


Jos RNA INDUCTION BY DNA-DAMAGING AGENTS

Westinghouse Sunlamp fluorescent bulbs in dishes containing S ml of
Dulbecco’s PBS at a fluence of 3 J/m?/s at 320 nm.

RNA Isolation and Analysis. Cells were rinsed briefly with PBS; they
were then immediately lysed in situ with 4 M guanidine thiocyanate,
and polyA-RNA was isolated as described previously (24). polyA-RNA
was size separated by electrophoresis in 1% agarose/formaldehyde gels
and blotted to nylon membranes (GeneScreen Plus; New England
Nuclear) or dot blotted directly onto nylon membranes (24). The polyA
content of all RNA samples was estimated by hybridization to a labeled
polythymidylic acid probe (24); this correction was small and usually
varied from the RNA content as measured by OD;¢ by less than 25%.
For agarose/formaldehyde gels, 0.5 ug of polyA-RNA were loaded per
lane; single-stranded markers consisted of end-labeled DNA (24). For
dot blots, eight 3-fold dilutions of polyA-RNA were used for each
sample starting at 9 ug for untreated cells (control), or 1 ug for the
others.

Blot hybridization was carried out as described previously (24).
Labeled (25) DNA, which had been excised from its plasmid vector,
was used at 3 x 10° dpm/ml. fos RNA was detected using a mouse v-
Jos probe, which consisted of a 1000-base pair portion of the v-fos
proviral DNA (Oncor). For a g-actin probe, a Chinese hamster cDNA
clone, pA2, was used. pA2, which contained a 1.1-kilobase insert, was
isolated by screening a Chinese hamster cDNA library (24) with a
chicken S-actin cDNA probe (26); pA2 hybridized at high stringency
with the same size Chinese hamster RNA as the chicken g-actin probe
(data not shown). All blots were exposed with intensifying screens.
Hybridization was quantified by densitometry measurements of auto-
radiographs. Relative hybridization was determined by normalizing to
the result with RNA from heat shock-treated cells for fos or from
untreated cells for g-actin. Hybridization was nearly linear when the
signals varied between RNAs by less than 10-fold, but deviated from
pseudolinear (27) when the signal was much greater. For this reason a
computer program (“RNA Analysis”) was written in TurboPascal for
the Macintosh computer which generated a standard curve for dilutions
of RNA from heat shock-treated or untreated cells. Values for other
samples were then compared to these standard curves: the amount of
RNA from heat shock-treated (for fos) or untreated cells (for g-actin)
was divided by the amount of RNA from treated cells, which gave the
same densitometry reading; this result gave the relative abundance of
Jfos RNA in a particular sample compared to the heat shock sample or
the relative abundance of g-actin RNA compared to the untreated
sample.

RESULTS

We have found that several heat shock-inducible genes are
induced also by DNA-damaging agents.’ In addition, we have
isolated a variety of cDNA clones coding for DNA damage-
inducible transcripts, at least one of which is potentially in-
volved in growth regulation (28). We therefore wanted to de-
termine whether oncogenes which are involved in growth reg-
ulation could be induced by genotoxic agents as well. We
measured the levels of fos, myc, Ki-ras, and Ha-ras transcripts
after cell treatment with DNA-damaging agents, using labeled
(25) probes (Oncor). A wide variety of genotoxic agents in-
creased fos RNA in exponentially growing CHO cells including
the monofunctional alkylating agents MMS and MNNG, cross-
linking agents DDP and HN2, H,0,, the DNA base-damaging
agents 4NQO and AAAF, UV and near-UV radiation, Adria-
mycin, and heat shock. No increases in myc, Ha-ras, or Ki-ras
were seen with any of these agents (data not shown). Fig. 1
shows the 2.2-kilobase fos transcript after treating exponentially
growing cells with the protein synthesis inhibitor cyclohexi-
mide, the DNA-damaging agent 4NQO, or HS. fos RNA was
not visualized in untreated (control) cells. A small increase in
Jos RNA was seen after cycloheximide treatment, a large in-
crease with 4NQO, and the maximal increase with HS. Fig. 24
shows the relative magnitude of fos induction (increase in fos
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Fig. 1. Northern blot analysis of fos RNA. Cells were treated as indicated;
RNA was isolated after 4 h and was size separated as described in “Materials and
Methods.” Lane 1, untreated control; Lane 2, cycloheximide, 2 ug/ml for 4 h;
Lane 3,4NQO, 1 ug/ml for 2 h; Lane 4, HS, 9 min at 45.5°C. The autoradiograph
was intentionally overexposed to show the small induction of c-fos by cyclohexi-
mide. All lanes are from the same Northern and same exposure.

