a given Kkill, than ultraviolet did
(b = —0.66), in enhancing the trp* re-
version. The chloramine sensitivity of 12
trp* revertants was also studied, and
they were as sensitive to chloramine as
the trpC cells.

The effect of chloramine on the yield
of trpC to trp* of other different strains
carrying various mutation pertinent to
DNA repair was also studied on CH me-
dium. The preliminary experiments
showed that the trp* yields of polAS
(SB1060), rec3 (BD193), recA (BD194),
and uvr (SB879) were not significantly
different from the yields of polAS* rec*
control strains (168, BDI170) when
treated with chloramine. Strain recB
(BD191), however, had a comparatively
lower reversion frequency whether the
cells were chlorinated or not. No in-
crease of absolute number of revertants
in chloramine-treated cells was seen.
Similar phenomena have been reported
also in studying the mutability of recom-
bination-deficient and ultraviolet-sensi-
tive strains of E. coli toward ultraviolet
light (9).

The trp™ revertants of 168 have been
studied for the transforming activity of
the linkage group (aroB* trpC* hisB™).
Of 75 chloramine-induced revertants, 24
percent showed reduced trp* trans-
forming activity compared to wild type
trp*. Spontaneous reversions showed
about 8 percent such transforming-defec-
tive types. These may represent more
complex genetic changes than base sub-
stitution.
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Increased Sarcoma Virus RNA in Cells Transformed by

Leukemia Viruses: Model for Leukemogenesis

Abstract. A morphologically flat revertant of mink cells nonproductively infected
with Moloney sarcoma virus exhibited contact inhibition and lacked detectable sar-
coma virus RNA. Superinfection by usually nontransforming type C mammalian
leukemia-causing viruses induced transformation and increased sarcoma virus
RNA. The results suggest a model for leukemogenesis in animals by increasing, dur-
ing replication of usually nontransforming leukemia viruses, the levels of RNA from
potentially oncogenic cell or integrated virus transforming genes.

Mammalian type C RNA tumor virus-
es exist in two functional categories.

1) There are viruses that, when in-
jected into animals, cause sarcoma or
leukemia within a few weeks (/). These
viruses are able to enter and transform fi-
broblasts and other cells in cell culture.
The viruses that can transform fibro-
blasts have been well characterized and
are defective in their ability to replicate
progeny virions in the absence of repli-
cating nontransforming helper viruses
(2). There is evidence that these replica-
tion-defective but transforming viruses
directly code for a function required for
the maintenance of transformation (3).

2) There are helper-type viruses that
replicate progeny without causing trans-
formation in cell cultures and are capable
of helping transforming viruses in replica-
tion of their progeny (2, 4). While some
of these viruses (for example, the feline-
primate viruses RD-114, CCC, and M-7)
are not associated with disease, others

Fig. 1. A focus induced on S+L— mink cells
by a single RD-114 replicating helper virus (8).
The RD-114 superinfected S+L— mink cells
continue to divide after confluency and form
the focus of transformed cells seen above.
The surrounding nonsuperinfected S+L—
mink cells maintain contact inhibition and do
not divide after the cell monolayer reaches
100 percent confluency. The bar represents
100 pm.

are known to cause leukemias (5). These
leukemias, as exemplified by the thymic
leukemia of AKR mice, are unlike the
leukemias caused by the transforming
RNA tumor viruses and occur only after
a long latent period (6). Since replicating
viruses cause no transformation in vitro,
the manner by which they induce trans-
formation of hematopoietic cells in vivo,
that is, leukemia and lymphoma, is ob-
scure.

We have recently isolated mink lung
cells which, although infected by replica-
tion-defective Moloney murine sarcoma
virus (S+L—) strain MSV, were not like
other murine and nonmurine cells infect-
ed by MSV and had phenotypically re-
verted to a flat morphology exhibiting
contact inhibition similar to uninfected
mink lung cells (7). Superinfection of
these MSV infected cells (termed S+L—
mink cells) by a variety of replicating but
usually nontransforming type C viruses
resulted in small foci (Fig. 1) of trans-
formed cells on the contact inhibited
monolayer; and this focus induction was
useful as a quantitative assay for infec-
tious replicating type C viruses (8).

