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Human teratocarcinoma stem cells are nonpermissive for human cytomegalovirus (HCMV) but become
permissive after being induced to differentiate by treatment with retinoic acid. We show that in uninduced
teratocarcinoma stem cells, and also in transformed human 293 cells expressing adenovirus Ela gene products,
the HCMV immediate-early (IE) 68,000-molecular-weight polypeptide (68K polypeptide) was not expressed,
and consequently input viral genomes were not replicated. However, after differentiation of the
teratocarcinoma cells, synthesis of the HCMV IE 68K polypeptide was induced, and viral DNA replication
occurred. In contrast to our observations for HCMV, simian cytomegalovirus (SCMV) displayed constitutive
expression of its analogous IE 94K polypeptide, and the input SCMV genomes were replicated in both
uninduced stem cells and 293 cells. Since little, if any, HCMV IE RNA was detectable in human
teratocarcinoma or 293 cells after infection under IE conditions, we suggest that a direct transcriptional block
to permissivity occurs in these cells. The presence of tandemly repeated sequences which bind nuclear factor
I protein in the promoter for the SCMV IE 94K polypeptide gene but not in the promoter for the HCMV IE
68K polypeptide gene may allow the expression of the simian but not of the human IE gene product in
transformed cells.

Human cytomegalovirus (HCMV) displays a strict host-
cell type and species specificity (27, 29, 38). Efficient repli-
cation and release of progeny virus occurs only in diploid
human foreskin fibroblast (HF) cells, although other human
cell types, including epithelial cells (19, 37) and
osteosarcoma cells (R. L. LaFemina and G. S. Hayward,
manuscript in preparation), are moderately permissive.
Cytomegalovirus (CMV) infection in the presence of cyclo-
heximide results in the synthesis of immediate-early (IE)
mRNA only. After removal of the cycloheximide block in
the presence of actinomycin D, the predominant HCMV
(Towne) IE 68,000-molecular-weight (68K protein) (11, 21,
32) or the counterpart simian CMV (SCMV [Colburn]) IE
94K protein (16, 17) is synthesized. Both gene products are
nuclear phosphoproteins, and by analogy with other herpes-
virus systems, these CMV IE polypeptides may play a role
in regulating the expression of subsequent delayed-early
gene products, some of which are involved in viral genome
replication.

In addition to viral factors, there are host-cell factors
necessary for HCMV gene expression and replication, such
that HCMV gene expression and DNA replication may be
blocked at several levels in nonpermissive cells. Although
the HCMV IE 68K polypeptide is synthesized after infection
of rodent fibroblasts, the polypeptide apparently does not
function properly, such that delayed-early gene products are
not detectable and input HCMV genomes are not replicated
(21, 32). The HCMV IE polypeptide has a postulated tran-
scriptional regulatory function, and in rabbit fibroblasts
there appears to be a deficiency in the association of specific
delayed-early transcripts with polysomes (7). A separate
block is observed at an earlier level in transformed cell lines
such that input HCMV genomes are found in the infected
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cell nucleus, but the IE 68K polypeptide is not synthesized,
and consequently the input HCMV genomes are not repli-
cated (LaFemina and Hayward, manuscript in preparation).
Thus, an understanding of the required host-cell functions
may provide insights into the use of cell culture lines as
model systems for CMV latency.

In an effort to counteract the problems associated with the
host-cell type and species specificity, previous investigators
have turned to animal models to study HCMV latency.
Models for murine CMV latency have been described, which
appear to require in vitro cellular differentiation for the
induction of reactivated murine CMV gene expression and
replication (8). Similar experiments are difficult to perform
for HCMV, but the importance of cell differentiation led
Gonczol et al. (12, 13) to examine the use of human
teratocarcinoma cells in culture as a possible model for
HCMV latency. They showed that HCMV-infected human
teratocarcinoma stem cells do not express viral antigens and
that progeny virus is not produced. However, differentiation
of these cells by retinoic acid treatment permits expression
of viral antigens and release of progency virus (12, 13).
These earlier results were obtained by using immunofluores-
cence assays with human immune serum for gene expression
and by using determinations of progeny virus titers as assays
for virus replication. In the present studies, we have used the
more biochemical methods of sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis to detect the expression
of specific 35S-labeled IE gene products and the restriction
enzyme cleavage analysis of 32P-radiolabeled, newly synthe-
sized DNA for the detection of viral DNA replication (21) in
an attempt to localize the block in these cells.

