High-Frequency C-Type Virus Induction by Inhibitors

of Protein Synthesis

Abstract. When inhibitors of protein synthesis are added to BALB/c¢ mouse cells
in culture, induction of naturally integrated C-type RNA virus occurs in a high
percentage of cells. The action of protein synthesis inhibitors differs from that
of halogenated pyrimidines, another class of virus inducers, in their effects on bio-
logically distinguishable viruses. The use of such inhibitors to study integrated
virus expression provides a means for studying gene regulation in mammalian cells.

RNA C-type viruses are present in
an unexpressed form in all mouse cells
(1, 2). Recent genetic (3) and biochemi-
cal (4) evidence indicates that the struc-
tural genes for multiple viruses are nat-
urally integrated within the cell
genome. The study of cellular regula-
tion of these endogenous viruses pro-
vides the opportunity to investigate how
cellular controls affect their oncogenic
potential and to gain a more basic un-
derstanding of the processes involved
in mammalian gene regulation.

Mouse cells normally restrict the
complete expression of their integrated
viral genes, since spontaneous virus
activation occurs at only a very low
frequency in cells of different strains
(1, 2, 5). Halogenated pyrimidines in-
crease virus induction (2, 6), although

Table 1. C-type virus induction by inhibitors
of protein synthesis. Growing cultures con-
taining 5 X 10° K-BALB cells were exposed
to different inhibitors for 18 hours at 37°C.
After drug removal, the cells were washed
twice and exposed to mitomycin C (25 pg/ml)
for 60 minutes. One hour later, the cells were
transferred to petri dishes containing 10° NRK
cells that had been plated 24 hours earlier in
medium containing polybrene (2 ug/ml). Sar-
coma virus focus formation was assayed 7 to
9 days later (5, 13). Mitomycin inhibited cell
division of K-BALB cells, making it easier to
detect MSV-induced infectious centers. Similar
frequencies of induction were observed with
cach drug in the absence of mitomycin expo-
sure. The percentage of virus-activated cells
was determined from the number of MSV
infectious centers divided by the total cells as
measured by cell count at 24 hours after
transfer. The maximum induction frequency
for each drug was determined from at least
five separate experiments and is expressed as
the percentage of virus-activated cells.

Amount

Virus
Inhibitor of (ug/ml) induc-
synthesis Opti- tion
Range m?x m (%)
None < 0.001
Protein
Puromycin 0.1-100 10 15
Cycloheximide 0.1-100 10 10
Anisomycin 1-100 100 6
Sparsomycin 1-100 100 4
RNA
Actinomycin D 0.1-10 < 0.001
DNA
Cytosine arabinoside 0.1-10 < 0.001
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the mechanism of action is not yet
known. Studies of gene regulation in
other mammalian systems have in-
dicated that during differentiation (7)
or after exposure to hormones (8)
enzyme induction may be affected by
exposure of cells to inhibitors of macro-
molecular synthesis. These inhibitors
have also been reported to induce cer-
tain enzymes directly (9), possibly by
interfering with a labile intracellular in-
hibitor that acts during or after tran-
scription (7-9). If C-type virus activa-
tion were restricted by a labile control
molecule or molecules, then inhibition
of its production might result in virus
induction. Tests of chemicals that in-
terfere with different aspects of macro-
molecular synthesis have led to the dis-
covery that inhibitors of protein syn-
thesis are very efficient inducers of C-
type virus.

Cells were grown in Dulbecco’s modi-
fication of Eagle’s medium, supple-
mented with calf serum (10 percent)
(Colorado Serum Co.). The derivation
of clonal lines of contact-inhibited
BALB/3T3 and NIH/3T3 mouse cells
(10) and normal rat kidney (NRK) cells
(/1) have been reported. Chemicals in-
cluding actinomycin D, cytosine arabin-
oside, cycloheximide, puromycin, ani-
somycin, sparsomycin, and mitomycin
C were provided by the Drug Develop-
ment Branch, National Cancer Institute.