Since this system involved transforma-
tion by usually nontransforming type C
viruses, we investigated further the
mechanism by which S+L— mink cells
were caused to undergo transformation
by the replicating mammalian type C vi-
ruses. We recently were able to prepare
a complementary DNA (cDNA) probe
that represents the sarcoma specific se-
quences of Moloney sarcoma virus (7, 9).
The endogenous reverse transcriptase re-
action from MSV obtained by rescue
from S+L— dog cells (7), superinfected
with RD-114 helper virus, was used to
synthesize  [*Hldeoxycytidine-labeled
DNA. The DNA transcripts were recy-
cled against RD-114 RNA and Moloney
MuLV RNA to leave only MSV specific
cDNA. Using this probe, we examined
the levels of sarcoma virus specific RNA
in S+L— mink cells before and after su-
perinfection with various mammalian
type C viruses. In addition, we examined
mouse cells derived from 3T3 mouse
cells and infected by the same MSV (10).
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These S+L— mouse cells have also been
used as a quantitative assay for replicat-
ing MuLV because of similar morpholog-
ic changes after superinfection with mu-
rine leukemia viruses (10).

Total cell RNA was extracted (9) from
S+L— mouse and mink cells and helper
virus superinfected S+L— cells (Fig. 2).
Each of these RNA’s was hybridized to

othe MSV cDNA probe, and the reaction
was analyzed by examining the
RNA-[*H]cDNA reassociation kinetics.
The results are shown in Fig. 2.

Before superinfection with MuLV,
S+L— mouse cells have detectable MSV
specific RNA with a half C,¢ value of ap-
proximately 2 X 10> mole sec liter™*
(Fig. 2A). After superinfection with
MuLV the number of copies of sarcoma
specific RNA increases fourfold. This in-
crease in sarcoma specific information
can be correlated not only with the pre-
viously reported foci induced in S+L—
mouse cells by MuLV (10), but also with
our cell density studies indicating in-
creased transformation with further loss
of contact inhibition (Table 1). S+L-
mouse cells and MuLV infected normal
mouse cells grow after confluency to

Fig. 2. Levels of Moloney sarcoma virus spe-
cific RNA in flat revertants of Moloney mouse
and mink cells infected with sarcoma virus be-
fore and after superinfection with replicating
helper viruses. Each hybridization reaction
(0.05 ml) was incubated at 66°C for varying pe-
riods of time with 0.02M tris-HCI, pH 7.2,
0.60M sodium chloride, 5 X 10°M EDTA,
0.05 percent sodium dodecyl sulfate, and
the RNA'’s and [*H]cDNA'’s, as indicated be-
low. Hybridization assays were analyzed with
the use of S1 nuclease (13). All superinfected
S+L— cells were harvested for RNA extrac-
tion after 10 days in culture. (A) Hybridiza-
tion of the Moloney sarcoma virus specific
cDNA (1000 count/min; 2 X 107 count/min
per microgram) to either uninfected (O) or
Moloney murine leukemia virus super-
infected (O) S+L— mouse cell RNA. (B)
Hybridization of the same Moloney sarcoma
virus specific tritiated cDNA to uninfected
S+L— mink cells (2); S+L— mink cells in-
fected with FeLV strain C at a multiplicity of
infection (MOI) of 0.5 (O); S+L— mink cells
infected with FeLV at an MOI of 0.03 (O);
S+L— mink cells infected with RD-114 virus
at an MOI of 0.03 (@®); or S+L— mink cells in-
fected with M7 baboon virus at an MOI of
0.03 (m). (C) Hybridization of FeLV cDNA
to RNA of S+L~— mink cells of (B) super-
infected with FeLV at an MOI of 0.5 (O)

Table 1. Contact inhibition control of cell di-
vision as measured by cell density after con-
fluency of uninfected and helper virus infect-
ed normal and S+L— mink and mouse cells.
Cell lines, viruses, and culture methods have
been described (7). The maximal cell density
is expressed as the average number of cells x
10° per square centimeter present 3 weeks af-
ter plating 5 X 10° cells into triplicate 250-cm?®
(75 cm?) tissue culture flasks (Falcon). Helper
virus infected cell lines were infected 5 weeks
before density studies were begun. Ranges are
shown in parentheses.

