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Abstract

We examined the effects of ionizing radiation on r-j<in expression in

human lymphohematopoietic precursors. Radiation exposure increased
the level of c-jun transcripts in a dose- and time-dependent manner,
providing direct evidence that ionizing radiation can activate c-jun pro
tooncogene in human lymphohematopoietic precursors. Notable y-rays
failed to induce c-jun expression in cells pretreated with herbimycin, and

the use of cycloheximide did not overcome the inhibitory effects of herbi
mycin. The lack of c-jun signal in herbimycin-treated cells was not due to

nonspecific damage to the distal protein kinase C signaling pathway. Thus,
protein tyrosine kinase activation precedes and perhaps mandates radia
tion-induced activation of c-jun protooncogene expression in human lym

phohematopoietic precursors.

Introduction

Many of the carcinogenic responses to nonspecific ionizing radia
tion may result from radiation-induced activation of biochemical sig

naling events and pathways. Conceivably, signals that trigger alter
ations in c-jun protooncogene expression could cause dysregulation of
cell proliferation. An amplified expression of the c-jun protooncogene

may lead to an overexpansion of certain immature phenotypes and
loss of some mature phenotypes among cells with assigned regulatory
functions. Recent reports by Weichselbaum and coworkers (1-3) el

egantly demonstrated that exposure of human myelomonocytic leu
kemia cells or epithelial cells to ionizing radiation stimulates the
transcription of the c-jun protooncogene by activation of a PKC-

dependent cytoplasmic signaling pathway. The work of the same
authors (1-3) implicates activation of PKC and subsequent induction
of c-jun as signaling events that initiate the pleiotropic responses of

mammalian cells to ionizing radiation. Our results presented here
indicate that radiation-induced c-jun expression may depend on the

activation of PTK.
Protein tyrosine kinases are key participants in the initiation of

signaling cascades that affect proliferation and survival of human
B-lymphocyte precursors (4-6). We have recently shown that ionizing
radiation stimulates a PTK pathway in human B-lymphocyte precur

sors, leading to enhanced tyrosine phosphorylation of multiple sub
strates (7). Since PTK play myriad roles in the regulation of cell
function and proliferation (8, 9), we needed to determine whether
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radiation-induced tyrosine phosphorylation contributes to activation
of the c-jun protooncogene in irradiated human B-lymphocyte pre

cursor cells.
Notably, the tyrosine kinase inhibitor herbimycin effectively inhib

ited radiation-induced activation of the c-jun protooncogene in human
B-lymphocyte precursor cells at concentrations that prevent radiation-

induced tyrosine phosphorylation but had no direct effects on the PKC
signaling pathway. Similar results were obtained with the myeloid
precursor cell lines KG-1 and HL60 as well as the erythroid precursor

cell line K562. While confirming and extending previous reports on
radiation-induced c-jun expression (1-3), our results uniquely indicate

that tyrosine phosphorylation precedes and perhaps mandates the ac
tivation of the c-jun protooncogene by ionizing radiation.

Materials and Methods

Cell Lines. In our studies, we used the pre-pre-B-cell line REH, pre-B-cell
line NALM-6, early B/Burkitt's lymphoma cell lines DAUDI and RAMOS,

myeloblastic cell line KG-1. promyelocytic cell line HL60, and the erythro-

leukemia cell line K562.
Irradiation of Cells. Cells (5 x 10' cells/ml in plastic tissue culture flasks)

were irradiated with 5 to 20 Gy at a dose rate of 1 Gy/min during a log phase
and under aerobic conditions using a "7Cs irradiator (J. L. Shephard and

Assoc., Glendale, CA; Model Mark I), as previously described (10). Prior to
irradiation, cells were incubated for l h at 37Â°Cwith (a) phosphate-buffered
saline or (b) for 12 or 24 h (as indicated in the text) at 37Â°C with the

benzoquinoid ansamycin antibiotic herbimycin A ( 1 ug/ml = 1.7 UMor 7 ug/ml
= 12 UM; Sigma, St. Louis, MO), a potent tyrosine kinase inhibitor using

previously described protocols (4, 5, 7, II). In some experiments, RAMOS
cells were irradiated in the presence and absence of cycloheximide (5 ug/ml =

