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ABSTRACT Two strains of feline leukemia virus, two
endogenous feline type-C viruses (RD/CCC group), several
endogenous and laboratory strains of murine “leukemia”
virus, two rat viruses, two primate viruses (woolly monkey
and gibbon ape), as well as hamster, pig, and avian type-C
viruses were examined for their relatedness to one another
by molecular hybridization. The extent of nucleic-acid
homology was determined by hybridization of the various
viral RNAs to a [*H]DNA product synthesized from each
virus. Among the murine type-C viruses (Rauscher, Kirs-
ten, AT-124, and endogenous BALB/c virus) a high degree
of homology is observed, although the viruses are not iden-
tical. The two primate viruses are also closely related to one
another. The feline, rat, hamster, and pig endogenous
viruses can be readily distinguished from one another and
from the murine and primate viruses since their DNA
products share very little or no nucleic-acid homology.
However, the murine and primate type-C virus groups
possess a surprising degree of relatedness. Feline type-C
viruses fall into two distinct groups, the feline leukemia
virus group and the RD-114/CCC group, with little de-
tectable nucleic-acid homology between them. Infection of
feline or rat cells with type-C virus results in production
of the endogenous type-C virus of the species along with
the infecting virus.

Reptilian, avian, murine, rat, hamster, porcine, feline, and
primate type-C RNA viruses have been isolated (1, 2). Some
of these viruses are produced spontaneously (3, 4), others after
induction of virus-free cell clones by chemicals such as 5'-
bromodeoxyuridine (5, 6). Radioimmunoassays for the species-
specific antigen of the viral group-specific protein (7, 8) and
inhibition of the viral RNA-dependent DNA polymer-
ases with antisera prepared against various type-C virus
polymerases (9, 10) have demonstrated immunological dif-
ferences in these two proteins among the various type-C virus
isolates. Haapala and Fischinger (11) have reported on the
nucleotide sequence diversity among feline, murine, and RD-
114 type-C viruses as determined by RNA-DNA hybridiza-
tion with hydroxylapatite chromatography. To extend these
comparative studies, we have systematically examined the
homologies between various type-C viruses by nucleic-acid
hybridization.

MATERIALS AND METHODS

Cells were grown in Dulbecco’s modification of Eagle’s
minimal essential medium containing 109, calf serum (Colo-

Abbreviations: NRK cells, normal rat kidney cells; R-MuLV
and Ki-MuLV, Rauscher and Kirsten murine leukemia virus,
respectively; R-FeLV, Rickard feline leukemia virus; AMYV,
avian myeloblastosis virus.
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rado Serum Co., Denver, Colo.) at 37° in a 109, CO, at-
mosphere. S2CI3 is a morphologically transformed cell line
derived from BALB/3T3 clone A31; it continuously produces
high titers of endogenous mouse type-C virus (12). The
normal rat-kidney cell line (NRK) has been described (13).
Virus-transformed NRK cells include a nonproducer trans-
formed by Kirsten sarcoma virus, K-NRK clone 32 (14), and a
line transformed by Kirsten sarcoma virus which produces
both the Kirsten strain of leukemia virus and sarcoma virus.
SV-A clone 80 (SV clone 80) is a human diploid skin-fibro-
blast cell line transformed by Simian virus 40 (15). A204 is a
cultured human rhabdomyosarcoma line developed in our
laboratory. RD is a human rhabdomyosarcoma cell line
originally described by McAllister et al. (16).

Viruses. Table 1 lists the viruses that we examined for
nucleic-acid homology and the cell lines on which they were
grown. Rauscher murine leukemia virus (R-MuLV), and the
Gardner—Arnstein strain of feline leukemia virus were obtained
from Electro-Nucleonics Laboratories, Silver Spring, Md. The
Rickard strain of feline leukemia virus (R-FeLV) was ob-
tained from University Laboratories (Highland Park, N.J.).
RD-114 virus was supplied by Pfizer Laboratories, Maywood,
N.J. Avian myeloblastosis virus (AMYV) was kindly provided
by Dr. Joseph Beard, Duke University. The remaining viruses
were grown and purified in our laboratory. All virus prepara-
tions were banded twice in sucrose density gradients before
being used.