Previous studies from our laboratory demonstrated that
both HCMV and SCMV behaved similarly when rodent cell
lines were used as nonpermissive hosts. In both cases, IE
gene products were synthesized, delayed-early polypeptide
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synthesis was minimal, and viral DNA replication was not
detectable (16, 21). In the course of the present studies, a
distinct contrast was noticed between the expression and
replication of HCMV (Towne) and SCMV (Colburn) in
transformed human cells. We suggest that this may be
related to differences in the upstream regulatory sequences
in the IE promoter of these two viruses.

MATERIALS AND METHODS

Cell culture. All cells used in these studies were cultured in
Dulbecco modified Eagle medium (GIBCO Laboratories)
supplemented with 10% fetal calf serum (Hyclone). 293 cells,
which express adenovirus Ela genes (14), were a gift from
Gary Ketner of Johns Hopkins University. These cells are
only loosely adherent to the plastic tissue culture flask and
thus could be subcultured by shaking the flask to remove the
cells and dilution (1:10) with fresh media. Seed cultures of the
human embryonal carcinoma cell line NTera 2/D1 were a gift
from Peter Andrews of the Wistar Institute and were cultured
as described previously (1, 2). To maintain the cells in the
undifferentiated state, the monolayer was disrupted by
shaking with glass beads followed by subculture at low
dilution (1:3) in Dulbecco modified Eagle medium-10% fetal
calf serum supplemented with glucose (4 mg/ml). Differenti-
ation of these cells was achieved by trypsinization followed
by subculture in this same media containing 10-6 M retinoic
acid (R-2625; Sigma Chemical Co.) for a minimum of 4 days.
Secondary cultures of diploid HF cells were maintained as
previously described (21).

Detection of newly replicated viral DNA. HCMV (Towne)
stock cultures were grown and passaged at a low multiplicity
of infection to prevent the production of virus particles
containing defective genomes (21, 33). For 32p labeling of
newly replicated viral DNA, cell monolayers at 95% conflu-
ence were infected at high multiplicities (i.e., 20) for 18 h. At
this time, cells were cultured in phosphate-free Dulbecco
modified Eagle medium (GIBCO) containing 10% dialyzed
fetal calf serum and 100 ,uCi of 32p1; per ml. At 5 to 7 days
after infection, cells were harvested and lysed by treatment
with SDS and Sarkosyl as described previously (21). After
pronase treatment (1 mg/ml, 12 h, 37°C), infected cell DNA
was isolated by standard phenol, chloroform, and ethanol
precipitation procedures. The dried DNA pellet was sus-
pended in 10 mM Tris hydrochloride (pH 8.4)-i mM EDTA
and used for restriction endonuclease cleavage analysis.
Generally, Sall or XhoI was used for the analysis ofHCMV-
infected cell DNA because these enzymes do not cleave the
bulk of cell DNA which contains methylated cytosine-
guanine (CpG) doublet. Thus, viral DNA fragments could be
separated from high-molecular-weight DNA by electropho-
resis through 1% agarose gels as described previously (21).
Although these gels could be directly dried for autoradiog-
raphy, lower background signals were obtained when the
DNA was transferred to nitrocellulose. Autoradiography of
the transferred DNA was achieved by the exposure of
Kodak XAR-5 film for 1 to 7 days at 20°C. These conditions
were required to detect even minute amounts of HCMV
DNA replication; however, SCMV DNA synthesis was
abundant in all cell types used in these studies and could be
detected over background cell DNA replication even by the
use of HindlIl and BamHI.
IE polypeptide detection. Cell monolayers were infected at