Helper Maximal
Eglel ] virSs cell
infection density

Mink

Normal 2.5(1.8-3.6)

Normal RD-114 2.2(1.9-2.5)

S+L—- 2.7(2.3-3.3)

S+L— RD-114 6.9(5.1-8.3)
Mouse

Normal 3.4(3.1-3.6)

Normal MulLV 2.9(2.9-2.9)

S+L—- 3.0(2.6-3.2)

S+L—- MuLV 4.9 (4.8-5.0)

approximately the same cell density (86
and 89 percent, respectively) of normal
uninfected mouse cells. S+L— mouse
cells superinfected with MuLLV grow to
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or 0.03 (O). The FeLV cDNA was prepared from a preparation of FeLV grown in dog
thymus cells. The acid-precipitable fraction of each hybridization reaction contained approx-
imately 4000 count/min. All hybridization values have been normalized to 100 percent of the
actual final levels of hybridization in the S1 nuclease assay ranging from 50 to 70 percent of the
input of [PH]cDNA. The 100 percent value hybridization for the Moloney sarcoma virus specific
probe was achieved with the RNA from a Moloney sarcoma virus transformed nonproducer
rat cell 9); and the 100 percent value of hybridization with the FeLV probe was achieved with
the dog thymus cell producing FeLV. C,¢ values [initial concentration of total RNA (mole
sec liter-1) X time (seconds)] were calculated by the methods of Birnsteil and corrected to 0.18M

concentration of monovalent cation (/4).
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a higher cell density (146 percent of
normal uninfected cells) after reaching
confluency (Table 1).

Because S+L.— mouse cells were like
their parental uninfected mouse cells and
were not as flat and contact inhibited as
normal and S+L— mink cells, we exam-
ined the levels of sarcoma specific RNA
in nonsuperinfected S+L— mink cells
and S+L~— mink cells superinfected with
various mammalian helper viruses, in-
cluding feline leukemia virus strain C
(FeLV) and feline-primate viruses RD-
114 and M-7 (5, 11). The results of these
hybridization experiments are presented
in Fig. 2B. S+L— mink cells have twice
been derived from single cell clones to
ensure the presence of the sarcoma ge-
nome in every cell; yet the levels of sar-
coma specific RNA were essentially un-
detectable up to C,t values of > 10?
mole sec liter~!. However, in each in-
stance where S+L— mink cells were su-
perinfected with the different helper vi-
ruses, the levels of sarcoma specific
RNA rose significantly. When even more
S+L~— mink cells are infected, as in the
cells with the higher multiplicity of
FeLV superinfection, the levels of sar-
coma virus RNA increased even more.

This dramatic increase in the sarcoma
specific RNA in S+L— mink cells is con-
comitant with transformation of the cells
as shown by cell density studies (Table
1). Before superinfection with helper vi-
ruses S+L~ mink cells are similar to unin-
fected normal and helper virus infected
normal mink cells and are quite contact
inhibited. Helper virus superinfection,
however, causes a marked loss in con-
tact inhibition control of cell division,
and cell cultures reach very high cell den-
sities (almost three times that of normal
uninfected cells).

In the experiment shown in Fig. 2C, a
cDNA probe from FeLV was used to
compare the amount of FeLLV RNA pres-
ent in the same S+L— mink cells of Fig.
2B infected with FeLLV at a high MOI
(12) to the RNA in S+L~ mink cells in-
fected at the lower MOI. There is, as ex-
pected, an increased amount of FeLV
RNA with higher MOI; and with more
S+L— mink cells infected with FelLV,
there is more sarcoma virus RNA (Fig.
2B).

These results indicate that, in both
mouse and mink cells infected by Mo-
loney sarcoma virus, superinfection of
phenotypic revertants of such cells by
replicating, but usually nontransforming,
mammalian helper viruses leads to in-
creased levels of sarcoma specific RNA
in such cells (Fig. 2), concomitant induc-
tion of foci (Fig. 1), and an increase in
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transformation (Table 1). This effect can
be achieved by either homologous
mouse type C replicating viruses or het-
erologous viruses capable of replicating
in such cells 8).

The increased levels of Moloney sar-
coma specific RNA might be achieved by
increased rates of transcription of the
MSYV genome or decreased rates of deg-
radation of the sarcoma specific RNA. In
addition, as a secondary effect, increases
of sarcoma RNA may occur by gene am-
plification of the MSV genome. Within
an S+L— mink cell infected with helper
virus the presence of helper virus re-
verse transcriptase may increase the
copy number of integrated MSV or the
pseudotype MSV rescued by helper vi-
rus may be superinfecting surrounding
S+L— mink cells and thereby increase
the copy number.

