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Herpesvirus saimiri-transformed lymphoid tumor cell lines contain nonintegrat-
ed covalently closed circular viral DNA molecules in high multiplicity. One of
those cell lines, 1670, carries large viral DNA circles (202 kilobase pairs) with two
stretches of repetitive DNA (70.8% G + C) that are interspersed between two
segments of unique DNA (36% G + C). Since it was not known if there is any
viral gene expression in H. saimiri-transformed cells, we initiated a study of
transcription in cell line 1670. cDNA was generated by reverse transcription of
cellular RNA and hybridized with cloned virion DN A fragments. The experiments
indicated that appreciable transcription is restricted to a single segment of unique
DNA. This sequence is present once only in the circular viral DNA and
corresponds to unique DNA between map units 0.89 and 0.93 of virion DNA. By
Northern blot hybridizations with labeled cloned probes of virion unique DNA,
one predominant virus-specific polyadenylated transcript of, at most, 2.7 kilo-
bases could be detected in tumor cell line 1670. The direction of transcription was
determined by hybridization with randomly primed cDNA and, in parallel, with
oligodeoxythymidylate-primed cDNA probes. Apparently, the patterns of virus-
specific RNA synthesis in the H. saimiri-transformed cells are clearly distinct
from the transcription program in other herpesvirus transformation systems

analyzed before.

Herpesvirus saimiri, a natural inhabitant of
squirrel monkeys (Saimiri sciureus), causes ma-
lignant tumors of the lymphatic system in a
number of New World primate species and
rabbits (7, 16, 29). Several transformed lym-
phoid tumor cell lines have been derived from
lymphomas of marmoset monkeys (21, 31); all
H. saimiri-transformed cells investigated so far
reveal surface markers of T lymphocytes (15).
The tumor cell lines produced infectious virus
initially after explantation into culture. Some of
these lines, propagated in vitro for several years,
have ceased producing virus: no infectious H.
saimiri could be isolated from those nonproduc-
er cell lines by cocultivation with permissive
monolayer cells.

The genome organization of H. saimiri is
different from that of all herpesviruses charac-
terized before (20). Most intact DNA molecules
(M-DNA) extracted from purified virus particles
are linear duplex molecules of 145 to 170 Kkilo-
base pairs (kbp), consisting of about 30% repeti-
tive DNA (H-DNA) (70.8% G + C) and 70%
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unique DNA (L-DNA) (36% G + C) (17). The
L-DNA region (112 kbp) is inserted between two
variable stretches of H-DNA. The H-DNA con-
sists of identical repeat units (each 1,444 base
pairs [bp]) in tandem orientation (A. Bankier, R.
Baer, B. G. Barrell, F. Colbére-Garapin, W.
Dietrich, E. Knust, and B. Fleckenstein, unpub-
lished data). Isolated M-DNA from virus parti-
cles is infectious in cell culture (17) and onco-
genic upon transfection in marmoset monkeys
(18). H. saimiri-transformed lymphoid tumor
cell lines contain covalently closed circular viral
DNA molecules in high copy number (21, 24). A
few lymphoid cell lines have been characterized
in more detail with regard to the structure of
their nonintegrated viral DNA. All circular viral
genomes of nonproducer cell lines analyzed by
partial denaturation mapping in the electron
microscope have large deletions of their L-DNA
region (10, 24, 40, 41). The cell line 1670, derived
from the spleen of a white-lip marmoset (19)
contains about 210 viral genome equivalents per
cell. The circular molecules of this cell line (202
kbp) are significantly larger than virion DNA
(40). They contain a long and a short region of L-
DNA (about 90 and 52 kbp, respectively), sepa-
rated by two segments of H-DNA (35 and 26
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kbp). The short L-DNA region is a subset of the
longer L-DNA: the long L-segment differs from
virion DNA by an internal deletion of ca. 21 kbp
(10, 41) (see Fig. 1).