Extraction of Viral and Cytoplasmic RNA. 708 viral RNA
was extracted from purified virions by disruption with 1.0%,
Na dodecyl sulfate, followed by velocity sedimentation in a
sucrose density gradient (17). Cytoplasmic RNA was ex-
tracted from cells (18).

Synthests and Purification of Viral [*H]DNA. The en-
dogenous RNA-dependent DNA polymerase reaction from
type-C virus disrupted by detergent was used to synthesize
[*H Jthymidine-labeled DNA in the presence of 50 ug/ml. of
actinomyecin D (18, 19).

Hybridization and Analysis of RNA-DNA Hybrids. About
2000 cpm (0.1 ng) of enzymatically synthesized [*H]DNA was
incubated with 102- to 107-fold excess of either viral or cyto-
plasmic RNA for 72 hr at 41° in 0.20-ml reaction mixtures
containing 15 mM Tris-HCI (pH 7.4), 0.15 M NaCl, 0.5 mM
EDTA, 0.19% Na dodecyl sulfate, and 389, formamide (19).
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TasLe 1. Type-C viruses examined for homology
Family Virus Host cell line
Feline FeLV (Rickard Cat thymus cells (F422)

strain)

FeSV (Gardner— Cat embryo cells

Arnstein strain)

CCC CCC cat kidney cell (en-
dogenous)

RD-114 Human rhabdomyosarcoma
(RD)

Murine S2CI13 Derivative of BALB/3T3
clone A31 (endogenous)

Rauscher MuLV Murine (JLSV-9)

(R-MuLV)
Kirsten MuLV Murine (NIH/3T3)
(Ki-MuLV)

Ki-SV (MuLV) Murine sarcoma virus
(MSV )-transformed rat-
kidney (NRK) cell line

AT-124 Human rhabdomyosarcoma
(RD)

Rat V-NRK NRK clone 3 (endogenous)

CCL-38 Rat-carcinoma cell line*
(LLC-WRC 256) (en-
dogenous)

Hamster CCL 14.1 Chinese hamster-peritoneal
cell line* (B14-150) (en-
dogenous)

Pig CCL-33 Pig kidney line (PK-15)*

Primate ~ Woolly (SSV-1) Normal rat kidney (NRK)

Woolly (SSV-1) Human rhabdomyosarcoma
(A204)

Gibbon Simian virus 40 (SV40)-
transformed human skin
fibroblasts (SV80)

Avian AMV Infected chicken plasma

* Obtained from the American Type Culture Collection, Rock-
ville, Md.
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RNA-DNA hybrids were detected by hydrolysis with S;, a
nuclease specific for single strands (18).

RESULTS

Table 1 lists the various type-C viruses that we examined for
relatedness by hybridization. A single-stranded [*H]DNA
product synthesized in the presence of actinomycin D by the
endogenous reaction of the RNA-directed DNA polymerase
from the various virus preparations was annealed to 60-70S
RNA extracted from purified virus or to cytoplasmic RNA
extracted from cultures producing these viruses.

S2CI3 cells and NRK cells producing Ki-SV(MuLV) con-
tain RNA that hybridizes to the [P H]DNA product prepared
from Ki-MuLV. Saturating levels of hybridization were
achieved with 60 ug of cytoplasmic RNA, and represented
68-70% of the total input [2H]DNA radioactivity (Fig. 14).
RNA extracted from SV80 cells producing gibbon type-C
virus hybridizes to 199, of the Ki-MuLV DNA probe; RNA
extracted from the culture producing endogenous rat virus
recognizes only about 5% of the nucleic-acid sequences, and
RNA extracted from a cell line producing pig type-C virus or
from SV80 cells not producing virus saturates less than 29, of
the Ki-MuLV DNA probe. Fig. 1B shows the results obtained
after hybridization of viral RNA to the [*H]DNA product
prepared from an endogenous BALB/c virus, S2CI3. Viral
RNA extracted from either S2CI3 or from Ki-SV(MuLV)
hybridizes to 669, of the probe, while RNA extracted from
the Rauscher strain of MuLV only hybridizes to about 35%,
of the S2C13 DNA. Viral RNA extracted from woolly mon-
key virus grown in human cells is homologous to about 199,
of the probe; in marked contrast, RNA extracted from AMV
or RD-114 virus recognizes less than 19 of this mouse type-C
virus probe.