RNA abundance) by these agents and other DNA damaging
agents with several autoradiograph exposures of the same
Northern blot. The control band was not visible even on very
long exposures. In Table 1, the relative abundance of fos RNA
in polyA-RNA after these treatments was compared with the
maximal abundance after HS. fos RNA abundance was not
normalized to the control sample because fos RNA abundance
in these untreated cells was too low to estimate accurately. For
comparison, the same polyA-RNA samples were hybridized to
B-actin and compared with the abundance of S-actin in un-
treated cells. The relative increases in fos RNA compared to
the HS-treated sample and g-actin RNA relative to the un-
treated sample were estimated by quantitative dot blot hybrid-
ization (see “Materials and Methods™). As seen in the second
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Fig. 2. Induction of the 2.2-kilobase fos
transcript as shown by Northern blot hybridi-
zation. Equal amounts of polyA-RNA were
size separated as described in “Materials and
Methods.” Cells were treated for 4 h, and RNA
was isolated 4 h after initiation of treatment
unless otherwise indicated. 4, fos RNA induc-
tion by DNA-damaging agents and HS. Doses
were: cycloheximide (CHX), 2 ug/ml; 4NQO,
1 ug/ml for 2 h; HS, 9 min at 45.5°C; H,0,,
400 um for 1 h; MMS, 200 ug/ml; DDP, 45
ug/ml; Adriamycin (4dria), 2 ug/ml; TPA, 20
ng/ml; near-UV, 300 J/m?/s; UV, 14 J/m?/s;
AAAF, 20 uM; HN2, 40 uM; and MNNG, 30
uM. Autoradiograph exposure times are 5 h
(a); 18 h (b); 162 h (c). B, dose response and
time course of fos RNA induction. For the
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to the last column of Table 1, S-actin RNA levels remained
relatively constant.

There were three general categories of fos-inducing agents.
Maximal induction, as shown previously in Fig. 1, was seen
following HS; intermediate increases in fos RNA, 2 to 11% of
HS, were induced by the DNA-damaging agents MMS, 4NQO,
DDP, H,0., and HN2; smaller increases in fos RNA, less than
1% of HS, were seen following near-UV or UV radiation,
MNNG, AAAF, or Adriamycin treatment. Control dot blot
autoradiograph signals were light, even with long exposures,
and probably included considerable background as judged from
Northern blot autoradiographs. Therefore, the relative fos RNA
abundance for the control is likely to be overestimated. All of
the DNA-damaging agents that were tested produced increases
in fos RNA. Since DNA-damaging agents and HS may perturb
cell cycle kinetics, the levels of fos RNA were tested in cells
arrested in G, phase by serum starvation (0.5% serum) or
medium depletion (2 days at confluence without refeeding). No
Jfos RNA was seen in G, cells by Northern blot hybridization,
even at long exposures (data not shown).

Jos RNA induction showed a dose response following treat-
ment with MMS or DDP (Fig. 2B; Table 1). fos induction was
also dependent on dose for MNNG and HN2. Higher doses of
these are shown in Fig. 24 (and Table 1). Lower doses of the
same, 10 uM for MNNG and 8 uM for HN2, did not produce a

15 45

detectable increase in fos RNA and are not shown. UV irradi-
ation produced a small increase in fos RNA which varied by
less than 50% between the 3 doses used (Fig. 2B; Table 1).