In contrast to high viral genome copy num-
bers, no H. saimiri-specific protein has been
detected so far in transformed cells (19). This led
to the hypothesis that the low extent of gene
expression may be a consequence of the high
degree of methylation in persisting viral DNA
(12). Desrosiers (11) has localized a few specifi-
cally unmethylated CG sites within the L-DNA
of fresh tumor cells and the lymphoid tumor cell
line 1670. We began to study transcription of
1670 cells to determine whether there is any
viral gene expression in H. saimiri-transformed
cells and, if so, whether transcription of certain
genomic regions may be correlated with detect-
able patterns of hypomethylation.

MATERIALS AND METHODS

Cell culture. The lymphoid cell line 1670 was ob-
tained from L. A. Falk (27) and propagated in our
laboratory continuously. The cells were grown as
suspension cultures in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal calf serum and
350 pg of glutamine, 100 U of penicillin. and 100 pg of
streptomycin per ml.

Preparation of RNA. All buffers and glassware were
autoclaved before use. The initial steps in RNA prepa-
ration were performed at 0 to 4°C. For isolation of total
cellular RNA, cells were collected by low-speed cen-
trifugation at 1,500 rpm for S min and washed once
with ice-cold phosphate-buffered saline (0.14 M NaCl.
2.5 mM KCI. 8 mM Na,HPO,. 1.5 mM KH-PO, [pH
7.0]) containing 2 pg of polyvinylsulfate per ml. Cell
pellets (ca. 3 x 10* cells) were lysed in 6 ml of
guanidinium isothiocyanate buffer (5 M guanidinium
isothiocyanate, 50 mM lithium citrate. 0.1% lithium
lauryl sulfate, 0.1 M B-mercaptoethanol [pH 6.5]) (9).
RNA was centrifuged through a 4-ml cushion of 5.7 M
CsClin 0.1 M EDTA in a Spinco SW41 rotor for 20 to
24 h at 20°C and 30,000 rpm (4, 22). After centrifuga-
tion, the material above the gelatinous RNA pellet was
carefully removed. The pellet was drained. and the
bottom of the tube was cut off. The RNA was dis-
solved in 0.5 to 1 ml of water and precipitated in 0.2 M
potassium acetate or NaCl with 2.5 volumes of ethanol
at —20°C. The precipitated RNA was collected by
centrifugation in an HB-4 rotor (Ivan Sorvall Inc.) at
12,000 rpm for 1 h or in a Beckman microfuge (type B)
for 20 min at maximum speed.

RNA was fractionated by three cycles of oligodeox-
ythymidylate (oligo[dT])-cellulose chromatography
(Bethesda Research Laboratories) (3). The polyadeny-
lated (poly[A]") RNA was precipitated in 0.2 M potas-
sium acetate with 2.5 volumes of ethanol at —20°C.

¢DNA synthesis and Southern blot hybridization.
DNA complementary to poly(A)” RNA was synthe-
sized with avian myeloblastosis virus reverse tran-
scriptase (J. W. Beard. Life Sciences. Inc.) modified
after several published procedures (1. 5, 39). The
reaction mixture (50 to 100 pl) contained 4 to 10 pg of
RNA. 0.4 mM each dCTP, dGTP. and dTTP. 0.04 mM
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dATP, 150 uCi of [a-**P]JdATP (800 Ci/mmol; New
England Nuclear Corp.). S50 mM Tris (pH 8.3). 40 to
140 mM KCIl. 7 to 10 mM MgCl, 7 to 10 mM
dithioerythritol. and 20 to 40 U of reverse transcrip-
tase. The reaction was primed with 5 uM oligo(dT),,
(Boehringer Mannheim Corp.) or calf thymus DNA
digested by DNAse | (37). After 2 h of incubation at
37°C. the reaction was stopped by adding EDTA to
give a final concentration of 20 mM. The DNA was
extracted with an equal volume of phenol; salmon
sperm DNA was added to a final concentration of 1
mg/ml. and the nucleic acids were precipitated with 2.5
volumes of ethanol at —20°C. Nucleic acids were
collected by centrifugation in a Beckman microfuge
(type B) for 20 min at maximum speed. The RNA was
hydrolized in 0.3 M NaOH and 1 mM EDTA and
incubated at 65°C for 20 min. The mixture was chilled
on ice and diluted in hybridization buffer. The average
size of the cDNA was determined on 1.3% agarose
gels and found to be equivalent to single-stranded
DNA of 500 to 1,000 bases.