Homology Between Type-C Viruses. Table 2 summarizes the
data that we have obtained concerning the nucleic-acid
sequence homologies of type-C viruses. Single-stranded [*H ]-
DNA products prepared from various feline, murine, rat,

TaBLE 2. Homology between type-C viruses as determined by RN A -DN A hybridization
(Percent hybridization*)

Mason—
RNAt Murine Rat Feline Primate Hamster Pig Avian Pfizer
R- Ki- AT- V- CCL- FeLV FeLV RD- CCL- CCL-
[*H]DN At S2C13 MuLV MuLV 124 NRK 38 (Rickard) (Gardner) 114 CCC  Woolly Gibbon 14.1 33 AMYV
S2C13 100 57 100 48 4.0 6.5 2.5 3.0 2.0 NT 25 24 5.0 2.5 1.4 NT
R-MuLV 50 100 66 25 NT 1.1 4.1 NT NT NT NT 11 1.5 2.0 NT NT
Ki-MuLV 97 58 100 58 4.0 6.0 0.2 NT 0.6 NT 22 26 6.0 1.8 1.6 1.2
CCL-38 7.0 NT NT NT 7 100 NT NT NT NT NT NT NT XT NT NT
V-NRK 8.0 NT 6.0 NT 100 NT NT NT NT NT NT 8.0 NT NT NT NT
FeLV
(Rickard) 2.6 NT 7.5 NT 2.8 3.0 100 69 1.2 5.0 NT 3.0 1.7 8.0 5.0 NT
FeLV
(Gardner) NT NT NT NT 1.7 NT 85 100 2.8 4.4 NT NT NT NT NT NT
RD-114 0.6 NT 1.6 2.0 1.4 NT 100§ 100§ 100 75 1.7 1.9 1.0 1.4 0.3 0.7
Woolly 15 16 22 16 2.0 2.5 1.2 NT 1.2 NT 100 46 0.4 0.2 2.0 NT
Gibbon 25 20 27 16 NT 2.5 1.6 1.7 0.7 NT 49 100 1.8 3.0 7.0 NT

' Abf)ut 20?0 cpm (0.07 pmol of [*H]dTMP incorporated into DNA) of each [*H]DNA product was hybridized to the RNA solutions. The percent hybridization values have been
normah.zed with respect to the final percent hybridization obtained with the homologous viral RN A (actual values ranged from 50 to 809; ). The values shown represent average final
saturating percentage values obtained after addition of increasing amounts of viral RNA (up to 20 ug) or cytoplasmic RNA (up to 2 mg) extracted from a virus-producing culture. N7,

not tested. Jlalicized values show greater than 109; homology.

t RNA extracted from purified virus preparations or from cells producing virus. Both sources of RN A yielded similar final saturating hybridization values.
1 *H]DNA product prepared from the viruses. From some viruses (RD-114, R-FeLV, and Ki-MuLV) the DNA product was also prepared with isolated viral 60-70S RNA as a tem-

plate for purified AMV RN A-dependent DN A polymerase (18); the results obtained were the same by both methods.
§ These values do not reflect an actual homology between RD-114 and the Rickard and Gardner~Arnstein strains of FeLV, but rather the presence of small levels of an endogenous

feline virus homologous to RD-114 in the cat cell lines producing the two strains of FeLV (see Fig. 2 and Discussion).
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Fi6. 1. Hybridization of murine [*(H]DNA products to RNA
extracted from various type-C viruses. (4 ) The[*H]DNA product
(2000 cpm) was prepared from Ki-MuLV. Cytoplasmic RNA
extracted from: (O) transformed NRK cells producing Ki-SV
(Ki-MuLV); (O) $2CI3 producer cells; (®) gibbon type-C virus
growing in human SV clone 80 cells; (@) CCL-38, a rat-carcinoma
cell line producing high titers of rat type-C virus; (A) CCL-33, a
pig-kidney cell line producing type-C virus; (A) SV clone 80
cells, SV40-transformed, apparently virus-free human cells. (B)
The [*H]DNA product (2000 cpm) was prepared from the S2CI3
virus. Viral RNA extracted from: (O0) Ki-SV (Ki-MuLV) virus;
(O) S2C13; (A) R-MuLV; (@) woolly monkey type-C virus;
(A) avian myeloblastosis virus; (@) RD-114 virus. The radio-
activity shown represents [SH]DNA product that is resistant to
digestion by nuclease S,. Background levels [1-3%, of the input
radioactivity (19)] have been subtracted.

hamster, pig, primate, and avian type-C viruses were hy-
bridized to either viral RNA or to cytoplasmic RNA extracted
from cultures producing these viruses.