Increases in fos RNA following treatment with mitogens,
growth factors, or TPA are rapid and transient (e.g., Refs. 21-
23, 29, and 30). Time course experiments were done to deter-
mine the kinetics and duration of fos induction by MMS, UV
radiation, and TPA. As shown in Fig. 2B, the maximum in-
crease in fos RNA after MMS was seen at 4 h with persistence
of greater than 50% to at least 8 h after the start of treatment.
UV induction was maximal at 2 h, but fos RNA remained
elevated to nearly 50% of the 2-h maximum for at least 16 h
following irradiation. The protein kinase C inducer, TPA, in-
duced genes in human cells that were also DNA damage induc-
ible (31). In contrast to the DNA-damaging agents, MMS and
UV radiation, TPA produced maximal increases in fos RNA in
CHO cells at 30 and 60 min after addition. Even though the
TPA was still present, the level of fos RNA decreased rapidly
thereafter; from 1 to 2 h it decreased approximately 25-fold
and was undetectable by 4 h.

Cycloheximide has been shown to increase fos RNA and to
potentiate the induction of fos RNA by other agents (21, 32).
We wanted to determine if cycloheximide could also potentiate
Jfos RNA induction by a typical DNA-damaging agent, MMS.
In CHO cells, cycloheximide only caused a very small increase
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Table 1 fos mRNA abundance after different cell treatments
Cells were treated with the indicated agents as described in “Materials and
Methods,” and the relative abundance of fos RNA and S-actin RNA in polyA-
RNA of the different samples was measured by dot blot hybridization.

Post-  Relative
Time of treatment pS-actin  Relative
Agent Dose  treatment time®  RNA® fos RNA®
Heat shock 45.5°C 9 min 4h 0.7 100.0
MMS 100 ug/ml 4h 1.3 3.7
MMS 200 ug/ml 4h 1.1 11.0
4NQO 1 ug/ml 2h 2h 1.1 5.7
DDP 15 ug/ml 4h 1.1 0.68
DDP 45 ug/ml 4h 0.8 5.7
H;0, 0.4 mm 1h 3h 1.1 2.0
HN2 40 um 4h 1.0 2.0
Near-UV (320 nm) 300 J/m? 4h 1.2 0.68
MNNG 30 uM 4h 0.9 0.62
UV (254 nm) 7J/m? 4h 1.0 0.45
UV (254 nm) 14 J/m? 4h 1.1 045
UV (254 nm) 21J/m? 4h 0.9 0.62
AAAF 20 uM 4h 0.8 0.60
Adriamycin 2 ug/ml 4h 1.1 0.51
Control 1.0 0.04¢
UV (254 nm) 14 J/m? 2h 1.1 1.1
UV (254 nm) 14 J/m? 8h 1.2 0.51
UV (254 nm) 14 J/m? 16 h 1.1 0.51
MMS 100 pg/ml 2h 1.0 11
MMS 100 ug/ml 4h 0.9 1.7
MMS 100 pg/ml 4h 4h 08 1.1
CHX* 2 ug/ml 4h 0.9 0.28
MMS 100 ug/ml 4h 0.8 1.2
MMS + CHX 4 an 0.8 8.7
TPA 30 ng/ml 15 min 14 1.0
TPA 30 ng/ml 30 min 1.5 11.0
TPA 300 ng/ml 30 min 1.6 11.0
TPA 30 ng/ml 1h 1.5 10.0
TPA 30 ng/ml 2h 1.6 0.41
TPA 20ng/mF¥  4h 0.8 0.04¢

? Following treatment with heat shock, chemical agents, or radiation, cells
were incubated for the indicated time at 37°C prior to harvest.

® The relative abundance of f-actin RNA was determined by normalizing the
abundance to that of the control (untreated) sample.

¢ The relative abundance of fos RNA was determined by normalizing the
abundance to that of the heat shock-treated sample, and is expressed as percent-
age. The abundance was not normalized to control because control autoradiograph
dot blot signals were very light and probably contained considerable background
(see “Result™).

“ The abundance of fos RNA in the untreated control and 4-h TPA samples
probably was less than indicated (see Footnote c).

¢ CHX, cycloheximide.

7 Cells were pretreated for 12 min with 2 ug/ml of cycloheximide (CHX), and
then 100 xg/ml of MMS were added for an additional 4 h.