Cloned viral DNA was cleaved with restriction
endonucleases as recommended by the manufacturers.
The fragments were separated on 0.6% horizontal
agarose gels and transferred to nitrocellulose filters
(36). The filters were prehybridized in a solution of
0.1% Ficoll (Pharmacia Fine Chemicals), 0.1% poly-
vinylpyrrolidone (Sigma Chemical Co.) for 4 to 6 h at
65°C. The hybridization solution contained 50% form-
amide (purified with Amberlite MB-1 before use). 5x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.1% sodium dodecyl sulfate. 20 mM sodium
phosphate, 0.02% Ficoll, 0.02% polyvinylpyrrolidone,
50 wg of polyadenylic acid (Sigma). and **P-labeled
c¢DNA. Hybridization was carried out at 43°C for 15 to
18 h (35). The filters were washed several times with
buffer containing 20 mM sodium phosphate, 0.1%
sodium dodecyl sulfate. and decreasing concentrations
of SSC (2x SSC to 0.1x SSC) for 3 h at 60°C. The
dried filters were autoradiographed by using Kodak X-
OMAT AR films and intensifying screens.

Nick-repair labeling of DNA and Northern blot hy-
bridization. Labeling of DNA with [a-**P]JdATP fol-
lowed the procedure described by Rigby (33) with
minor modifications. The reaction mixture (250 wl)
contained 50 mM Tris (pH 7.4). 10 mM MgCl,, 0.02
mM each dGTP, dCTP. dTTP (Boehringer Mann-
heim). 30 ng of activated DN Aase | per ml (Worthing-
ton Diagnostics), 22 U of DNA polymerase 1 (Boeh-
ringer Mannheim). 80 to 100 pnCi of [a-**P]JdATP (800
Ci/mmol: New England Nuclear). and 1 pg of DNA
substrate. After incubation for 60 min at 14°C, the
radioactive product was isolated by Sephadex G-50 or
75 chromatography. A final specific activity of 1 x 10*
to 2 x 10® cpm/ug of DNA was obtained.

RNA was denatured for 15 min at 56°C in 1 M
glyoxal (freshly purified with Amberlite MB-1) in
electrophoresis buffer (20 mM morpholinepropanesul-
fonic acid [Sigma]. 5 mM sodium acetate, 1 mM
EDTA) (28) and run in 1% agarose gels containing 2.2
M formaldehyde and 0.5 pg of ethidium bromide per
ml. After electrophoresis, gels were treated with 50
mM NaOH for 1 h and neutralized with 10x SSC or
0.5 Tris-hydrochloride (pH 7.5) for 30 min; the RNA
was transferred to nitrocellulose filters (SS-85. Schlei-
cher and Schuell) in 20x SSC (38). The RNA was fixed
by heat (4 to 10 h at 80°C). and the filters were
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FIG. 1. Schematic representation of sequence arrangement in H. saimiri virion M-DNA and circular viral
DNA of cell line 1670 (10, 40, 41). Virion L-DNA between interrupted lines is deleted in region L,; virion L-DNA
between dotted lines is missing in region L, in 1670 cells.

prehybridized for 4 to 6 h at 65°C in 2x SSC with 5x
Denhardt solution (8) and 100 pg of yeast RNA per ml
(Boehringer Mannheim). The hybridization solution
contained 50% formamide, 5x SSC, 0.1% sodium
dodecyl sulfate, 20 mM sodium phosphate, 1x Den-
hardt solution, and 100 pg of yeast RNA per ml. Nick
repair-labeled DNA (ca. 2 X 10° to 5 X 10° cpm/cm? of
filter) was hybridized to RNA for 48 to 60 h at 43°C.
Washing procedures and autoradiography were done
as described for cDNA hybridization.

