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ABSTRACT

Previous work has shown that exposure of eel's to ionizing
radiations causes modulation of a variety of genes, including
those encoding c-fos, interleukin-1, tumor necrosis factor,
cytoskeletal elements, and many more.

The experiments reported

herein were.designed to examine the effects of either JANUS
neutron or y-ray exposure on expression of genes encoding
nucleus-associated proteins (H4-histone, c-jun, c-inyc, Rb, and
p53) . Cycling Syrian hamster embryo cells were irradiated with
varying doses and dose rates of either JANUS fission-spectrum
neutrons or y-rays; after incubation of the cell cultures for 1 h
following radiation exposure, mRNA was harvested and analyzed by
Northern blot.

Results revealed induction of transcripts for c-

jun, H4-histone, and (to a lesser extent) Rb following y-ray but
not following neutron exposure.

Interestingly, expression of

c-znyc was repressed following y-ray but not following neutron
exposure.

Radiations at different doses and dose rates were

compared for each of the genes studied.
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INTRODUCTION
Past work by our group (1-4) and others (5-9) has shown the
modulation of specific genes following exposure of cells to
ionizing radiation and other DNA-damaging agents.

Many classes

of genes have been found to be modulated in response to ionizing
radiation including those encoding cytoskeletal elements (2,3),
cell growth arresting proteins (5), cytokines (1,6), and cellular
oncogenes (7,8).

The functions of this specific modulation of

gene expression are currently being investigated by several
groups;

it has been suggested that gene modulation in response

to radiation plays a role in cellular repair of DNA damage, cell
survival, or cellular transformation (1-7).
Several groups have examined induction of nuclear protooncogenes following exposure to DNA-damaging agents.

Work by

Sherman et al. (1990) has recently identified c-jun as a protooncogene induced at early times following exposure of cells in
culture to ionizing radiations.

In addition, past work by

Hollander and Fornace (8), as well as from our own group (4), has
established that c-fos is induced following exposure to low
linear energy transfer (LET) radiations such as y-rays and Xrays.

In this report, we present results of experiments aimed at

examining modulation of expression of genes encoding c-jun and
other nuclear proteins (such as Rb, p53, H4-histone, and c-myc)
following exposure to either high-LET (JANUS fission-spectrum
neutrons) or low-LET (y-rays) radiations.

This work confirmed

induction of c-jun by low-LET (but not high-LET) radiation and
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established induction of genes encoding H4-histone and, to a
lesser extent, Rb protein by low- but not high-LET radiations.
Accumulation of p53 and c—myc transcripts was unaffected
following exposure to either high- or low-LET radiations.

In

addition, dose- and dose-rate-response effects were examined.

MATERIALS AND METHODS
Cells and Culture Conditions.
In all experiments, we examined modulation of gene
expression by ionizing radiations in Syrian hamster embryo (SHE)
fibroblasts, which are normal diploid cells that can be
neoplastically transformed by low doses of ionizing radiations
(10).

All cell cultures were established in Dulbecco's modified

Eagle's medium containing 20% fetal calf serum, 2 mM glutamine,
penicillin (100 units/ml), and streptomycin (100 units/ml).
Cells were grown to 75% confluence prior to irradiation to ensure
that cells were cycling at the time of irradiation.

Studies of

preirradiated SHE cells grown under this protocol show them to be
a mixed population of fibroblasts with more than 90% to 95% of
the cell cycling.

Cells were from passage 2 or 4.

Preliminary

studies showed no differences with regard to gene expression
responses between these passages.
Radiation Treatment and SNA Analysis.
Cells plated in 100-mm Petri plates containing 10 ml of
medium were irradiated with

60

Co y-rays or fission-spectrum

neutrons (0.85 MeV) from the JANUS reactor (11). All
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irradiations were performed at 37 °C on cycling cells;
comparisons of doses of neutrons versus y-rays were determined on
the basis of survival data (i.e., 21 cGy of neutrons and 90 cGy
of y-rays each cause 10% decreases in cell survival relative to
nonirradiated cells, as measured by cloning efficiencies, and a
significant frequency of morphological transformation, as
determined in a 10-day colony assay) (10) . At the time points
used in these experiments, few if any transformed cells should be
present in the cultures.
Our studies focused on establishing the presence of a
molecular transcriptional response to ionizing radiation evident
within the first hour after radiation exposure because it has
already been well established that changes in DNA synthetic
rates, cell volume, cell shape, and DNA repair capabilities all
occur within this early time after cells have been exposed to
radiation (12-14) . We wished to determine whether consistent
modulation of expression of specific genes occurred during this
same time interval in response to ionizing radiation.