Within the feline type-C virus group, only RNA extracted
from RD-114 or CCC virus hybridized significantly to the
[*H]DNA product prepared from RD-114 virus. RNA ex-
tracted from various murine, rat, primate, hamster, and pig
type-C viruses, and from Mason—Pfizer monkey virus (20)
hybridized to less than 2%, of the RD-114 [*H]DNA product.
This DNA product is, therefore, specific only for endogenous
feline type-C viral information. The Rickard and Gardner—
Arnstein strains of feline leukemia virus, which are highly
related to one another (69-85%,), show no significant homol-
ogy to either RD-114 or CCC virus or to the other type-C
viruses, except for a small extent of homology (about 8%)
with Ki-MuLV and with pig type-C viral RNA.

In the murine virus group, we examined S2CI13, R-MuLV,
Ki-MuLV, and AT-124 for homology. AT-124 was obtained
from a human rhabdomyosarcoma cell (RD) that had been
serially transplanted in immunosuppressed NIH Swiss mice
(21). This virus possesses a group-specific antigen and an
RNA-dependent DNA polymerase that are immunologically
related to murine type-C viruses, and may thus be, in part or
entirely, a type-C virus of NIH Swiss mice. The degree of
homology between the viruses is shown in Table 2. 82Cl3 and
Ki-MuLV cannot be distinguished by hybridization, and each
of these probes shows a 50-609 homology to R-MuLV
and AT-124. There is good agreement in the reciprocal
hybridization experiments. The murine virus probes exhibit a
low degree of homology (<6%) to cat, rat, hamster, pig,
and avian type-C viral RNA, and to the RNA from the
Mason—Pfizer virus. The two rat viruses examined (V-NRK
and CCL-38) are highly homologous (70%, related by hybrid-
ization) and show only a small degree of homology (<10%) to
either murine or primate viruses.
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A surprising degree of homology is apparent between all the
murine type-C viruses and either of the primate type-C viruses
(also see Fig. 1). The nucleic-acid probes of the two primate
viruses are about 509, homologous and exhibit little nucleic-
acid homology (<5%) to cat, rat, hamster, pig, and avian
type-C viral RNA. However, they show a considerably greater
extent of homology with each of the four mouse viruses;
saturating values-range from 159, with woolly monkey virus
probe and endogenous BALB/c virus (S2C13) to 279, with the
gibbon virus DNA probe and the RNA extracted from the
Kirsten strain of mouse leukemia virus.

Table 3 shows the results of an experiment in which saturat-
ing concentrations of RNA extracted from cultures producing
each of the primate viruses are hybridized simultaneously to
82C13 [*H|DNA product. The same final percent hybridiza-
tion value is obtained (19%) as when either viral RN A alone is
added. There are, thus, closely related nucleic-acid sequences
in the woolly and gibbon type-C viruses that are homologous
to those of an endogenous mouse virus.

Detection of Two Cat Type-C Viruses in One Cell Line. The
various feline leukemia virus (FeLV) isolates possess a com-
mon group-specific antigen (22, 23) and a common RNA-
dependent DNA polymerase antigen (24) that distinguish this
group of viruses from other mammalian type-C viruses. RD-
114 has immunologic and host-range properties that are quite
different from previously isolated feline type-C viruses (16,
25). A type-C virus can be induced from virus-free cell clones
of the CCC continuous line of cat cells which has antigenic
properties and host-range properties that are indistinguish-
able from those of RD-114 (25-27).