A sensitive biologic assay for C-type
virus induction has been described.
When cells transformed by murine
sarcoma virus (MSV) in the absence of
coinfection with helper leukemia virus
(12) are induced, they release sarcoma
virus in the envelope of the activated
endogenous C-type viruses of those cells
(6, 13). The biologic assay for sarcoma
virus transformation requires only a
single cycle of infection (/2), while as-
says for helper leukemia virus generally
require many cycles of virus replica-
tion. Thus, the sarcoma virus provides
an indirect but sensitive indicator for
induction of inefficiently replicating
endogenous viruses. A clonal line of
Kirsten (K) MSV-transformed non-

producer BALB/c cells [K-BALB (/2)]
was used. Induced sarcoma virus was
assayed in tissue culture fluids (13)
or by infectious center assay of virus-
activated cells (5).

The results of treatment of K-BALB
cells with inhibitors of macromolecular
synthesis are shown in Table 1. Each
inhibitor of protein synthesis induced
virus from a high percentage of cells.
Puromycin- at optimum concentration
(10 pg/ml) activated virus from 15
percent of the cells, an increase of
more than 105-fold above the spon-
taneous frequency of virus activation
(5). Cycloheximide, anisomycin, and
sparsomycin induced virus with almost’
comparable efficiency. Activation was
observed over a 1000-fold dose range
with cycloheximide and over a 100-
fold range with the other protein syn-
thesis inhibitors. Incorporation of radio-
active amino acids into protein in
parallel cultures indicated that virus
activation occurred only when protein
synthesis was impaired by more than
90 percent (I4). At these concentra-
tions, there was associated, but delayed,
30 to 60 percent inhibition of both
DNA and RNA synthesis. In contrast,
other chemicals that inhibited RNA or
DNA synthesis over a range of 30 to
90 percent but did not inhibit protein
synthesis had no detectable virus-induc-
ing activity (Table 1).

As a test of nonspecific cell toxicity,
which might impair the ability of in-
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Fig. 1. Effect of duration of cycloheximide
exposure on C-type virus induction.
K-BALB cells (5 x 10°) were exposed for
varying periods to cycloheximide (10 ug/ml)
and then transferred for infectious center
assay on NRK cells as described in the
legend to Table 1. The results are the
average of two experiments.
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duced cells to register as virus-positive,
the colony-forming efficiencies of cells
exposed to cycloheximide, actinomycin
D, or cytosine arabinoside were com-
pared. At concentrations of cyclohexi-
mide that induced 5 to 10 percent of
the cells, there was a 50 to 90 percent
decrease in colony-forming efficiency.
Actinomycin or cytosine arabinoside
concentrations that inhibited RNA or
DNA synthesis comparably to cyclo-
heximide were no more detrimental to
cell viability. The above findings indi-
cate that protein synthesis inhibitors
activate virus by a mechanism involving
inhibition of protein synthesis.

The duration of cycloheximide expo-
sure necessary for virus activation is
shown in Fig. 1. There was more than
a 10%-fold increase above the sponta-
neous activation level within 5 hours of
drug treatment. While there was some
further increase with exposure for up
to 24 hours, the results demonstrate
that a relatively short period of protein
synthesis inhibition was sufficient to
cause a striking induction response.

In the above studies, the frequency of
virus-activated cells was determined by
infectious center assay. Virus was also
detected in tissue culture fluids of in-
duced cells. Between 0.3 X 102 to 3 X
102 focus-forming units per milliliter
were released in the first 24 hours after
cycloheximide treatment. Activated
virus subsequently declined to levels
below detection over the next 3 days.
That the protein synthesis inhibitors
acted at a step (or steps) in the induc-
tion process instead of enhancing virus
replication, as was observed with certain
steroid hormones (15), was indicated by
the fact that cycloheximide caused im-
pairment of virus production by K-
BALB cells that had either been previ-
ously or newly infected with Rauscher
mouse leukemia virus.

