DNA complex is indicated by the arrow.

The RAR-mediated activation of the MIEP supports the
proposal that a link between vitamin A and viral activation in
fetal development could play a key role in hCMV teratoge-
nesis.

CONCLUSIONS
Our observation that hCMV contains a primary target pro-
moter for RA transcriptional activation and previous studies
on the secondary influence ofRA on negative elements in the
MIEP (28, 30) suggest a sequential multistep series of events
initiated by RA that can lead to a state of permissiveness of
an embryonal cell. Our results do not imply that hCMV
replication is exclusively dependent on the presence of RA
but simply that RA can signal, as an extracellular stimulus,
viral TE gene expression by direct interaction with the RARs.
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FIG. 6. Trans-activation of MIEP-RARE by RARs. CV1 cells
were cotransfected in duplicate in 3-cm diameter dishes, with 250 ng
of either pRARE(cd) or the control reporter vector pRARE(gh) and
50 ng of expression plasmids, pRSV-LUC (control) (LUC), pRS-
hRARa (RARa), pRS-hRARf8 (RAR.8), or pRS-hRARy(RARY) (36).
CAT assays were standardized by using equivalent units of P-galac-
tosidase by cotransfecting 125 ng of pRSVsgal. A total of 4 jg of
DNA per transfection was made up by using pGEM-4, and cells were
exposed for 40 hr to either ethanol (-) or 1 ,AM RA (+). One set of
the duplicate CAT assays is shown.
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Although, at present, the complexity of the hCMV genome
prohibits genetic manipulation, it ultimately will be essential
to examine the effects ofboth negative and positive elements
in the context of the viral genome. However, it is interesting
to speculate that the pathogenetic influence of the vitamin A
congener, RA, in activating hCMV is unlikely to be exclu-
sively restricted to the developing embryo. Indeed, retinoids
are not only vital for morphogenesis but also play an essential
role in vertebrate homeostasis-notably in the control of
growth and differentiation of epithelial cells, cells of the
hematopoietic system, and cells ofthe retina (reviewed in ref.
43). In parallel, epithelial cells represent the cardinal tissue-
type for replication of hCMV in the adult (1-3, 44). In
addition, the hematopoietic system is a critical target tissue
for infection by hCMV (45) as is the retina, in which hCMV
retinitis often leads to blindness (46, 47). Thus, correlation in
the temporal and spatial identity during expression ofhCMV
and within the physiological action ofRA is exhibited in both
neonate and adult. The discovery of a link between a mo-
lecularly characterized RA-signaling event and viral gene
activation provides an exquisite example of how viral patho-
genesis, in general, may be finely integrated with a principle
homeostatic control mechanism of the host.
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