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Cytomegalovirus Replicates in Differentiated but Not in
Undifferentiated Human Embryonal Carcinoma Cells

Abstract. To study the mode of action of human cytomegalovirus, an important
teratogenic agent in human populations, the susceptibility of a pluripotent human
embryonal carcinoma cell line to the virus was investigated. Viral antigens were not
expressed nor was infectious virus produced by human embryonal carcinoma cells
after infection, although the virus was able to penetrate these cells. In contrast,
retinoic acid—induced differentiated derivatives of embryonal carcinoma cells were
permissive for antigen expression and infectious virus production. Replication of
human cytomegalovirus in human teratocarcinoma cells may therefore depend on
cellular functions associated with differentiation.

Intrauterine infection by human cyto-
megalovirus (HCMV) is a common cause
of abnormal embryogenesis and fetal
death (7). In the United States HCMV
has been implicated in 2700 to 7600 cases
of congenital birth defects annually (2).
The mechanism and timing of fetal infec-
tion are obscure, since maternal infec-
tions are not usually clinically apparent,
but HCMV transmission and severe
damage to the fetus may occur very early
in pregnancy (3). Also, only human fi-
broblasts are normally susceptible to
productive infection by HCMYV in vitro,

and little is known about the control of
cellular susceptibility to HCMV infec-
tion, particularly in the human embryo.
Since embryonal carcinoma (EC) cells,
the stem cells of teratocarcinomas, are
thought to resemble cells of the early
>mbryo in their biochemical and devel-
opmental properties (4), the recent char-
acterization of a pluripotent human EC
cell line now permits experimental study
of the growth of HCMYV in a cell akin to
early human embryonic cells.

Line NT2/B9, a clonal human EC cell
line isolated from TERA-2 (5), exhibits a

Table 1. Susceptibility of NT2/B9 EC and RA-induced differentiated cells to HCMV infection,
as determined from the expression of viral antigens and the production of infectious virus. Cells
were grown, infected, and tested for the presence of viral antigens by immunofluorescence as
described in the legend to Fig. 1. The cells (3 X 10> to 5 x 10°) were counted in each
preparation to determine the percentage of cells positive for viral antigen. The number of cells
containing infectious virus was determined by an infectious center assay. Infected NT2/B9 cells
were washed five times in phosphate-buffered saline (PBS), trypsinized, and counted. Cells
(3 x 10% were incubated with an excess of antiserum to HCMV (1 ml; 1:8 dilution of the
antiserum and 1:24 dilution of guinea pig complement) for 1 hour, washed three times with PBS,
and seeded on three parallel cultures of confluent MRC-5 monolayers at 1 X 10> NT2/B9 cells
per petri dish. Cultures were overlaid with agar and the plaques were counted after 2 weeks.
The mean number of plaques in the three parallel cultures are given. The immune serum fully
neutralized approximately 3000 infectious particles at a dilution of 1:32 in separate experi-
ments. The yield of virus in the culture medium was determined by the method of Wentworth
and French (19). Expression of SSEA-3 was detected by reactivity of the cells with a specific
monoclonal antibody assayed by flow cytofluorometry (5). Abbreviation: PFU, plaque-forming
units.

Cells containing

iral anti Infectious virus 7 days Cells
viral antigen after infection in expressing
Cells (percen) SSEA-3 at
Days after infection Intact cells Culture .ufmet'of
(PFU per medium Infec “’?
2 4 7 102 cells) (PFU/ml) (percent)
NT2/B9 1.2 1.4 1.8 0.03 12 94.5
NT2/B9 + RA 68 76 85 45 5% 103 3.2




Fig. 1. Susceptibility of NT2/B9 EC cells and
their RA-induced differentiated derivatives to
HCMYV replication. Stock cultures of NT2/B9
cells exhibiting an EC morphology (a) and
expressing the cell surface antigen SSEA-3
(not shown) were maintained as described
previously (6). RA-induced differentiated
cells were derived by growing cultures in
medium containing 10~°M RA for 7 days,
after which most cells were morphologically
distinct from the parental EC cells (b). Few
cells (< 5 percent) retain an EC phenotype,
such as the expression of SSEA-3, when
grown under these conditions, although they
are fully viable (6). To study susceptibility to
HCMV, experimental cultures were estab-
lished in the absence of RA on cover slips by
seeding cells from EC stock cultures or 7-day
RA-induced cultures. One day later the cells
were infected with the recently plaque-puri-
fied Towne strain of HCMV, propagated in
MRC-5 human fibroblasts (/7) at a multiplic-
ity of infection of 5 to 10. The percentage of
cells containing viral antigen was determined
by indirect immunofluorescence by using hu-
man antiserum to HCMV at a dilution of 1:20
and fluorescein isothiocyanate-labeled antise-
rum to human immunoglobulin G at a dilution
of 1:30 (Cappel Laboratories). The immune
serum reacted with early and late HCMV