BALB/c mouse cells contain at least
two independently segregating C-type
viruses (3). These viruses can be dis-
tinguished by host range and serologic
characteristics. For example, BALB:
virus-1 is infectious for both NIH Swiss
and NRK cells, while BALB : virus-2
transmits only to NRK (3). The effect
,of protein synthesis inhibitors on activa-
tion of the two viruses was compared
with that of halogenated pyrimidines,
bromodeoxyuridine (BrdU), and iodo-
deoxyuridine (IdU). As shown in Table
2, K-BALB cultures exposed to BrdU
or IdU registered as virus-activated with
similar efficiencies on NRK and NIH/
3T3 cells. In contrast, puromycin- or
cycloheximide-activated cells registered
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Table 2. Comparison of inductioa of two
BALB/c endogenous viruses by inhibitors of
protein synthesis and halogenated pyrimidines.
Growing cultures (5 X 10° K-BALB cells)
were exposed to the appropriate inducer for
18 hours at 37°C. The cells were then treated
with mitomycin C (25 ug/ml) for 1 hour
and transferred for infectious center assay on
either NRK or NIH/3T3 cells as described
in the legend to Table 1. The results are the
average of two experiments with each inducer.

Induction
frequency
Amount (% virus-
1
nducer (ug/ml) activated cells)
NRK NIH/3T3
Cycloheximide 10 8.3 < 0.001
Puromycin 10 12 < 0.001
1du 30 3.8 24
BrdU 30 1.6 0.8

as virus-induced at high frequency only
when plated as infectious centers on
NRK cells. There was no detectable
focus induction on NIH/3T3 cells.
These findings indicate that the protein
synthesis inhibitors, unlike halogenated
pyrimidines, specifically activated only
BALB : virus-2.

Our studies demonstrate that inhibi-

tors of protein synthesis are very effi-
cient inducers of C-type virus. Several
lines of evidence favor the hypothesis
that their action directly or indirectly
results from interference with this aspect
of macromolecular synthesis. First,
each of several chemicals that inhibit
different steps in polypeptide formation
(16) were active as virus inducers. Sec-
ond, induction occurred only in associ-
ation with a severe impairment of
amino acid incorporation into cellular
protein. Finally, induction was not ob-
served in our studies with inhibitors of
either RNA or DNA synthesis nor with
a large number of other chemicals that
include mutagens, inhibitors of DNA
repair, and chemical carcinogens (un-
published observations).

It is possible that the drugs specifi-
cally interfere with a labile protein
whose function is to prevent virus
release. Such a protein might act either
during or after transcription. Since pro-
tein synthesis is also required for virus
assembly, the production of this inhibi-
tory protein would have to be more
sensitive or have a faster turnover or
reaccumulate more slowly after release
from inhibition by the chemical. The
imbalance would result in virus activa-
tion. It is also possible that induction
results from some indirect effect of
protein synthesis inhibition on cellular
metabolism (77). The evidence that the
drugs induce one but not another

BALB/c endogenous virus and that
other classes of chemicals that produce
a multiplicity of effects on cellular me-
tabolism lack activity as virus inducers
leads us to favor the hypothesis that
the chemicals interfere with a specific
protein inhibitor of virus induction.

In comparison to the detailed knowl-
edge of the interactions of phage with
its bacterial cell host, understanding of
the relation of naturally integrated C-
type viruses to normal cells is not nearly
as advanced. However, the genetic ap-
proaches that made the regulation of
phage amenable to study are now de-
veloping in this eukaryotic system. Con-
ditional lethal mouse C-type virus mu-
tants (/&) and cells which contain de-
finable genetic factors related to endog-
enous viruses and their regulation (3,
19) have been obtained. Our data shows
that two classes of highly efficient
chemical inducers are able to differen-
tially affect the control of biologically
distinguishable integrated viruses. With
the availability of sensitive and specific
biologic and biochemical assays for de-
tection of these viruses and their gene
products, the study of cellular control
of endogenous C-type viruses provides
an opportunity for determining the
molecular mechanisms involved in gene
regulation in eukaryotic cells.
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Beta Cell Protection to Alloxan Necrosis by Anomers of p-Glucose

Abstract. Various concentrations of either the a or B anomers of D-glucose
were injected into fasted rats prior to a diabetogenic dose of alloxan. Plasma
concentrations of glucose were measured 24 hours later. There was a significantly
greater protection of the pancreatic beta cells by. the o anomer of p-glucose as
compared to the B anomer, which was evidenced by concentrations of glucose
in the plasma, and morphology of beta cells.