a high multiplicity in the presence of 50 ,g of cycloheximide
(Sigma) per ml for 16 h. Cells were carefully washed three
times with calcium- and magnesium-free phosphate-buffered

saline and incubated in methionine-free Dulbecco modified
Eagle medium (GIBCO) supplemented with 10% dialyzed
fetal calf serum and 25 ,uCi of [35S]methionine per ml for 3 h.
Cells were washed again and lysed by the addition of
Nonidet P-40 and SDS, and cell extracts containing
polypeptides labeled under these IE conditions were proc-
essed as described previously (11, 21). SDS-polyacrylamide
gel electrophoresis was carried out in 10% polyacrylamide
slab gels (11, 21). Radiolabeled polypeptides were visualized
by fluorography with Kodak XAR-5 film exposed at -70°C.
RNA dot blot analysis. For the detection ofHCMV IE 68K

RNA, cell cultures were infected at a high multiplicity in the
presence of cycloheximide. RNA was isolated from equiva-
lent cell numbers by the guanidinium-cesium chloride
method described by Chirgwin et al. (5). The RNA, which
was pelleted through a 1-ml cushion of 5.7 M CsCl in 0.1 M
EDTA after centrifugation in a Beckman SW50.1 rotor at
35,000 rpm for 16 h, was dissolved in 10 mM Tris hydrochlo-
ride (pH 7.4)-5 mM EDTA-1% SDS and stored in ethanol at
-20°C before use. Total infected cell RNA was dissolved in
200 RI of 50% formanide-5% formaldehyde-20 mM MOPS
(morpholinepropanesulfonic acid; pH 7.0) and bound to
nitrocellulose by filtration through a 96-well dot blot appa-
ratus (Schleicher & Schuell, Inc.). Nitrocellulose filters were
washed in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and baked at 80°C for 4 h under vacuum.
Prehybridization, hybridization, and filter washing were
carried out by using the procedures described by Thomas
(35). The hybridization probe used was the plasmid pRL42,
which contains a BamHI-HindIII portion of the HCMV
(Towne) BamHI J fragment and includes the coding region
for the IE 68K polypeptide. After hybridization, the nitro-
cellulose filters were stained with methylene blue by the
procedure of Zinn et al. (39) to confirm that equivalent
amounts of RNA were used in these assays.

RESULTS
Undifferentiated human teratocarcinoma stem cells do not

replicate input HCMV genomes. To determine whether the
block to HCMV progeny virion production in undifferenti-
ated human teratocarcinoma cells occurs before or after
DNA replication, permissive HF cells and uninduced or
retinoic acid-induced human teratocarcinoma cells (NTera
2/Dl) were infected with HCMV (Towne). Newly synthe-
sized DNA in infected and mock-infected cells was labeled
with 32Pi for 5 days and then extracted and cleaved with Sall
for analysis (Fig. la). Since we have never observed CpG
methylation of HCMV genomes in infected cells, the use of
this enzyme (which does not cleave methylated sequences)
served to readily separate newly replicated viral DNA from
high-molecular-weight radiolabeled cell DNA containing
methylated CpG dimers. The results showed that newly
synthesized viral DNA restriction fragments were recovered
from infected permissive HF cells and from infected retinoic
acid-induced human teratocarcinoma cells but that 32p_
labeled viral fragments were not detected after infection of
uninduced teratocarcinoma stem cells. Therefore, HCMV-
infected HF cells and retinoic acid-treated human
teratocarcinoma cells replicated the input HCMV DNA, but
the untreated human teratocarcinoma stem cells did not.
Infection of teratocarcinoma cells for 48 h before induction,
followed by washing, trypsinization, and retinoic acid treat-
ment, also resulted in activation of viral DNA synthesis,
demonstrating that the block to CMV replication was un-
likely to have been caused by a lack of virion penetration
(data not shown).
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FIG. 1. Comparison of HCMV and SCMV DNA replication in transformed human cell lines. (a) HCMV DNA synthesis does not occur