RESULTS

Localization of predominantly transcribed L-
DNA region. Initial experiments aimed at the
detection of virus-specific transcription in 1670
cells were done by reassociation kinetics with
3H-labeled M-DNA. This approach failed con-
sistently. Similarly, it was not possible to find
3H-labeled viral RNA in transformed cells by

hybridization with purified virion DNA that was
bound to membrane filters. To improve sensitiv-
ity, 3*P-labeled cDNA was synthesized by using
poly(A)"™ RNA as the template and hybridized
with cloned DNA fragments representing the
entire H. saimiri genome. The internal EcoRI
fragments B, D, E, F, G, H, I, K, L, M, and O
were cloned in the plasmid vector pACYC 184.
The EcoRI C fragment was inserted into bacte-
riophage lambda Charon 4A. The internal Kpnl
fragments B, C, D, and F were cloned in the
cosmid vector pJC 81, and the terminal Kpnl
fragments E and G were inserted between the
Kpnl and Smal sites of the vector pWD7, which
had been constructed for this purpose (E.
Knust, S. Schirm, W. Dietrich, W. Bodemer, E.
Kolb, and B. Fleckenstein, submitted for publi-
cation) (Fig. 1). H-DNA, cloned by Colbére-
Garapin et al. in plasmid vector pAGO (6) was
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FIG. 2. Hybridization of randomly primed 32P-la-
beled cDNA from 1670 cells with cloned fragments of
virion H-DNA and L-DNA. Lanes: 1, Kpnl B frag-
ment X Kpnl; 2, Kpnl F fragment x Kpnl; 3, Kpnl C
fragment x Kpnl; 4, EcoRI B fragment x EcoRI; 5,
EcoRI C fragment X Hpall; 6, EcoRI D fragment x
EcoRl; 7, EcoRI E fragment x EcoRl; 8, EcoRI F
fragment x EcoRI; 9, EcoRI G fragment x EcoRlI; 10,
EcoRI H fragment x EcoRI; 11, EcoRI I fragment x
EcoRlI; 12, EcoRI K fragment X EcoRI; 13, EcoRI M
fragment x EcoRI; 14, EcoRI O fragment X EcoRlI;
15, Kpnl E fragment X EcoRI; 16, cloned H-DNA X
Taql.

included in the study. Oligo(dT)-primed cDNA
strongly hybridized with the cloned EcoRI C
fragment of H. saimiri L-DNA (Fig. 2). Identical
patterns of hybridization, restricted to EcoRI
fragment C, were observed by using cDNAs
prepared from three batches of poly(A)* RNAs
independently isolated from 1670 cells. There
was no indication that cDNA made from RNA of
uninfected owl monkey kidney (OMK) cells may
possess any homology with viral DNA frag-
ments (data not shown). If radioactive cDNA
was synthesized from poly(A)* or poly(A)~
RNA of 1670 cells with DNAase-digested calf
thymus DNA as the random primer, no frag-
ments other than EcoRI-C hybridized with the
probe. The experiments indicated that abundant
viral transcription in the transformed cells is
restricted to the EcoRI C fragment of H. saimiri
L-DNA. Randomly primed cDNA made from
the poly(A)~ RNA pool of 1670 cells hybridized
with the cloned EcoRI C fragment to a very low
extent (data not shown); apparently, the major-
ity of viral transcripts in 1670 cells are poly(A)*.

Size determination of the transcripts. To define
the lengths of viral RNA molecules transcribed
in 1670 cells, total cellular RNA was isolated and
fractionated by oligo(dT) cellulose chromatogra-
phy. After electrophoresis in denaturing 1%
agarose gels, the RNA was transferred to nitro-
cellulose filters and hybridized with a nick re-
paired, 3?P-labeled cloned EcoRI C fragment.
The majority of the poly(A)* transcripts were
found in a single band at the position of ca. 2.7
kilobases (kb) of RNA, using rRNA of Esche-
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richia coli and rRNA of 1670 cells as size
markers (Fig. 3A). As shown in Fig. 3B, the
same dominant class of poly(A)* RNA became
apparent by Northern blot hybridization with
the cloned Kpnl D fragment which is part of the
EcoRI C fragment (Fig. 1). Some of the viral
transcripts appeared as RNA of a smaller size
(2.7 to 1.2 kb), most probably due to degrada-
tion. At present, it cannot be ruled out that
smaller transcripts of the respective DNA region
may occur in the transformed cells, either due to
splicing at a low extent or secondary initiation or
termination sites or both. No hybridization was
found with poly(A)~ RNA from 1670 cells, even
with a 10-fold amount of RN A on the filters (Fig.
3A). Also, no homology was detected between
cloned viral DNA and RNA from uninfected
OMK cells (data not shown).