Control

cells were taken to the radiation chamber but not exposed to
radiation.

Preliminary experiments looking at only single doses

(21 cGy neutrons, 96 cGy '{ rays) revealed no change in expression
of these transcripts 3 h following exposure.

For that reason and

because of past reports showing 1 h as peak induction for c-jun
and c-fos (4,7,8), all experiments reported here were done on
cells incubated at 37 °C for 1 h after completion of radiation
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exposure prior to harvest of the RNA.

Clearly, at different

dose-rates, exposure times vary.
Purification of RNA and Northern Blots.
The RNA was prepared by isolation in 6 M guanidine
isothiocyanate, extraction with phenol, and precipitation from 3
M NaOAc, pH 6.0 (15-17).

Poly (A) + RNA was isolated by

oligodeoxythymidylate-cellulose column chromatography until no
unbound material absorbing at 254 nm was detected.
stored as an ethanol precipitate at -20 °C.

The RNA was

Routinely, we found

that poly(A)+ RNA represented 5-10% of the total RNA fraction.
The RNA was separated by using formaldehyde-agarose gel
electrophoresis, as described previously (18). Samples of
poly(A)+ RNA (amounts in micrograms, as indicated in figure
legends) were denatured in 50% formamide, 1.9 M formaldehyde, 0.2
M 3-[W-morpholino]propanesulfonic acid, 50 mM NaOAc, and 1 mM
Na2EDTA» pH 7.5, for 15 min at 55 °C and then separated on 1.2%
agarose gels in 0.2 M 3-[W-morpholino]propanesulfonic acid, 50 mM
NaOAc, 1 mM Na2EDTA, and 2.2 M formaldehyde.

The rRNA

(Escherichia coli and mouse) and RNA ladder (BRL Laboratories,
Bethesda, Maryland) markers were stained with ethidium bromide
and photographed under UV light for use in sizing.
Northern transfers were performed as previously described
(18).

Blots were hybridized to

labeled cDNA probes.

32

P nick-translated or oligo-

Hybridization conditions were 50% deionized

formamide, 0.75 M NaCl, 75 mM sodium citrate, 25-50 mM sodium
phosphate (pH 6.5), 0.2% SDS, 0.2% bovine serum albumin, 0.2%
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ficoll, 0.2% polyvinylpyrrolidone, and sonicated denatured
herring sperm DNA (50 /ug/ml) at 43 °C.

Prior to hybridization,

all labeled probes were heat-denatured at 90 °C for 5 min.
After hybridization, nonspecific binding was reduced by washing
the hybridized blots three times for 1 h each at 43 °C in 45 mM
sodium citrate (pH 7.4), 0.45 M NaCl, 0.2% Ficoll, 0 2%
polyvinylpyrrolidone, 0.2% bovine serum albumin, herring sperm
DNA (50 fjg/ml sonicated and denatured), 0.1% SDS, and then three
times for 1 h each in 1.5 mM sodium citrate {pH 7.4), 15 mM NaCl,
herring sperm DNA (50 /ig/ml sonicated and denatured), and 0.1%
SDS.

Hybridization and wash conditions were optimized such that

approximately 85-90% sequence homology is required for detection.
The blots were then dried and exposed to X-ray film at -20 °C.
In some experiments the same blot was washed and hybridized
successively to several different probes.

Each probe was eluted

by washing for 24 h in distilled deionized water at 43 °C, and
blots were checked (for total removal of the labeled probes) by
24-h exposure to X-ray film.