To examine the nucleic-acid homology between RD-114,
CCC, and the two strains of FeLV, we prepared [PH]DNA
products from R-FeLV and from RD-114. The products were
annealed to viral RNA extracted from these two viruses and
from CCC. (Fig. 2). 0.25 ug of either RD-114 or CCC viral
RNA saturates 55% of the [*H]DNA product prepared from
RD-114 virus. 0.25 ug of viral RNA extracted from R-FeLV
hybridizes to 5% of the RD-114 [(H]DNA product; however,
a final level of 559, hybridization is achieved after addition of
16 ug of R-FeLV RNA. The most likely explanation for these
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Fic. 2. Hpybridization of feline type-C viral [*H]DNA prod-
ucts to RNA extracted from RD-114, R-FeLV, and CCC viruses.
2400 cpm of [SH]DNA product prepared from either RD-114 or
R-FeLV was annealed to the viral RN As as follows: (O) RD-114
[*H]DNA and RD-114 RNA; (A) RD-114 [*H]JDNA and “R-
FeLV” RNA; (O) RD-114 [SHJDNA and CCC RNA; (@) R-
FeLV [*H]DNA and R-FeLV RNA; (A) R-FeLV [3H]DNA and
RD-114 RNA.
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data is that there are two viruses present in the cat cell line
producing R-FeLV: the Rickard strain of feline leukemia virus
and an endogenous cat virus that is related or homologous to
RD-114. The [BH]DNA product prepared from this mixture
of viruses (the “R-FeLV” probe) hybridizes readily to RNA
extracted from R-FeLV, but does not anneal to RD-114 viral
RNA. Presumably only 2%, of this DNA product would be RD
or CCC specific, assuming both viral RNAs are copied sym-
metrically into DNA products in the endogenous RNA-
dependent DNA polymerase reaction.

Table 4 lists further evidence for the presence of more than
one type-C virus in a cell line. A [*H]DNA product prepared
from woolly type-C virus grown in human cells (A204)
contains essentially no detectable information (1.0-1.5%) that
is homologous to rat viral RNA, whereas 12-13%, of a [*H]-
DNA product prepared from woolly monkey type-C virus
grown in NRK cells contains information that is homologous
to either CCL-38 or V-NRK RNA. Cytoplasmic RNA ex-
tracted from a rat cell line that is not producing virus (NRK
clone 2) does not contain information that is homologous to
either of these woolly monkey type-C virus DNA products.

DISCUSSION

The endogenous type-C viruses of mouse, rat, pig, hamster,
and cat cells that we have examined exhibit very little, if any,
nucleic-acid homology. Since endogenous viruses are be-
lieved to be transmitted vertically from cell to daughter cell as
a part of their genetic material (28), their nucleic acids have
probably evolved with the genetic material of their host
organism and do not appear to be highly conserved.

A feline endogenous virus (CCQC) is unrelated to either the
Rickard or the Gardner—Arnstein strains of FeLV. A murine
endogenous virus (S2Cl13), on the other hand, is very much
related (>48% homology) to all the other murine viruses
tested and cannot be distinguished from Ki-MuLV under our
hybridization conditions. Therefore, an endogenous virus of a
species may or may not be related to other viral isolates known
to infect the same species.

Although the different infectious type-C virus isolates from
one species consist of closely related viruses, in general there
appears to be only a small degree of homology between the
infectious type-C viruses of different species. The one notable

TaBLE 8. Common sequences in two primate type-C
viruses detected by a murine viral DN A product

% Hybridization
with [*H]DNA
product from

RNA added (ug)* S2C13t
S2C13 (300) 71
Woolly monkey (600) 19
Gibbon ape (400) 20
Woolly monkey + gibbon ape

(together, 1000) 19

* Cytoplasmic RNA extracted from cultures producing these
viruses. The concentrations of RNA shown are in excess of the
amount needed to saturate the S2CI3 probe (see Fig. 14).

t See legend to Table 2. The values shown represent actual
hybridization values to the [SH]DN A S2C13 product. Background
hybridization values averaged about 50 cpm (2.5% of input radio-
activity) and have been subtracted.
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TaABLE 4. Detection of two distinct type-C viruses in
rat NRK cells infected with woolly monkey type-C virus
Percent hybridization*

RNA| NRK |Woolly/|Woolly/
[*H]DNA V-NRK | CCL-38 | clone 2| A204 |K-NRK
Woolly/
NRK 13 12 1.5 54 68
Woolly/
A204 1.0 1.5 1.0 70 65