4 ITIM;Calbiochem, San Diego, CA). Using the same treatment protocol,
cycloheximide inhibited total cellular protein synthesis, as measured by |'H]-

leucine incorporation assays, only by 57% at 24 h. The concentration of
cycloheximide was chosen based on previous observations of Sherman et al.
(2). A series of experiments were performed to examine the functional integrity
of PKC-linked distal signaling pathways leading to c-jun activation in the

presence and absence of herbimycin A. The purpose of these experiments was
to document that, in herbimycin-treated cells, the lack of the c-jun signal (i.e.,
radiation-induced c-jun activation) was not due to herbimycin A-induced non

specific damage to distal PKC signaling pathways rather than inhibition of
proximal PTK signaling pathways. In brief, cells in control samples were
incubated for 12 h at 37Â°Cin either the presence or absence of herbimycin A

(I ug/ml = 1.7 UM:Sigma. St. Louis, MO). Cells were then stimulated with
PMA (123 ng/ml = 200 nM; Sigma) with and without the calcium ionophore
ionomycin (75 ng/ml = 100 mi: Calbiochem. San Diego, CA) to activate PKC
and PKC-linked distal serine/threonine kinase pathways.

Analysis of Activation of PTK by Poly-Glu-Tyr PTK Assays and Im
mune-Complex Kinase Assays. We measured the total PTK activity in irra

diated cells using a synthetic random copolymer containing 4:1 glutamic
acid:tyrosine (poly-glu-tyr)4:, as a PTK substrate, as previously described
(12, 13). In brief, immediately after irradiation, cells ( lO'Vsample) were washed

once with lysis buffer (250 m.MNaCI:l HIMEDTA:1 HIMPMSF: 10 ug/ml of
aprotinin:25 mvi MES, pH 6.5) and lysed in 20 ul of the same buffer supple
mented with i% Triton X-100. Lysates were centrifuged 15 min at 13,000 x

g to remove insoluble material. The PTK activity of the lysate was measured
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in a kinase reaction using poly-glu-tyr as a substrate. Poly-glu-tyr was phos-
phorylated at 30Â°Cin a reaction mixture consisting of 10 HIMMnCl2, 10%

glycerol, 1% Triton X-100. 10 ITIMÃŸ-mercaploethanol, 10 UMNa,VO4, 1 mM
ATP (y-"P labeled, 10 uCi/sample), and 70 mw MES (pH 6.5) containing 6 ul

of cell lysate. Reactions were terminated after IO min by the addition of 2.5
volumes of electrophoresis sample buffer (9.4 M urea:0.0002% bromophenol
blue:3() mm ATP:62.5 min Tris-Cl. pH 6.5). Electrophoresis was carried out on

5% polyacrylamide gels lacking SDS and containing 9.4 Murea and 2% NP40;
gels were fixed, stained, and washed exhaustively to remove free ATP as
previously described (12. 13). Phosphorylation of poly-glu-tyr was visualized

by autoradiography of the dried gel and quantitated by liquid scintillation of
excised gel fragments. We also measured the enzymatic activity of tyrosine-

phosphorylated PTK using immune complex kinase assays. In brief, cells were
first irradiated, lysed immediately on ice with NP40 lysis buffer [50 mM Tris
(pH 7.5):150 mM NaCI:l min EDTA:1% NP40:1 imi sodium orthovanadate: 1
mM sodium molybdateilO ug/ml of aprotinin:10 ng/ml of leupeptin:500 UM
PMSF], and centrifuged 10 min at 13,000 X g to remove insoluble material.
Samples were immunoprecipitated using 5 ug/ml of affinity-purified APT

(kindly provided by Dr. Gary Schieven, Bristol Myers Squibb Research Insti
tute, Seattle, WA), as previously described (7). Immune complexes were col
lected by incubation with 15 ul of Protein A-Sepharose. After 4 washes with

NP40 lysis buffer, the Protein A-Sepharose beads were washed once in kinase
buffer (20 mM 3-[N-morpholino]propane sulfonic acid (pH 7):10 mM MgCl2)

and resuspended in the same buffer. Reactions were initiated by the addition of
3 fig of acid-denatured rabbit muscle enolase (Sigma), 25 uCi of [y-'-PJATP