Whatever the molecular explanation,
the results observed in cells exogenously
infected with Moloney sarcoma virus
and superinfected with the replicating
type C viruses suggests a hypothesis con-
cerning a similar possible phenomenon
in cells that might be carrying latent on-
cogenic information not acquired by ex-
ogenous infection. Thus, it is possible
that a usually nontransforming type C vi-
rus might act in vivo in a similar manner
by leading to an increase in RNA from
potentially oncogenic normal cellular or
viral genomes during the replication of
the nontransforming type C virus. Such a
model would predict that some forms of
leukemia or lymphoma caused by type C
viruses (particularly those characterized
by a long latent period and involving rep-
licating but nontransforming viruses)
might be due to effects on the levels of
RNA of cellular genes by the replicating
type C viruses rather than to a direct ef-
fect of a transforming gene of the viruses
themselves on the growth potential of
the cell.
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On Competitive Innervation of Goldfish Eye Muscles

The report by Scott (/), appears to
contradict the conclusions we drew from
similar experiments published in 1970
and 1972 (2—4). If her interpretation is
correct, Scott’s result would also throw
doubt on other experiments on competi-
tive reinnervation done by us (5), as
well as on similar experiments she cites,
done by others.

The question is whether the function
of regenerated foreign nerve terminals in
a multiply innervated striated muscle can
be repressed when the muscle accepts
further regenerating synapses from its
embryologically  appropriate  nerve.
When Scott repeated our procedure on
goldfish eye muscles she observed be-
havioral repression of the function of for-
eign nerves supplying the superior
oblique muscle in about the same propor-
tion of cases we did, about one third
of the animals. The behavioral test in-
volves measurement of static ocular
counterrotation in response to tilting the
whole animal head up and head down. In
Scott’s experiment, electrical stimu-
lation of both appropriate and in-
appropriate nerve trunks resulted in
strong contraction of the superior
oblique muscle, in apparent refutation of
our conclusion that the foreign in-
nervation had become ineffective in caus-
ing muscle contraction.

Regeneration of the antagonistic inferi-
or obligue muscle is a problem in these
experiments, as Scott points out. The be-
havioral method we used, however, can
detect defects in coordination due to si-
multaneous contraction of antagonists
(3, p. 139), and this cannot explain our re-
sults. We also checked all fish by dis-
section for regenerated muscles and
found them in only two cases (2, p. 47;
4,p. 153).

Why then should tests of innervation
by the use of natural reflex activation of
the oculomotor system give results that
are incompatible with those from tests
by electrical stimulation of motor

nerves? We think it likely that the dis-
crepancy arises because static vestibulo-
ocular reflexes and direct electrical stim-
ulation of muscle nerves in fact test the
function of two separate classes of
muscle fibers.

In a recent paper (6), we have de-
scribed two patterns of innervation corre-
sponding to the two kinds of muscle fi-
bers found in these muscles. The larger
fibers, comprising the bulk of the oblique
muscles (7), have elongated nerve end-
ings that come from a small number of
parent nerve fibers and spiral round the
fiber almost from one end to the other.
These muscle fibers would contract al-
most synchronously along their whole
length when an action potential was
propagated along the extended nerve
ending, and they appear to be designed
to produce strong and rapid con-
tractions. The smaller fibers, whose ul-
trastructure suggests that they are in-
volved in tonic contraction, are very
densely multiply innervated by nerve fi-
bers that run transversely across the
muscle fibers at intervals of about 50
um and supply a nerve terminal to each
one they cross.

It is now known that the static ocular
reflexes are a function of the smaller ton-
ic muscle fibers (8). In a test of in-
nervation by electrical stimulation of the
nerve trunk, however, the bulk of the
muscle tension would come from the
larger muscle fibers. Large fibers will al-
so be the main contributors to any
sample of junctional activity gathered by
an intracellular microelectrode because
they are easier to penetrate and hold.
The majority of small muscle fibers are
S mwm or less in diameter, and it must be
very hard to record from inside them.

If the above is true, Scott’s results
may mean that there is selective com-
petitive innervation of the population of
small, multiply innervated muscle fibers,
which leads to repression of previously
functional foreign synapses, but that
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