Blots were washed three times in

hybridization buffer before rehybridization to a different probe.
All results reported here are representative of results from
three independent experiments.
Although equal amounts (based on weight) of RNA (10 ng]_ ,were
loaded into each well of a given gel, as determined by
spectrophotometry, we found sufficient variation from one
preparation to another to make poly(A)+ analysis essential.
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Systems for mRNA analysis measuring the molar concentration of
RNA with 3' poly(A) + tails (Molecular Genetics Resources, Tampa,
Florida) were used for all poly(A)+ RNA preparations, and only
RNA samples showing equimolar concentrations of poly(A)+ RNA were
loaded onto the same gel. Equal amounts of mRNA on the blot were
confirmed by hybridization to p53 or c-myc (see Tables 1 and 2 ) .
Quantitation of blots was carried out using a Hirschman
microdensitometer.

For preparations expressing several

transcripts,(such as H4-histone), the amounts for all transcripts
were added in each preparation (see Tables 1 and 2 ) .
cDNA clones. We obtained cDNA clones from the following
sources:

c-myc from Dr. A. Balmain (Beatson Institute, Glasgow),

H4-histone from Dr. G. Stein (Univ. Florida, Gainesville), Rb
gene from Dr. Dryja (Harvard Medical School, Boston, M A ) , c-jun
from Dr. W. W. Lamph (Salk Institute, LaJolla, CA), and p53 from
American Type Culture Collection (Bethesda, M D ) .

RESULTS
Experiments were performed to determine the effects of
radiation dose, dose rate, and quality on expression of genes
encoding nuclear proteins (c-jun, Rb, H4-histone, p53, and
c-myc).

Cycling SHE cells were exposed to varying doses (0 to

200 cGy) of y-rays administered at either high (14-cGy/min) or
low (1-cGy/min) dose rates. One hour after exposure, RNA was
harvested from the cells and analyzed by Northern blot
hybridization for expression of genes encoding nuclear proteins.
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Representative Northern blots are evident in Figure 1, and
microdensitometric analyses of a series of Northern blots are
A.

shown in Table 1.

From these results, it is apparent that

transcripts specific for c-jun and H4-histone are induced within
1 h following exposure of SHE cells to y—rays.

This induction is

clearly different for both c-jun and H4-histone when comparing
equal doses of y rays administered at either high- or low-dose
rates.

Rb mRNA is slightly induced following y-ray exposure,

while expression of p53 transcripts is unaffected,

c-iuyc mRNA is

depressed during the first h following y-ray exposure; the
absolute amount of repression could not be determined due to the
almost undetectable c-myc expression evident in SHE cells
following y-ray exposure.
Results from similar experiments examining the effects of
JANUS neutron exposure on expression of genes encoding nuclear
proteins are depicted in Figure 2, with microdensitometric
/\

analyses presented in Table 2.

These results revealed that

neutron exposure failed to induce genes shown in Table 1 to be
inducible with y-rays {c-jun, H4-histone, and Rb) . In fact, for
a few genes at specific doses, expression was actually found to
be repressed following neutron exposure.

Interestingly, while

c-myc expression was repressed following y-ray exposure, its
expression was unaffected by neutrons.

The only genes examined

in this study for which slight, induction following neutron
exposure (when administered at a high dose rate) was evident were
p53 and c-jun.
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DISCUSSION
The experiments reported herein were designed to examine the

effects of radiation exposure on expression of genes encoding
nvclear proteins in SHE cells.

Past work from our laboratory and

that of other groups had already shown induction of c-fos mRNA
(encoding a nuclear protein) following exposure to X-rays,
Y rays, and'other DNA damage-inducing agents (4,8).

Sherman

et al. have also recently shown the induction of c-jun mRNA
accumulation following exposure of cells to y-rays (7). The
experiments reported herein examined expression of c-jun, Rb,
p53, c-ntyc, and H4-histone following exposure of SHE cells either
to high-LET (JANUS neutrons) or to low-LET (y-rays) radiations.
Our results confirm the work of Sherman et al. (7), documenting
induction of c-jun following exposure to low-LET radiations, and
similarly demonstrate a failure of high-LET radiations (neutrons)
tc induce c-jun in SHE cells.