(5000 Ci/mmol ), and unlabeled ATP to a final concentration of 5 UM.Reactions
were terminated by boiling for 4 min in SDS sample buffer. Samples were then
run on 9.5c/c SDS-polyacrylamide gels, and labeled proteins were detected by

autoradiography. Phosphorylation of enolase was quantitated by liquid scintil

lation of excised gel fragments.
RNA Isolation and Northern Blot Hybridization Analysis. After radia

tion exposure, cells were incubated at 37Â°Cfor 0, 1, 2, 4, or 6 h before

extracting the mRNA. To extract the mRNA, cells were lysed in SDS buffer
containing RNase/protein degrader (Fast Tract mRNA isolation kit: Invitrogen,
San Diego, CA) and incubated at 45Â°Cfor 30 min. The extracts were applied

directly to oligo(dT) cellulose for adsorption of polyadenylated RNA. One ug
of mRNA per lane was separated by electrophoresis in a 1% agarose containing
2.2 Mformaldehyde gel. transferred to a S&S Nytran membrane with 20X SSC
(3 M sodium chloride:0.3 M sodium citrate), and hybridized to the 12P-labeled

40-base single-stranded synthetic oligonucleotide probe pr-1 for human c-jun
(Oncogene Science. Inc., Manhasset, NY). The c-jun probe was labeled by a
5'-end labeling procedure, using [-y-'2P]ATP (40 uCi; >7000 Ci/mmol; ICN

Biomedicals), to yield a specific activity of 3 x 10" cpm/ug. The membrane

was prehybridized for l h in a mixture of 1.0 M NaCl:50 mM Tris-HCl (pH
7.5):IO% dextran sulfate:!* SDS:100 ug/ml of salmon sperm DNA at 65Â°C
and then hybridized at 65Â°Cfor 24 h following the addition of 2.5 x IO6 cpm
of 5'-end labeled probe to the above solution. Membranes were rinsed 4 times

with 2x SSC:O.I% SDS at room temperature, washed for 30 min with 2X
SSC:0.1% SDS at 65Â°C,washed again for 5 min with 2X SSC:0.1% SDS at

room temperature, and then rinsed briefly with 2x SSC at room temperature.
Membranes were then exposed to Kodak X-OMAT AR films at -70Â°C for 1 to

7 days. All blots were subsequently stripped by a 30-min wash in 50% for-

mamide:6X SSPE (1 x SSPE is 1500 mM NaCl:10 mM NaH,PO4:1.25 mM
EDTA) at 65Â°Cfollowed by rinsing in 2X SSPE. After stripping, blots were

hybridized with the 0.7-kilobase ÃŸÂ«mHI/Â£cÂ«RIÃŸ-actinprobe isolated from
pHF bA-3'UT/PUC 118 (kindly provided by Dr. Jeffrey P. Houchins, Univer

sity of Minnesota). The ÃŸ-actinprobe was radiolabeled by a random priming
method using [a-"P]ATP (50 uCi; 3000 Ci/mmol; ICN Biomedicals), which
yielded a specific activity of 1 x 10" cpm/ug. Prehybridization and hybrid

ization were done according to standard methods, as described above for the
c-jun probe.

Results and Discussion

Exposure of Human Lymphohematopoietic Precursor Cells to
Ionizing Radiation Activates the c-jun Protooncogene. We first
examined the effects of 2.5 to 20 Gy of ionizing radiation on c-jun
expression in REH pre-pre-B- and RAMOS-3 early B-cells by exam
ining the c-jun mRNA levels in irradiated cells at 4 h postradiation. As

shown in Fig. 1, radiation exposure increased the level of 2.7-kilobase
mature c-jun transcripts in REH cells and the level of 2.7-kilobase as
well as 3.2-kilobase c-jun transcripts in RAMOS-UM3 cells in a
dose-dependent manner. By comparison, no significant changes were
noted in ÃŸ-actintranscript levels. We next studied the kinetics of this

radiation response in four subclones of the RAMOS cell line. As
shown in Fig. 14, exposure of RAMOS-UM1 early B-cells to 20 Gy
of y-rays rapidly increased the level of c-jun transcripts. The response

was detectable as early as 30 min after radiation, and maximum
response was observed after 1 h. The increase of c-jun transcript levels
was transient and, at 4 or 6 h after radiation, the c-jun mRNA levels

were below the baseline. A similar, perhaps slightly delayed, time
course of c-jun induction was observed in RAMOS UM-2 cells (Fig.
2fl). By comparison, in RAMOS-UM3 cells, a detectable increase in
c-jun expression was observed at 1 h, reached a maximum at 2 h, and
c-jun levels were still markedly elevated at 6 h after radiation (Fig.
2C). Overall, the kinetics data of c-jun induction in the analyzed
B-lymphocyte precursor cell lines were very similar to the reported