Alloxan (mesoxalylurea) produces
diabetes in various animal models by
necrosis of the beta cell in the islets of
Langerhans (/). However, D-glucose
injected into animals prior to the dia-
betogenic agent has been shown to di-
minish or to prevent this effect of al-
loxan (2, 3). Crystalline p-glucose when
placed in solution reaches an equilibri-
um in which 64 percent is in the 8
and 36 percent in the « configuration
(4). When the near pure glucose ano-
mers, at various concentrations, are im-
mediately dissolved and injected into
rats before significant mutarotation, a
difference in the degree of protection
between the « and B anomers to al-
" loxan-induced necrosis is observed, the
former being more active.

Male rats (Charles River strain)
weighing between 190 to 200 g were
given free access to Purina Chow and
then fasted for 24 hours. A No. 21
butterfly (3-inch tubing Minicath Prn,
Deseret Pharmaceutical Co., No. 5084)
was placed in a tail vein after dilation
induced by hot water. Alpha and beta
glucose (Sigma Chemical G-5250, beta
lot 052¢-0810, analyzed as 99.2 percent
B and 0.8 percent «; and Sigma Chemi-
cal G-5000 alpha lot 091C-1690 ana-
lyzed as 97.6 percent « and 2.4 per-
cent B) were each rapidly dissolved in
normal saline by vigorous shaking just
before use in each animal. The glucose
was administered in a volume of 0.5
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ml at doses of 250, 500, or 750 mg per
kilogram of body weight. An additional
0.2 ml of saline was injected to flush
the tubing and then alloxan (Eastman,
40 mg/kg), freshly dissolved in normal
saline in a volume of 0.5 ml, was in-
jected. A final 0.2 ml of saline was then
injected. The animals were randomly
selected for the experiment, and alloxan-
injected animals that were not given
glucose were included as controls at the
beginning and end of each series. The
animals were then allowed free access
to their food. Twenty-four hours later
a blood sample was obtained by cutting
a small section of the tail, and approxi-
mately 0.5 ml of blood was captured
in a heparinized pipette, and centri-

Table 1. Either a glucose anomer or saline
was injected intravenously 4 to 6 seconds
before administration of alloxan (40 mg per
kilogram of body weight) to fasted rats, and
glucose in the plasma was determined 24
hours later. Similarly treated animals not re-
ceiving alloxan showed a mean glucose con-
centration of 164 =2 mg per 100 ml of
plasma (N = 21). The plasma glucose is
given in milligrams per 100 ml of plasma.

Plasma glucose

Anomer  (mean +S.EM.) p
(mg/ke)
« Anomer g Anomer
0 533 +21 53321 38
250 266 =31 409=31 12 <.01
500 240 £ 15 34120 44 <.001
750 163+ 4 174x 9 23 <3

fuged; the plasma was analyzed with
the use of the Beckman glucose oxidase
analyzer. Blood samples, taken 48 or
72 hours later, did not differ from
those taken 24 hours after alloxan.
Statistical analysis was performed by
means of the unpaired #-test (Table 1).

Although the exact mechanism in
which glucose protects against the di-
abetogenic effect of alloxan is unknown
(5, 6), L-glucose, the nonmetaboliz-
able optical isomer of D-glucose has
been shown not to protect against
alloxan, excluding a purely chemical
reaction, while 3-O-methyl-p-glucose
and 2-deoxy-D-glucose have produced
protection as evidenced by permeability
in vitro (6). The abolition of protection
by prior treatment with mannoheptulose
has placed credence on the theory that
the protective site is moderately stereo-
specific, probably at the beta cell mem-
brane and not through a common pro-
tective metabolic intermediate (3).
Although the mutarotation of «- or 8-
glucose into an equilibrium state is rapid
in a physiologic setting (=~ 7 minutes)
(7), the beta cells in the islets of Lan-
gerhans are able to distinguish between
the injected anomers, as evidenced by
the different degree of protection. To
further corroborate this observation,
the animals protected with «-glucose
were morphologically compared with
those with B-glucose ‘and those with
alloxan alone. Beta cell necrosis was
noted in those receiving only alloxan,
and, in contrast, “protected islets” dem-
onstrated slight to moderate degranu-
lation of beta cells and only minimal
or absent evidence of injury, both pro-
portionate to the protection against dia-
betes as evidenced by concentrations of
glucose in the plasma (8).
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