Detailed mapping of the transcribed region. A
cleavage map of the EcoRI C fragment was
derived for the restriction endonucleases
Hindlll, Hpall, and Kpnl (Fig. 4). The EcoRI C
fragment contains a single restriction site for
restriction endonuclease Hpall, and it is cleaved
twice by restriction endonuclease Kpnl. The
positions of nine restriction sites for restriction
endonuclease HindIll were localized within the
EcoRI C fragment; the fragment was partially
cleaved with HindIll, and the order of HindIII
fragments was established by Southern blot hy-
bridization of a terminal HindIIl fragment with
partial digestion products. On the basis of this
cleavage map, the viral sequences transcribed in
1670 cells could be localized more precisely.
Hybridization of randomly primed cDNA was
confined to the right of a 7.7 kbp EcoRI/Hpall

kb
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FIG. 3. Northern blot hybridization of poly(A)*
RNA from 1670 cells with cloned fragments of H.
saimiri L-DNA. (A) Lane 1, 20 pg of poly(A)* RNA;
Lane 2, 200 pg of poly(A)~ RNA hybridizing with the
32p_labeled EcoRI C fragment. (B) 6 ug of poly(A)*
RNA hybridizing with the labeled Kpnl D fragment.
rRNA of 1670 cells (5.2 and 2.0 kb) and rRNA of E.
coli (3.1 and 1.5 kb) were used as size markers.
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FIG. 4. Physical mapping of the DNA region transcribed in 1670 cells. Bar indicates size of the RNA and
direction of transcription. Map units refer to virion DNA.

fragment. A series of hybridizations with oli-
go(dT)-primed ¢cDNA indicated that the tran-
scribed DNA is restricted to two adjacent
HindIII fragments of 940 and 1,270 bp (Fig. Sa).

Direction of transcription. The orientation of
the predominant transcript in 1670 cells was
determined by comparing hybridization patterns
with oligo(dT)-primed and randomly primed
cDNA, a method similar to that described by
Van Santen et al. (39). As oligo(dT)-primed
cDNA primarily represents the 3'-terminal se-
quence of poly(A)* RNA, hybridization is ex-
pected to be less intense with DNA coding for
the 5’ end of the message. Oligo(dT)-primed
cDNA hybridized with the HindIII fragment of
940 bp at a higher intensity than with the 1,270-
bp fragment (Fig. SA). In comparison, randomly
primed cDNA hybridized with both fragments to
about the same extent (Fig. 5b). This indicated
that the 3’ terminus of the transcript is encoded
by the HindlIl fragment of 940 bp; apparently,
transcription starts in the 1,270-bp fragment or,
possibly, in the adjacent 375-bp HindIIl frag-
ment.

DISCUSSION

The lymphoid tumor cell line 1670, like all
other H. saimiri-transformed cells investigated
so far, contains large, covalently closed circular
viral DNA molecules in high multiplicity (24;
R. C. Desrosiers and B. Fleckenstein, in G.
Klein (ed.), Advances in Viral Oncology, in
press). The circular molecules of 1670 cells (202
kbp) consist of two stretches of H-DNA and two
L-DNA segments which are arranged in the

same orientation. These L regions differ from
virion L-DNA by the loss of internal segments of
21 and 58 kbp, respectively (Fig. 1 and.4). In this
report we have shown that there is a single,
short viral DNA sequence, representing hardly
more than 2,200 bp of virion DNA, which is
abundantly transcribed in 1670 cells. Map posi-
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FIG. 5. Hybridization of 3?P-labeled cDNA from
1670 cells with cloned restriction fragments of H.
saimiri L-DNA. (A) Oligo(dT)-primed cDNA hybridiz-
ing with the EcoRI C fragment cleaved by Hpall (lane
1), with the EcoRI C fragment cleaved by Kpnl and
Hpall (lane 2), and with the Kpnl D fragment cleaved
with HindIIl (lane 3). (B) Randomly primed cDNA
hybridizing with the EcoRI C fragment cleaved with
Kpnl and Hpall (lane 1), with the Kpnl D fragment
cleaved by Kpnl, Hpall, and HindIll (lane 2), and
with the Kpnl D fragment cleaved by Kpnl and
HindllI (lane 3).
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tion and orientation of the coding sequence is
shown in Fig. 4. A few experiments indicated
that other parts of the viral genome may be
expressed to a very low extent, if at all (data not
shown).