in human teratocarcinoma cells but can be induced after differentiation with retinoic acid. (b) Constitutive synthesis of SCMV (Colburn) DNA
occurs in human teratocarcinoma stem cells. (c) SCMV but not HCMV DNA synthesis occurs in transformed human 293 cells which express
adenovirus Ela genes. Cellular DNA from mock-infected (lanes M) or virus-infected (lanes I) HF cells (HF lanes), human NTera 2/D1
teratocarcinoma cells (HT lanes) and retinoic acid-induced human teratocarcinoma cells (RA lanes), and 293 cells (293 lanes) was digested
with Sall, HindlIl, or BamHI and subjected to agarose gel electrophoresis for the detection of replicating viral genomes. DNA extracted from
HCMV-infected HF and retinoic acid-induced human teratocarcinoma cells but not NTera 2/D1 or 293 cells showed the presence of newly
replicated 32P-labeled HCMV DNA which was detected by direct autoradiography after transfer to nitrocellulose sheets. Newly synthesized
SCMV DNA was similarly detected in all cell types. Arrowheads indicate the location of high-molecular-weight cellular and mitochondrial
DNA (21). The procedures used for cell culture, retinoic acid induction, HCMV infection, and 32p labeling of newly synthesized DNA were
described in Materials and Methods.

HCMV-infected teratocarcinoma stem cells do not synthe-
size the IE 68K protein. Some nonpermissive lines, such as
murine BALB/c-3T3 cells, express the HCMV IE 68K
polypeptide but do not proceed to replicate input viral
genomnes (21). Since HCMV DNA replication was not de-
tectable in the teratocarcinoma stem cells, we also wished to
know whether the IE 68K protein was synthesized in these
cells. Permissive HF and teratocarcinoma cells, together
with retinoic acid-induced teratocarcinoma cells were each
infected with HCMV (Towne) in the presence of cyclohex-
imide for 16 h, followed by cycloheximide reversal in the
presence of [35S]methionine for 3 h (i.e., under IE condi-
tions). Analysis of extracted polypeptides revealed that
infection of human teratocarcinoma stem cells did not give
any detectable synthesis of the IE 68K polypeptide; how-
ever, [35S]labeled HCMV IE 68K polypeptide was produced
in those cells after retinoic acid treatment (Fig. 2a, lanes 4
and 6). These results demonstrate that cell differentiation has
a direct effect on HCMV IE 68K polypeptide expression.
Human cells which express adenovirus Ela do not synthe-

size the HCMV IE 68K polypeptide or replicate the viral DNA.
Since the transformed human teratocarcinoma cell line did
not synthesize the IE 68K polypeptide, we wanted to exam-
ine HCMV IE 68K polypeptide synthesis in other trans-
formed human cell lines. The 293 cell line was chosen
because these cells constitutively express adenovirus Ela
genes which have a known transcriptional activation effect

on adenovirus early genes and on some cellular genes (15).
Interestingly, mouse F9 teratocarcinoma cells appear to
express a cellular product which allows human adenovirus
E2 gene expression to bypass the requirement for Ela, but
this function is lost after differentiation (15). The effect of the
Ela gene products on HCMV gene expression and DNA
replication in a transformed human cell environment was
investigated directly by the infection of 293 cells with
HCMV. Infection in the presence of cycloheximide followed
by reversal in the presence of [35S]methionine revealed that,
like the teratocarcinoma cells, 293 cells failed to synthesize
HCMV IE 68K (Fig. 2b, lane 4). Infection of 293 cells with
32P-labeled virus resulted in the detection of radiolabeled
input viral DNA in the cell nucleus (data not shown),
suggesting that for 293 cells the block to permissivity prob-
ably does not lie at the level of virion penetration. Unlike the
teratocarcinoma cells, prior treatment of 293 cells with
retinoic acid did not result in HCMV IE 68K synthesis after
infection (data not shown).
Both NTera 2/D1 and 293 cells synthesize the SCMV IE 94K

polypeptide and replicate input SCMV genomes. HCMV and
SCMV share DNA sequence homology in their respective IE
promoter regulatory regions and HF cells are fully permis-
sive hosts for SCMV replication. Thus, we wanted to know
whether SCMV IE94K expression and DNA replication
occurred in transformed human cells and if cell differentia-
tion was required for expression of the SCMV gene encoding

J. VIROL.

P. ANOL Amok..
f:

I.,
.fo

iiiz.

fl.