antigens in infected human fibroblast cells (18). (c) Field of EC cells infected with HCMYV and fixed and stained with an antiserum to HCMV 7
days later. Note the single HCMV antigen—positive cell, the remaining cells being HCMV antigen-negative. (d) Field of RA-induced
differentiated cells that were similarly infected and tested for HCMV antigens.

typical EC phenotype characterized by a
high nucleus to cytoplasm ratio, few
prominent nucleoli (Fig. la), and the
expression of the cell surface antigen
SSEA-3 (5). When inoculated with
HCMV, only a few cells in these cultures
were susceptible to the induction of viral
antigens or the replication of infectious
virus (Fig. 1c and Table 1). These per-
missive cells probably represent some of
the spontaneously differentiated cells (10
to 15 percent) that are usually found in
these cultures (5).

Table 2. Adsorption and penetration of
HCMYV into NT2/B9 EC cells and their RA-
induced differentiated derivatives. Cultures
seeded on the previous day from NT2/B9 EC
stock cultures or from NT2/B9 cultures treat-
ed with RA for 7 days were infected at a
multiplicity of infection of 5 to 10; 2 hours
later they were harvested by trypsinization
and the number of cells containing infectious
virus was determined by infectious center
assay as described in the legend to Table 1.
Percentage of penetration was calculated as
the ratio of the number of plaques formed
after treatment of cells with excess HCMV
antiserum for neutralization to the number of
plaques found after treatment with nonim-
mune human serum.

Number of
plaques after treat- Pene-
Cells ment of cells with tration
— (per-
Normal Immune cent)
serum  serum
NT2/B9 75 32 42.6
NT2/B9 + RA 95 48 50.5
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Although only limited spontaneous
differentiation occurs in cultures of NT2/
B9 cells, extensive and irreversible dif-
ferentiation occurs following exposure to
107°M retinoic acid (RA) (6): after 7
days, almost all the cells lose their EC
morphology (Fig. 1b) and their cell sur-
face expression of SSEA-3 (Table 1).
Further culture of the RA-treated cells,
which are fully viable, leads to the ap-
pearance of various morphologically dis-
tinct somatic cell types that include neu-
rons expressing neurofilaments and teta-
nus toxin receptors (6). Many of the
differentiated cells obtained by a 7-day
exposure of NT2/B9 cells to RA were
susceptible to viral infection, as shown
by their expression of HCMV antigens
and the production of infectious virus
(Fig. 1d and Table 1). The susceptibility
to infection was not due to a direct
potentiating action of the RA, since the
differentiated cells were harvested,
washed, and reseeded in the absence of
RA 1 day before infection. Similarly, the
differentiated cells in cultures main-
tained without RA for up to 2 months
also retained their susceptibility to
HCMYV infection. Treatment of another
line of human EC cells (2102 Ep) with
RA induces neither their differentiation
nor their susceptibility to HCMV infec-
tion (7).

To determine whether the resistance
of the EC cells to HCMV was due to a
failure of the virus to penetrate the cells,
we measured virus adsorption and pene-

tration with an infectious center assay.
As indicated by the protection of the
virus from inactivation by antiserum to
HCMYV and complement, HCMV does
penetrate NT2/B9 EC cells (Table 2).
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Fig. 2. Activation of HCMV replication by
RA-induced differentiation. NT2/B9 EC cells
were seeded on cover slips and infected 1 day
after seeding at a multiplicity of infection of 5
to 10. Cultures were washed extensively 2
hours after infection to remove unadsorbed
virus. Medium containing 107°M RA was
added to the NT2/B9 cells 2 hours before
infection, at the time of infection, and at
various times after infection. The cells were
fixed and tested for their expression of viral
antigen by immunofluorescence (see legend to
Fig. 1) 4 (A), 5(4), 6 (@), and 7 (O) days after
RA was added. Between 3 x 10° and 5§ x 10°
cells were counted to determine the percent-
age of viral antigen—positive cells.
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Similar penetration of the virus into dif-
ferentiated cells induced by RA was also
observed. These results indicate that the
block to HCMV replication in the EC
cells occurs after penetration of the vi-
rus.