*See legend to Table 2. The values shown represent final per-
cent hybridization obtained after increasing concentrations of
RNA were annealed to the [SH]DNA products.

exception is the 11-28% nucleic-acid homology observed
between the various primate and murine viruses. In fact, the
degree of homology between Kirsten mouse leukemic virus and
gibbon ape virus probes (26 and 27%) is as great as that
observed (25%) between two type-C viruses presumed to be of
murine origin, Rauscher MuLV and AT-124. This large extent
of primate-murine virus homology would not have been
expected on an evolutionary basis. The difference between the
genetic information of two endogenous vertebrate type-C
viruses might reflect the extent of phylogenetic diversity be-
tween the two species (29, 30). Horizontally transmitted vi-
ruses, on the other hand, might exhibit a homology that
would depend on the length of time since the species was in-
fected. In addition, the infectious viruses could also change
rapidly as the result of genetic recombination with type-C
genomes in cells they infect. Thus, the homology between
murine and primate viruses may reflect a recent infec-
tion of mice with an infectious primate virus, the infection of
primates with a murine virus, or perhaps the infection of both
species with a common “ancestor virus.”

Because of the close homology between the primate viruses,
they are potential probes for human type-C viral expression.
If human and ape type-C viruses are indeed related, and also
involved in tumors of primates, then the detection of putative
type-C viral information in human tumors that is partially
homologous to Rauscher MuLV (31) could be explained on the
basis of the fortuitous murine—primate type-C virus homol-
ogy. It is also possible that an endogenous human type-C virus
will bear as little relationship to the known primate viruses as
the two groups of feline type-C viruses exhibit towards each
other.

The infection of a cell with one type-C virus can result in
virus preparations that contain a mixture of viruses. Studies
with type-C viruses that are produced in a heterologous cell
line must, therefore, be interpreted cautiously. This has been
most clearly demonstrated in those cell lines where the infect-
ing virus and the endogenous virus are not closely related.
Thus, cat cells infected with either the Rickard or the Gard-
ner—Arnstein strain of FeLV can also produce the endogenous
(CCC/RD-114) feline virus.

In the experiments described in this paper, we conclude that
when primate type-C virus is grown in rat cells, the endoge-
nous type-C virus of rat origin may account for up to 209 of
the virus that is produced. If a general property of an infectious
virus is the activation of an endogenous virus, this might be a
useful method to obtain viruses of species from which the
endogenous virus is not readily inducible. Two type-C
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viruses, RD-114 and AT-124, have been isolated from the
same human rhabdomyosarcoma cells after heterotransplanta-
tion into immunologically compromised animals. These viruses
possess very few nucleic-acid sequences in common (Table 2).
Although both viruses are grown in the same human cell line,
they share very little cellular or putative endogenous human
type-C information in common.

New virus isolates cannot be classified as belonging to a
given species when there is extensive cross-species related-
ness. Because of the high degree of nucleic-acid homology be-
tween the murine and primate viruses, the species of origin of
AT-124 cannot be readily assigned. Thus, AT-124 viral RNA
hybridizes to both murine and primate viral nucleic acids, al-
though more extensively to the murine type-C viruses. AT-
124, although most probably a murine virus, could still be a
primate virus or a recombinant virus.

The RNA:DNA hybridization studies described here pro-
vide a basis for the classification of unknown viral isolates. A
serious limitation to the hybridization studies described here
involves the nonsymmetrical transcription of the viral RNA—
the majority of the DNA product may represent only a small
fraction (10%) of the viral genome (32). However, most of the
type-C isolates of the various species exhibit a nucleic-acid
diversity that parallels their evolutionary divergence. Several
recent studies with cat cellular DNA have revealed a homology
with RD-114; these studies led to the suggestion that RD-114
was, in fact, derived from cat cells (33-35). Based on the hy-
bridization studies described here, RD-114 can be readily clas-
sified as an endogenous feline virus since it is highly homo-
logous (70-90%) to the infectious type-C viruses that can
be induced from cat cell clones in culture (25-27).
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ments is gratefully acknowledged. This work was supported
in part by a contract to Meloy Laboratories, Springfield, Va.,
from the Special Virus Cancer Program.
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