44

.:.::::: 1&..,ril r,
4w W

7:
f.

A".

am* jf,.



CMV IE GENE EXPRESSION IN HUMAN TERATOCARCINOMA CELLS

the IE 94K protein (IE94) in human teratocarcinoma stem
cells. Although HCMV DNA replication and IE68 gene
expression were inducible by retinoic acid treatment of
teratocarcinoma cells, SCMV IE94 expression proved to be
constitutive in the uninduced cells (Fig. 3a, lane 4). The
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FIG. 2. HCMV IE 68K polypeptide is not synthesized in trans-

formed human cells. (a) Retinoic acid treatment induces the expres-
sion of HCMV IE68 in human teratocarcinoma cells. Shown are
polypeptides from mock-infected (lane 1) and HCMV-infected (lane
2) HF cells, mock-infected (lane 3) and HCMV-infected (lane 4)
human teratocarcinoma cells, and mock-infected (lane 5) and
HCMV-infected retinoic acid-induced human teratocarcinoma cells.
(b) HCMV IE68K polypeptide is not synthesized in transformed
human 293 cells which express adenovirus Ela gene products.
Shown are mock-infected (lane 1) and HCMV-infected (lane 2) HF
cells and mock-infected (lane 3) and HCMV-infected (lane 4) 293
cells. Polypeptides labeled under IE conditions were analyzed by
SDS-polyacrylamide gel electrophoresis. The location of the HCMV
IE 68K polypeptide detected in lanes 2 and 6 of panel a and lane 2
of panel b is arrowed. The conditions used for the infection of
cultured cells in the presence of cycloheximide followed by reversal
in the presence of [35S]methionine are described in Materials and
Methods.

a b
FIG. 3. The SCMV (Colburn) IE 94K polypeptide is constitu-

tively expressed after infection of transformed cells. Human
teratocarcinoma stem cells (a) and transformed human 293 cells (b)
express SCMV IE94. Arrow denotes the location of the SCMV IE
94K polypeptide detectable in lanes 2, 4, and 6 of panel a and lanes
2 and 4 of panel b after SDS-polyacrylamide gel electrophoresis.
Methodology and abbreviations were described in the legend to Fig.
1.

SCMV IE 94K protein was also synthesized after infection
of 293 cells (Fig. 3b, lane 4).
The results ofDNA replication assays for SCMV infection

of permissive HF cells and untreated or retinoic acid-treated
teratocarcinoma cells revealed that in all three situations,
abundant viral DNA synthesis also occurred (Fig. lb). As
would be expected from the observation that 293 cells did
not express HCMV IE68, these cells did not replicate input
HCMV genomes (Fig. lc), and, again, this was not altered
by prior treatment with retinoic acid. Input SCMV genomes
were also replicated in 293 cells, but to a slightly lower
degree than in diploid HF cells (Fig. lc). Therefore, for
SCMV, both IE94 gene expression and viral DNA replica-
tion were constitutive even in undifferentiated human
teratocarcinoma cells and in transformed human cells which
express adenovirus Ela gene products.
The block to HCMV IE 68K polypeptide expression in

1 2 3 4
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FIG. 4. IE68 RNA transcripts accumulate in infected human

teratocarcinoma cells only after retinoic acid induction. RNA sam-
ples extracted from HCMV (Towne)-infected (HCMV) or mock-
infected (MOCK) permissive HF cells, and from uninduced (HT) or
infected retinoic acid-induced (RA) human teratocarcinoma cells
were bound to nitrocellulose by an RNA dot blot procedure and
hybridized with the plasmid probe pRL42 under conditions de-
scribed in Materials and Methods. Spots a, b, and c represent
triplicate samples (2 to 4 jig each) of total RNA from 5 x 106 cells
infected under IE conditions as defined in Materials and Methods.
The amount of RNA in each spot was confirmed by methylene blue
staining as described by Zinn et al. (39). Inset diagram on the right
shows the pBR322-derived plasmid structure of the pRL42 probe
DNA. pBR322-derived sequences are depicted by the thin line and
the HCMV DNA insert containing the HCMV IE68 gene is denoted
by the thick line. The splicing pattern of HCMV IE68 and direction
of transcription are indicated (31).