Since HCMYV is able to penetrate NT2/
B9 EC cells, we tried to determine
whether the virus could be activated by
inducing differentiation after infection.
Whereas less than 2 percent of the EC
cells were positive for viral antigen 7
days after infection, 50 percent of the
cells in cultures to which RA was added
2 hours before infection were positive 7
days later (Fig. 2). The same level of
viral expression was found in cultures to
which RA was added simultaneously
with virus or 2 hours after infection.
However, if RA was added 5 days after
infection, no more cells expressing viral
antigen than in untreated EC cultures
were found 7 days later, even though the
RA still induced cellular differentiation
(8). Thus either the undifferentiated cells
gradually eliminate the viral genome or
the viral genome persists in a modified
form that cannot be activated by later
cellular differentiation.

The replication of HCMYV in differen-
tiated but not undifferentiated NT2/B9
cells is, to our knowledge, the first ob-
servation of a change in susceptibility to
a virus upon differentiation in human
teratocarcinomas. On the other hand, it
has been known for some time that mu-
rine EC cells are resistant to several
DNA (9) and RNA viruses (10), whereas
their differentiated derivatives are not (9,
10). For example, murine cytomegalovi-
rus (MCMYV) penetrates PCC4 murine
EC cells without subsequent transcrip-
tion of viral messenger RNA, although
cells differentiating in PCC4 cultures un-
der the influence of dimethylacetamide
do permit MCMYV replication (/7). The
mechanism by which expression of the
viral genome is restricted by murine EC
cells may involve blocks to transcrip-
tion, perhaps attributable to viral en-
hancer sequences (/2) or host EC cells
methylating newly acquired DNA (/3),
as well as blocks to viral messenger
RNA processing (/4) and to translation
(15). Nevertheless, the biology of murine
and human EC cells differs in many
respects (5, 16), so it is not correct to
extrapolate findings from one to the oth-
er.

Since HCM vV penetrates undifferenti-
ated human EC cells but replicates only
in their differentiated derivatives, this
system provides an opportunity to iden-
tify the cellular factors that enable
HCMYV to replicate. It should also now
be possible to study the effect of HCMV
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infection on the cellular events that oc-
cur during differentiation of cells resem-
bling those of the early human embryo.
This information might, in turn, bear on
the mechanism of latent infection and
reactivation by the virus and ultimately
,on its teratogenic effects.
Eva GONCzOL
PETER W. ANDREWS
STANLEY A. PLOTKIN
Wistar Institute,
Philadelphia, Pennsylvania 19104
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Single-Copy Inverted Repeats Associated with Regional Genetic

- Duplications in vy Fibrinogen and Immunoglobulin Genes

Abstract. We have found that a portion (150 base pairs) of the seventh exon of the
human v fibrinogen gene is duplicated in the preceding intron. This duplicated

sequence, termed a ‘‘pseudoexon,”’

is flanked on each side by a single-copy inverted

repeat sequence consisting of 102 base pairs. Frequencies .of point substitutions
indicate that both the pseudoexon and the inverted repeat sequence arose approxi-
mately 10 to 20 million years ago. The generality of this type of duplication is
suggested by the occurrence of a similiar duplication in the mouse immunoglobulin
w-8 region. As in the fibrinogen pseudoexon, the portion of the immunoglobulin p.-8
region containing the duplication and the inverted repeat was reported to be single-
copy in the mouse genome. Since both of the first two single-copy inverted repeats to
be sequenced are associated with regional duplications, it is likely that many of the
single-copy inverted repeat sequences, which make up 1 to 2 percent of the genome,
are also associated with regional duplications.

Long inverted repeat (IR) sequences,
which consist of self-complementary se-
quences nearby on the same strand, are
reported to represerit approximately 5
percent of the human and other eukary-
otic genomes (/). The significance of
IR’s in eukaryotes is uncertain, although
several examples of repetitive genetic
elements with terminal IR’s, which func-
tion as transposable elements, have been
identified in Drosophila (2), sea urchin
(3), and Dictyostelium (4). The IR from
the FB transposable elements of Dro-
sophila and the TU1 of sea urchin have a

partial subunit structure consisting of
short direct repeats. Inverted repeat se-
quences consist of both repetitive and
single-copy IR sequences in the same
ratio, as is found in total cell DNA (/).
The function and significance of single-
copy IR’s is unknown even though they
represent 1 to 2 percent of most eukary-
otic genomes (I).

While analyzing the human v fibrino-
gen gene, we found that a portion of the
seventh exon was duplicated in an adja-
cent intron. This duplicated sequence or
““pseudoexon’’ is flanked on both sides
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