Similarly, past work from our

group has shown that c-fos and protein kinase C (PKC) (2,4,19)
are induced'following exposure to low-LET radiations (such as
x-rays and y-rays), but not following exposure to JANUS neutrons
(3,8).

Interestingly, many reports have linked c-fos and c-jun

induction with PKC activation.
We also examined induction of a number of other nucleusassociated genes, including the cancer suppressor oncogenes, p53
and Rb.

This work revealed a slight but reproducible induction

of Rb following exposure to y-rays, but not following neutron
exposure.

Conversely, p53 mRNA showed a trend toward induction
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following exposure to neutrons but not following y-rays.

While

providing support for the differential cellular response to highand low-LET radiations, these results do not provide a cl^ar
indication of possible function for the induction.

Both Rb and

p53 have been implicated as playing a key role in the progression
of cells in culture through the cell cycle (23,24).

These

experiments examined only effects on cycling cells (since
radiation damage is most effective on cycling cells).

We have

previously shown that at least some transcriptional responses can
be observed in cycling but not in growth-arrested (Go)
fibroblasta.(19) .

Past work by several groups has shown that

radiation exposure induces general transcriptional repression
(1,2,3,25) and inhibition of cell cycle progression (13,25,26).
• Regulation of JRjb and p53 gene products in response to ionizing
radiation may provide the cell with a mechanism whereby cell
cycle progression can be slowed.
Similarly, genes of the histone and c-myc families are also
known to be regulated throughout the cell cycle (27,28).
Modulation of H4-histone or c-myc (or both) in response to y-rays
may be a key feature in the cell's modulation of progression
through the cell cycle following a damage-induced response.
All of,the experiments presented herein provide further
support to the hypothesis that high- and low-LET radiations
induce different cellular responses to radiation-induced damage.
Genes induced by low-LET y-rays (such as c-jun, H4-histone, and,
to a lesser extent, Rb) were unaffected following neutron
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The gene, p53, which was modestly induced following

y-ray exposure, was unaffected by neutron exposure; and c-myc,
which was repressed following Y~r^y exposure, was unaffected
following neutron exposure.

Taken together with previous work

from our laboratory documenting similar differences in induction
of PKC, c-fos, a-interferon, and others (1-4), this work suggests
that the actual event (whether it be DMA damage, oxidative
damage, protein denaturation, or some other intracellular event)
which modulates che cellular response to ionizing radiations may
be different for high- and low-LET radiations.

In fact, a recent

report from Gottlieb and Karin1 has demonstrated that induction
of c-jun and c-fos following exposure to DNA-damaging agents can
be attributed to oxidative damage in the cell.

Failure of

neutrons to elicit this response would implicate some alternate
pathway for gene modulation following neutron exposure.

It is

clear, though, that the same genes (and, consequently, the same
genetic regulatory elements) are affected in different ways
following exposure of SHE cells to high-LET radiations relative
to low-LET radiations. The mechanism or mechanisms for this
remain unknown.

'Gottlieb, R., and Karin, M. AP-1 as a mediator of the
mammalian UV response (abstract) . Read before the AACR Conference,
Cellular Responses to Environmental DNA Damage, Banff, Alberta,
December 2, 1991.
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Table I.

Relative Expression of Transcripts Encoding Nuclear
Proteins Following y-Ray Exposure: Cycling Cells"
1

Dose of Dose
Rate
Y-Rays
(cQy) <[cQy/

Transcripts'"
ic-jun

Rb

H4Histone

p53

c-myc

1 .0 (.04)

1.0 1Ml)

1.0 (.03)

(.08)

1.1 (:.O9)

HND d

(.03)
(.08) c

1. 3 < .09)

HND

1.3 ( .06)
1.4 ( .02)

HND

inin)

0

0

6
25
50
75

1 .0
1 .0
1 .0
1 .0

25
50
75

14 .0
14 .0
14..0

200

1 .0 (.04)

1 .0 (.01)