transformed cells is at the transcriptional level. The trans-
formed human cell lines used in these studies did not
synthesize the HCMV IE 68K polypeptide, although infec-
tion of these cells did result in virus penetration and trans-
port of input HCMV genomes to the cell nucleus. Thus, it
was important to determine whether the block to IE gene
expression occurred at the transcriptional or translational
level in these cells. Total RNA was extracted from infected
cells and hybridized with pRL42, a plasmid probe which
contains the coding sequences for the HCMV IE 68K
polypeptide. The results of these RNA dot blot hybridization
experiments (Fig. 4) demonstrate that little, if any, HCMV
IE68 mRNA was detectable in the teratocarcinoma stem
cells which did not synthesize the IE 68K polypeptide. In
contrast, positive hybridization to the pRL42 probe was
observed with RNA samples from infected HF cells and also
retinoic acid-induced human teratocarcinoma cells. We con-
clude that stable mRNA fails to accumulate in the
teratocarcinoma stem cells before differentiation but does do
so after retinoic acid treatment, suggesting that the block to
HCMV IE68 expression in these transformed human cells
occurs at the RNA level. Similarly, infection of 293 cells did
not result in IE68 RNA expression detectable by hybridiza-
tion with the pRL42 probe (data not shown).

DISCUSSION

In this study, we have confirmed the observation of
Gonczol et al. that human teratocarcinoma stem cells can be
infected by HCMV but do not produce progeny virions (12,
13). We have localized the block in these nonpermissive
human cells as occurring before IE polypeptide synthesis
and suggest that it occurs at the level of IE RNA transcrip-
tion. Furthermore, we have observed that SCMV IE gene

expression and DNA replication occur in these same trans-
formed human cells.
Although there are obvious biological similarities between

HCMV and SCMV, they exhibit major differences at the
genome level. The HCMV DNA molecule is organized into
long and short unique segments, each bounded by inverted-
repeat sequences (6, 9, 10, 18, 20, 30). In contrast, SCMV
has a linear genome which does not contain the long and
short inverted-repeat type structure and apparently does not
isomerize (20). Although the HCMV and SCMV genomes do
not appear to be closely related by either size or genome
organization, there is limited DNA homology (K. T. Jeang,
R. L. LaFemina, and G. S. Hayward, manuscript in prepa-
ration). One such region lies in the colinear HCMV IE68 and
SCMV IE94 genes, which display similar intron-exon organ-
ization (Fig. 5). The two major IE protein products are likely
to be functionally similar, and common colinear domains,
including a large glutamic acid-rich region, have been de-
scribed (31; K. T. Jeang, T. Leitman, and G. S. Hayward,
submitted for publication). The proximal region (-1 to -500
base pairs [bp]) of the 5' upstream sequences in both the
HCMV IE68 and SCMV IE94 genes contain complex ar-
rangements of four sets of homologous, highly conserved
palindromic sequence elements (4, 36; K. T. Jeang, J.
Mosca, and G. S. Hayward, submitted for publication).
These sequences are known to be important for HCMV IE68
promoter expression in permissive cells (34). However,
further studies show that a more distal SCMV IE94 upstream
region (-600 to -1,300 bp) is composed of 23 copies of a
tandemly repeated sequence which appears only four times
in a dispersed arrangement in the HCMV IE68 promoter.
These additional IE94 upstream sequences are binding sites
for cellular nuclear factor 1 protein which recognizes the
sequence TTGGN6GCAA (25; D. R. Rawlins, P. J.
Rosenfeld, T. J. Kelly, Jr., G. R. Milman, K.-T. Jeang,
S. D. Hayward, and G. S. Hayward, in M. Botchan, T.
Grodzicker, and P. A. Sharp (ed.), Cancer Cells, vol. 4.
DNA tumor viruses: control of gene expression and replica-
tion, in press; Jeang et al., in preparation). This implies a
role for at least one host-cell factor in determining permis-
siveness to CMV.
The role of cellular gene products in establishing permis-