kinetics data on human myeloid leukemia and epithelial tumor cell
lines (1-3). Sherman et al. (2) previously reported that cycloheximide
treatment potentiated the effects of ionizing radiation on c-jun mRNA

levels in myeloid leukemia cells. Similar results were reported by
Hallaban et al. ( l, 3) who analyzed the effects of ionizing radiation on
c-jun levels in human epithelial tumor cell lines. Therefore, we were
anxious to study the effects of cycloheximide on radiation-induced
c-jun expression in human B-lymphocyte precursors. As shown in Fig.
2D, cycloheximide treatment accelerated radiation-induced elevation
of c-jun mRNA levels in RAMOS-UM3 early B-cells. Whereas con

trol cells showed a delayed response to ionizing radiation with a
maximum response at 4 h, cycloheximide-treated cells showed a faster

response of greater magnitude with a maximum response at 2 h. By
comparison, ionizing radiation in the presence or absence of cyclo
heximide had no effects on ÃŸ-actinmRNA levels (Fig. 2). The effect
of cycloheximide on radiation-induced c-jun levels in human B-lym

phocyte precursors resembled the previously reported results from
human myeloid leukemia and epithelial tumor cell lines (1-3).

Ionizing Radiation Activates Protein Tyrosine Kinases. We used
the poly-glu-tyr assay to evaluate the effects of ionizing radiation on
the total PTK activity in RAMOS cells, as described in "Materials and
Methods." Phosphorylation of poly-glu-tyr was quantitated by liquid
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Fig. l. Northern blot analysis of the effects of ionizing radiation on c-jun mRNA levels

in human B-lymphocyte precursors. REH pre-pre-B cells (A) and RAMOS-UM3 early
B-cells (ÃŸ)were irradiated with 2.5 to 20 Gy of -y-rays, and mRNA was isolated after 4
h as described in "Materials and Methods." Northern blot hybridizations were performed
using <2P-labeled c-jun or ÃŸ-actincomplementary DNA probes.
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Fig. 2. Kinetics of radiation-induced c-jun activation in human B-lymphocyte precur
sors. RAMOS-UM1 (Ai. RAMOS-UM2 (ÃŸ).and RAMOS-UM3 (C and D) early B-cell
lines were irradiated with 20 Gy of -y-rays, and c-jun transcript levels were examined at

the indicated lime points after radiation by Northern blot hybridization analysis using a
'2P-labeled c-jun complementary DNA probe, ÃŸ-actinprobe was used to compare the
amount of RNA loaded on each lane. In D, the effects of 20 Gy of 7-rays on c-jun
expression in RAMOS-UM3 cells were examined in the presence or absence of 5 iÂ¡g/m\
of cycloheximide (CHX). as described in "Materials and Methods." kh, kilobase(s).

We next examined the role of tyrosine phosphorylation in radiation-
induced activation of c-jun expression. To this end, DAUDI and
RAMOS-UM3 early B-cells were first pretreated with the PTK in

hibitor herbimycin (7 ng/ml) for 24 h and then exposed to ionizing
radiation. Notably, 20 Gy of y-rays failed to induce c-jun expression
in DAUDI (Fig. 4A) or RAMOS-UM3 cells (Fig. 4ÃŸ)pretreated with
herbimycin. In RAMOS-UM3 cells, the use of cycloheximide did not
overcome the inhibitory effects of herbimycin (Fig. 4B). In herbimy-
cin-treated RAMOS-UM2 cells, ionizing radiation with 10 Gy to 20
Gy of -y-rays did not induce c-jun expression (Fig. 4C). Similarly, no
significant increase in c-jun levels was noted in herbimycin-treated
KG-1, HL60, or K562 cells after exposure to ionizing radiation (Fig.