2 The same result was obtained when the concentration of TPA was varied
from 20 to 1600 ng/ml.

in fos RNA, while MMS caused a large increase (Fig. 24; Table
1). Pretreatment of CHO cells with cycloheximide resulted in
a greater increase (much more than additive) of fos RNA by
MMS when compared to that seen with either MMS or cyclo-
heximide alone (Table 1).

Increased RNA stability has been proposed as a mechanism
for increased fos abundance after treatment of human cells with
HS or cycloheximide (13, 21). To determine the stability of fos
RNA following HS in CHO cells, heat shock-treated cells were
incubated at 37°C for 4 h, and then actinomycin D was added
to a concentration which effectively blocks all RNA synthesis.
Cells were then incubated at 37°C for up to 1 additional hour,
with or without actinomycin D, to determine the relative per-
sistence of existing fos RNA. As seen in Fig. 3, the level of fos
RNA 5 h after HS was essentially the same with or without a
1-h treatment with actinomycin D. In contrast, the level of fos
RNA decreased 25-fold between 1 and 2 h after TPA addition
(even in the absence of actinomycin D).
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Fig. 3. fos RNA stability after heat shock. Cells were HS treated as described
in “Materials and Methods,” and actinomycin D was added to some after 4 h.
Relative fos abundance was determined by dot blot hybridization and was nor-
malized to the abundance in the heat shock-treated sample. The abundance was
not normalized to control because control autoradiograph dot blot signals were
very light and probably contained considerable background (see “Results”). @, no
actinomycin D addition; O, actinomycin D addition 4 h after HS. Points, mean;
bars, SE.

DISCUSSION

We have found that many different DNA-damaging agents
substantially increased fos RNA abundance in exponentially
growing CHO cells, although maximal levels occurred after HS
treatment. Rapid, within 2 to 4 h, and prolonged increases in
Jos RNA, up to 16 h following treatment, were produced by
these genotoxic agents. It was shown previously that HS in-
creased fos RNA levels in HeLa cells (13). The HS treatments
we used induced heat shock proteins similarly to the HS treat-
ment used for HeLa cells. However, we found a greater increase
in fos RNA in HS-treated CHO cells relative to untreated cells
(several thousand-fold) than the increase reported in HeLa cells
(15-fold). This may be partially due to the lower basal level of
fos RNA in our untreated CHO cells. Due to the lack of fos
RNA in untreated samples, we could not estimate precisely the
fold increase in fos RNA after treatment compared to untreated
samples.

The induction of fos RNA following treatment with growth
factors or TPA was found previously to be maximal within 1 h
and to decrease sharply thereafter (12, 21-23, 30). We have
found that, in CHO cells, induction by TPA is maximal from
30 to 60 min, greatly decreased by 2 h, and at pretreatment
levels by 4 h (Table 1). In contrast, HS and treatment with
DNA-damaging agents show increased fos RNA at 4 h. With
MMS treatment and UV radiation, increased fos RNA was
seen for up to 8 h and 16 h, respectively. Therefore, our results
suggest that induction by DNA-damaging agents or HS differs
from induction by TPA or growth factors.

The variable effects of the agents we used on cell proliferation,
DNA synthesis, and cell survival indicate that increased fos
RNA is not consistently correlated with any of these parame-
ters. Many studies have shown a strong correlation between
increased fos RNA and cell proliferation (7-9, 29, 30), but,
since many of our agents actually inhibit DNA synthesis, the
increased fos RNA that we observed was not associated with
stimulation of proliferation. Inhibition of DNA synthesis did
not always correlate with increased fos RNA following treat-
ment with genotoxic agents. For example, at lower doses of
DDP (3 ug/ml) and HN2 (8 um), where DNA synthesis is
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largely inhibited, no increased fos RNA was observed. Cell
lethality is also not correlated with increased fos RNA, because
our heat shock treatment produced essentially no lethality (24)
and cell survival after treatment with genotoxic agents varied
widely from 31% for Adriamycin to less than 0.001% for the
highest doses of MMS, HN2, and DDP (data not shown).