siveness for CMV infection is an intriguing question which
remains to be answered. However, we can speculate on how
these cellular proteins affect the inducible outcome com-
pared with the constitutive outcome for IE CMV gene
expression and DNA replication in teratocarcinoma cells.
Simian virus 40 and polyomavirus early gene expression is
similarly repressed in murine F9 teratocarcinoma cells but is
induced after retinoic acid treatment (28). Undifferentiated
F9 cells express protein(s) that substitute for adenovirus Ela
protein (15), and others have suggested that these cellular
proteins, or Ela itself, play a role in the negative regulation
of simian virus 40 and polyomavirus enhancer elements (3).
Furthermore, the HCMV IE68 and SCMV IE94 promoters
contain strong enhancer-like sequences (4, 36) and, as we
have shown above, the HCMV IE68 mRNA and polypeptide
are not detectable in virus-infected 293 cells (Fig. 3a). Since
the major difference between the IE68 and IE94 promoter-
regulatory sequences is the presence of the additional re-
peated elements in the SCMV IE94 promoter, we suggest
that it may be this feature which allows this IE94 promoter to
escape repression by Ela in 293 cells. However, whether
adenovirus Ela or cellular Ela-like genes expressed in
human teratocarcinoma cells and other transformed cells
directly affect HCMV gene expression remains to be deter-
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SCMV IE94 K
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Glu-rich

Glu -rich

HCMV IE 68 K

100 bp

FIG. 5. Comparative organization of the HCMV IE68 gene and the SCMV IE94 gene. Thick open box represents the upstream promoter
regions from - 1300 to - 1 bp. The locations of the mRNA start site and the first methionine codon (ATG) are indicated by arows. The relative
positions of the exons, introns, and the colinear glutamic-acid rich domains (HCMV, 23 of 46 Glu residues; SCMV 36 of 78 Glu residues) are
indicated. The closed box above the SCMV promoter (-1300 to -600 bp) shows the location of 23 tandemly repeated binding sites (consensus
TTGGN6GCCAA) for cellular nuclear factor 1 (Rawlins et al., K.-T. Jeang, D. Rawlins, P. Rosenfeld, J. Shero and G. S. Hayward,
manuscript in preparation). The open boxes above both the SCMV promoter (-500 to -50 bp) and the HCMV promoter (-500 to -50 bp)
show the location of mutiple copies of several highly conserved cis-acting repeated sequences which contain "enhancer" activity (4, 35). The
organization of the HCMV gene is derived from other studies (31, 34, 36) and our unpublished observations. Details of the organization of
the SCMV IE94 gene and its comparison to the HCMV IE68 gene will be published elsewhere (K. T. Jeang, et al., submitted for publication).

mined. A potential role for cellular oncogenes such as c-myc
or c-fos in negative gene regulation of HCMV might also be
suggested by the observation that altered expression of these
oncogenes occurs as an early event in retinoic acid-induced
cell differentiation (for example see references 23 and 26). In
addition, c-myc and Ela display homologous protein do-
mains (24) and have been placed in the same transformation
complementation group (22). These hypotheses are being
tested further by gene transfer and cotransfection studies.
Based on our RNA dot blot hybridization studies, we

favor a direct block at the transcriptional rather than the
posttranscriptional level to explain the lack of HCMV IE
68K polypeptide synthesis in these two transformed human
cell lines. This is reinforced by the observation that the IE68
and IE94 genes possess essentially identical intron-exon
structures and splicing signals and differ only in the distal
(600-bp) promoter region. Our hypothesis that the upstream
tandemly repeated regulatory sequences present in the
SCMV promoter region are the major factor in determining
SCMV permissiveness in these cell lines can be tested by
promoter fusion studies and transfection of these chimeric
genes into transformed human cells.
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