4D). We next performed a series of experiments to formally confirm
that, in herbimycin-treated cells, the lack of c-jun signal was not due
to herbimycin A-induced nonspecific damage to the distal PKC sig
naling pathway. As shown in Fig. 5, herbimycin-treated RAMOS,
HL-60, or K-562 cells did not show a radiation-triggered c-jun re

sponse. However, PMA or PMA plus ionomycin that activates PKC
and PKC-linked serine:threonine kinase signaling pathways could
effectively activate c-jun expression in herbimycin-treated cells. Thus,
the ability of herbimycin to inhibit the radiation-induced c-jun signal

was not due to nonspecific cytotoxic effects of herbimycin or a toxic
inactivation of the PKC:c-jun signaling pathway. These results indi
cate that PTK activation is perhaps essential to radiation-induced c-jun

expression.
The protooncogene c-jun is the cellular counterpart of the \-jun

oncogene of avian sarcoma virus 17 (14-16). As an immediate early
response gene that is rapidly induced by mitogenic stimuli, c-jun

might be important for cell cycle progression and proliferation (17).
c-jun encodes the nuclear DNA-binding c-jun protein that contains a
leucine-zipper region involved in homo- and heterodimerization (16-
18). The protein dimerizes with c-fos protein and forms the AP-1

transcription factor, which binds to TGACTCA, a specific heptameric
consensus sequence found in several growth-regulatory genes (19).

scintillation of excised gel fragments. As shown in Fig. 3, exposure to
ionizing radiation enhanced the total PTK activity, as reflected by
increased 32P incorporation into poly-glu-tyr in the presence of lysates

from irradiated cells. Lysates from irradiated RAMOS clones showed
increased 32P incorporation as compared to control cell lysates from
the same clones (RAMOS clone 1: unirradiated control sample = 603
Â±27 cpm, 100-cGy sample = 1562 Â±172 cpm, 200-cGy sample =
1835 Â±82 cpm; RAMOS clone 2: unirradiated control sample = 689
Â±24 cpm, 100-cGy sample = 846 Â±28 cpm, 200-cGy sample =

2116 Â±98 cpm). The findings from these experiments provide direct
evidence that ionizing radiation activates PTK in RAMOS cells. The
PTK activation in irradiated RAMOS cells was also examined by APT
immune-complex kinase assays using enolase as a substrate. Phos

phorylation of enolase was quantitated by liquid scintillation of ex
cised gel fragments. APT-immunoprecipitated PTK from irradiated

RAMOS cells showed enhanced enzymatic activity, as evidenced by
augmented 32P incorporation into enolase in the presence of these

immunoprecipitates. Enolase phosphorylation in the presence of ly
sates from cells irradiated with 100 cGy delivered at 8 cGy/min or 100
cGy/min was greater than enolase phosphorylation in the presence of
lysates from unirradiated cells (RAMOS clone 1: unirradiated control
sample = 79 Â±8 cpm, lOO-cGy/8-cGy/min sample = 133 Â±4 cpm,
100-cGy/100-cGy/min sample = 234 Â±21 cpm; RAMOS clone 2:
unirradiated control sample = 162 Â±6 cpm, lOO-cGy/8-cGy/min
sample = 237 Â±18 cpm, 100-cGy/100-cGy/min sample = 296 Â±12

cpm). These results are in accordance with our previously reported
observation that ionizing radiation activates a PTK-linked biochemi
cal signaling pathway in human B-lymphocyte precursors (7).

Poly-GluTyr PTK Assay APT Immune-Complex Kinase Assay

B

Fig. 3. Ionizing radiation activates PTK. Two clones of RAMOS-UM2 cells were
irradiated, and whole cell lysates were prepared immediately after radiation. Lysates were
assayed for PTK activity using two methods. In the poly-glu-tyr total PTK assay, whole
cell lysates were incubated with a (poly-glu-tyrU i peptide substrate (M, 20,000 to 50,000)
in the presence of [â€¢y-^PlATP,then electrophoresed on urea: aery lam ide gels. Phosphor
ylation of poly-glu-tyr was visualized by autoradiography and quantitated by liquid
scintillation of excised gel fragments. In the APT immune-complex kinase assay, tyrosine-
phosphorylated PTK in the lysates were immunoprecipitated using an APT antibody, and
their enzymatic activity was measured in the presence of |7-*2P]ATP using enolase as a
substrate, as described in "Materials and Methods." Lanes labeled blank represent immu

noprecipitates lacking cell lysale; lanes labeled no antibody (Ab) represent immunopre
cipitates lacking APT. A, RAMOS UM-2 clone I; B, RAMOS UM-2 clone 2. Each assay
was done once on each clone.
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A DAUDI

20Gy y-rays hCHB->20Gy y-rays
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X-rays (Gy)