The damaging agents used produced different types and
frequencies of DNA lesions. In addition, many of the agents
also produced significant protein damage. This leads to the
question of whether DNA damage leads to increased fos RNA
or whether damage to other macromolecules such as proteins
is more important. The 3 general categories of fos RNA induc-
tion observed (see “Results”) suggest that protein damage may
be a better inducing signal than DNA damage. The greatest
induction of fos RNA was seen with HS whose major effect is
probably thermal denaturation of proteins (33). Intermediate
induction (2 to 11% of HS) was seen with agents, such as MMS,
which produce a substantial amount of protein alkylation as
well as alkylation of DNA. In CHO cells, the amount of DNA
alkylation produced by 110 ug/ml of MMS or 30 um MNNG
was similar while MMS produced 5- to 10-fold more protein
alkylation than MNNG (34). At similar doses MMS caused a
6-fold greater increase in fos RNA than MNNG did. For these
alkylating agents, the relative increase in fos RNA abundance
is correlated with the relative amount of protein damage. How-
ever, the average target size (1 per 10° daltons by 110 ug/ml of
MMS) (34) for alkylation by MMS at the doses we used is
larger than the average protein. Therefore, some large macro-
molecular complex may be the important target for increased
Jos RNA by alkylating agents. Low levels of induction (less
than 1% of HS) were seen with agents such as UV and near-
UV radiation, which damage predominantly DNA at the flu-
ences used. This suggests that DNA is also a target for induction
because, at the fluences used, damage to proteins is negligible.
The qualitative and quantitative differences in the macromole-
cules damaged by these agents indicate that, for some, such as
the alkylating agents or HS, proteins may be the more impor-
tant target for increasing fos RNA while DNA may be for
others, such as UV and near-UV radiation.

Numerous studies (14-16, 19-23) indicate that there are
multiple mechanisms, at both the transcriptional and posttran-
scriptional level, that lead to increased fos RNA. Due to the
variety of cellular effects that they have, HS and DNA-damag-
ing agents probably increased fos RNA by several different
mechanisms. The stability of fos RNA was clearly greater in
HS-treated cells (no decrease even after 1 h of actinomycin D)
than in TPA-treated cells where the RNA level decreased with
a ty, of <13 min after an initial increase. Since fos RNA could
not be detected in untreated cells, we could not determine its
tw. A labile protein factor that destabilizes fos RNA has been
proposed by others based on the increase in fos RNA stability
seen after treatment with protein synthesis inhibitors (13, 21).
We found that cycloheximide alone caused a small increase in
CHO cells, but potentiated the induction of fos RNA by MMS.
Since MMS damages proteins, it may directly inactivate this
destabilizing factor concurrent with inhibition of synthesis of
the factor by cycloheximide. Because HS induced at least a
several thousand-fold increase in fos RNA, it is likely that HS
also increased transcription, possibly only transiently; e.g., even
an increase in the half-life of the RNA from 9 min (which is
normal in human fibroblasts) (21) to more than 4 h would only
account for a small increase in fos RNA (less than 15-fold)
compared with untreated cells if transcription levels remained
constant.

Jos is an oncogene whose increased expression can cause
tumors in vivo and transformation of cells in vitro (1, 2). DNA-
damaging agents are also carcinogenic and transform cells.
Since we have found that DNA-damaging agents induce fos
RNA, it is tempting to speculate that the rapid induction of fos
RNA by DNA-damaging agents may play a role early in the
carcinogenic process. Transformation is associated with uncon-
trolled proliferation, and fos expression has been associated
with the stimulation of cell proliferation (7-9, 29, 30). We have
established, however, that induction of fos RNA by DNA-
damaging agents is not related to stimulation of proliferation,
but perhaps fos stimulates some sort of aberrant DNA synthesis;
gene amplifications, e.g., are often associated with malignant
cells. Another possibility is that fos expression provides some
sort of selective advantage to cells exposed to stress. GCN4, the
yeast equivalent of the AP-1 transcription factor that binds the
Jos protein, is involved in the response to at least one type of
stress, amino acid starvation (35). Repeated or chronic exposure
to DNA-damaging agents might result in progression of some
cells to constitutive expression of fos. This would allow poten-
tially carcinogenic mutations generated by DNA-damaging
agents to be propagated. Since the fos gene product is known
to activate transcription of other genes (5, 6), another possible
role in carcinogenesis is that fos activates genes whose products
are involved in the carcinogenic process.
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