Northern blot hybridizations, using rRNAs as
size markers, seem to indicate that the predomi-
nant transcript of 1670 cells has 2.7 kb. On the
other hand, hybridizations with randomly
primed cDNA have clearly shown that the cod-
ing sequence is restricted essentially to two
HindIll fragments of viral DNA (940 and 1,270
bp). This apparent discrepancy could be ex-
plained by the known inaccuracies of RNA size
determination in denaturing agarose gels (25), or
it may be due to the length of polyadenylic acid
tails. It may also be possible that the transcribed
viral DNA region in 1670 is amplified by short
duplications which have been missed in the
structural analysis of circular molecules per-
formed thus far. The precise localization of the
promoter and polyadenylation sites with respect
to cloned virion DNA remains to be determined
by analyses with single strand-specific DNA-
ases. Sensitive Southern blot hybridizations
with cloned probes did not give any indication
that viral DNA may be integrated into the cellu-
lar genome (24) (S. Schirm and B. Fleckenstein,
unpublished data); thus, it seems unlikely that
the predominant RNA described here is a com-
posite transcript of cellular and integrated viral
DNA.

The transformed lymphoid cell line 1670 and
fresh tumor cells reveal a specific pattern of
hypomethylation when analyzed with restriction
endonucleases Hpall and FnuDII (11). There
are numerous observations suggesting that hy-
pomethylation of DNA may be correlated with
an increased extent of gene expression (13, 14,
32). Thus, it seemed remarkable to us that the
DNA detectably transcribed in 1670 cells is
remote from the hypomethylated sites mapped
by Desrosiers (11). This may be because avail-
able bacterial restriction endonucleases recog-
nize a minor subset of possible eucaryotic meth-
ylation sites. However, it may also mean that
the specific hypomethylation pattern in L-DNA
of H. saimiri-transformed cells is functionally
unrelated to transcription.

The viral sequence transcribed in 1670 cells
appears to correlate exactly with the segment of
virion DNA that is predominantly transcribed
during the immediate early phase of virus repli-
cation in the productive system (W. Bodemer,
S. Angermiiller, E. Knust, and B. Fleckenstein,
unpublished data). It suggests that the active
promoter in the circular DN A molecules of 1670
cells is independent of regulatory effects by
other viral gene products. Circular viral DNA
molecules in H. saimiri-transformed nonproduc-
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er cells generally have large deletions of L-DNA
(24); however, the two short HindIII fragments
that are transcribed in 1670 cells were always
found to be conserved in all transformed cell
lines analyzed so far (S. Schirm and B. Flecken-
stein, unpublished data). This may indicate that
the respective immediate early gene may be
functionally related to the persistence of viral
DNA in lymphoid cells or to the maintenance of
transformation. This conclusion correlates well
with our preliminary observation that the ho-
mologous viral DNA sequences are expressed in
lymphoid cells transformed by Herpesvirus
ateles. Despite appreciable transcription, no vi-
rus-specific protein could be detected in H.
saimiri-transformed cells with conventional
serological methods (23, 30). Sequence analysis
of the two HindIIl fragments transcribed in
transformed cells may be the basis for future
immunological studies with synthetic oligopep-
tides aimed at the detection of viral protein in H.
saimiri-transformed cells.

Despite the similarities between Epstein-Barr
virus-transformed lymphoblasts and H. saimiri
cell lines, there are striking differences at the
level of transcription. In H. saimiri-transformed
cells, expression appears to be confined to a
single immediate early gene. Epstein-Barr virus-
transformed cells contain viral RNA of higher
complexity, originating from at least three differ-
ent regions of the viral genome (34, 39). In
addition, Epstein-Barr virus-transformed lym-
phoblasts synthesize polymerase III transcripts
in high abundancy (2, 26). The H. saimiri-trans-
formed tumor line 1670 does not appear to
produce analogous transcripts in detectable
quantities.
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