1 .6 (.04)°

0 .9 (.08) 1 .4
2 .2 (.07)° 1 .3 (.03)
1 .4
1 .8 <(.12)° 1 .7 (.03)= 1..7
1 .7 IM 7 ) c 1 .3 I(.08) 2..0

(,07)

c

KND

1 .5 1[.1D«
0 .8 |!.21)
1 .1 (M2)

0 .9 11.09)
0 .7 |Ml)
1 .3 <1.06)

1,,4 (..02)
1. 6 (.,04) c
1.1 (..05)

1.1 ( .02)
1.3 {.07)
1.3 ( .02)

HND

14..0 • 4 .7 < • 03) c

1 .7 (M 9 ) c

1.4 (.05)

0.9 ( .11)

HND

HND
HND

"Cycling cells were irradiated with 60Co y-rays at the doses or
dose rates indicated 1 h prior to RNA harvest.
b

ENh levels were determined by Northern blot hybridization and
quantitated by microdensitometry. Amount of gene-specific mRNA
in untreated cells was set at 1.0. All other RNAs were
expressed relative to that. Standard deviations based on three
independent determinations are in parentheses.

"Significantly different from control at P <0.05.
d

KND, Hybridizations not detected.
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Table II. Relative Expression of Transcripts Encoding Nuclear
Proteins Following Neutron Exposure: Cycling Cells"
Transcripts'*
Dose
Ccse
of
Rate
Neutrons(cGy/
(eGy) min)

c-jun

Rb

H4-

P53

c-myc

Hist.c .ie

0

0

1..0 (.14)

1 .0 ( .05)

1 . 0 {MO)

1 .0 ( .03.)

1 .0

(..02)

6

0 .5

0 .5 ( .04) =

HNDd

0 .8 ( .04)

1 .1

( ..04)

12

0 .5

0 .7 ( .05)

0 .8 ( .09)

0 .7 ( .02)

1 .0

( ..02)

24

0 .5

0 .4 ( .11) =

1 .3 (.,01)

0 .5

0 .6 ( .05) =
1 .0 ( .10)

0 .6 ( .12)

36

0.,7 (.16)
0..9 (.18)
0. 9 (.13)
1. 1 (.30)

1 .2 ( .01)

1 .1 ( .07)

1 .0 (.,05)

( .06)

0 .4 ( .03)

0 .7 ( .03)

( .04)
( .03) =
( .08)

0 .6 ( .01)

0 .8 ( .01)

0 .5 ( .07)

0 .8 ( .12)

1 .3 ( .01)

1 .6 ( .01) =

1 .2
0 .9
0 .9
1 .3

1

12

12 .0

24

12 .0

48

12 .0

96

12 .0

0. 8
1.6
0.5
1.2

(.05)
(.14)=
(.06)=
(.10)

0 .8
0 .7
0 .4
1 .2

(. 05)
(. 05)
( . 03)
( . 03)

"Cycling cells were irradiated with JANUS neutrons at the doses
or dose rates indicated 1 h prior to RNA harvest
b

RNA levels were determined by Northern blot hybridization and
quantitated by microdensitomet ry. Amount of gene-specific mRNA
in untreated cells was set at 1.0. All other RNAs were
expressed relative to that. Standard deviations are in
parentheses.

"Significantly different from control at P <0.05.
d

HND, Hybridizations not detected.
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LEGENDS TO FIGURES
Figure 1. Northern blot examining expression of c-jun (A) and H4histone (B) in untreated cells (0) or 1 h following
exposure of SHE cells to varying dosas (6, 25, 50, 75,
or 200 cGy) of y-rays administered at high (14—cGy/min)
or low (1-cGy/min) dose rates.
Figure 2. Northern blot examining expression of Rb (A) and p53
(B) in untreated cells (0) or 1 h following exposure of
cells to varying doses, (6, 12, 24, 36, 48, or 96 cGy)
of JANUS

fission-spectrum neutrons administered at

either high (12-Gy/min) or low (0.5-cGy/min) dose
rates.

Arrows in Figure 2A mark two J?Jb transcripts.
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