Fig. 4. Role of tyrosine phosphorylation in ra
diation-induced c-jun activation. In A and 0, cells
were irradiated with 20 Gy of y-rays in the pres
ence or absence of the tyrosine kinase inhibitor
herbimycin (HERB} (7 u- ml + cycloheximide
(CHX) in 0 only (5 ug/ml). mRNA was isolated at
I, 2, or 4 h after radiation exposure. In C and D,
cells were irradiated with 10Gy or 20 Gy of y-rays,
and mRNA was isolated at 2 h after radiation ex
posure. In A to D. Northern blot hybridization anal
yses were performed using either the pr-1 probe for
c-jun or the ÃŸ-aclinprobe, as described in "Mate
rials and Methods." kh. kilobase(s).
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AP-1 can therefore modulate the transcription of a variety of growth-

regulatory genes and affect cell proliferation and differentiation (I5,
17). Importantly, the transcription of c-jun is positively activated by its
own gene product, leading to a prolonged enhancement of AP-I levels

(15, 17).
Proliferating cells contain higher levels of c-jun mRNA (17). In a

recent study, Kovary and Bravo (20) observed inhibition of S-phase

entry and proliferation in Swiss 3T3 cells given microinjections of
specific jun member antibodies. Importantly, amplified expression of
c-jun in Friend murine erythroleukemia (F-MEL) cells was associated

with inhibition of differentiation (21). To further explore the relation
ship between c-jun expression and cell cycle events, Smith and
Prochownik (22) expressed dexamethasone-inducible c-y'n/i-specific

antisensc transcripts in F-MEL cells. Notably, selective antisense in
hibition of c-jun interrupted cell cycle progression and inhibited cell
growth, providing direct evidence that c-jun expression is mandatory
for continuous proliferation of F-MEL cells (22). Furthermore, anti-
sense inhibition of c-jun was associated with entry into the G(1phase

of the cell cycle (22). Taken together, these observations establish
c-jun as an important growth-regulatory gene that plays a pivotal role

in coordinated cell cycle progression and proliferation. Therefore,
signals leading to alterations in c-jun expression are likely to result in

dysregulation of cell proliferation.
In the present study, we investigated the effects of ionizing radiation

on c-jun expression in human B-lymphocyte precursors. Our results

provide direct unprecedented evidence that ionizing radiation can
activate c-jun protooncogene in human B-lymphocyte precursors. The
composite effect of altered c-jun expression will likely depend on

additional consequences of the altering signal, the phenotype of the
cell, and its cell cycle kinetic properties. In any event, an amplified
expression of c-jun in irradiated human lymphohematopoietic cells

could conceivably disorganize proliferation and differentiation, lead
ing to overexpansion of certain immature phenotypes and loss of some
mature phenotypes with assigned regulatory functions.

Importantly, activation of NFÂ«B(23) and amplified c-jun protoon

cogene expression (as observed in the present study) are triggered by
radiation-induced activation of a proximal protein tyrosine kinase

signaling pathway. Other signals linked to functional PTK pathways,

RAMOS Cells K562 Cells

-c-jun

-/8-actm

-c-jun

- ^-actin

HL60 Cells

HL60 Cells

- c-|un

- /9-actin

-c-jun

0-actin

Fig. 5. Role of tyrosine phosphorylation in radiation-induced c-jun activation. Cells
were irradiated with 20 Gy of y rays in the presence and absence of tyrosine kinase
inhibitor herbimycin A (1 ug/ml. 12-h incubation at 37Â°C).Controls included herbimycin
A-treated cells that were stimulated I h at 37Â°Cwith PMA (123 ng/ml = 200 nm; Sigma)
or PMA plus ionomycin (IONO) (75 ng/ml = 100 nM; Calbiochem, San Diego, CA) to
maximally activate the PKC signaling pathway, asdescribed in "Materials and Methods."
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such as ligation of receptors for platelet-derived growth factor, epi

dermal growth factor, nerve growth factor, and tumor necrosis factor,
have previously been shown to activate c-jun expression in stimulated

target cell populations (17, 24). Thus, a common signaling pathway
that is possibly activated in irradiated cells may play an important role
in "biochemical communication" between cytoplasm and nucleus. To

the extent that irradiation inappropriately stimulates this pathway,
many of the undesirable biological consequences of ioni/.ing radiation
(e.g., malignant transformation and leukemogenesis) may be at least
partially related to radiation-induced activation of PTK (7), NFÂ«B(23,
25), and as seen here and elsewhere, c-jun (1-3). The next critical step

is to examine the effects of ionizing radiation on biochemical com
munication between cytoplasm and the nucleus after stimulation with
physiological signals.
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