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ABSTRACT

Two differently timed extracellular and intracellular enzymatic and
mRNA peaks of tissue-type plasrninogen activator (t-PA) were induced
following ionizing radiation. The first peak appeared within 10 min
following \-irradiation but rapidly declined. The appearance of early t-
PA mRNA transcripts and enzymatic activity were not prevented by
actinomycin D treatment. In contrast, cycloheximide prevented the early,
minor enzymatic induction peak of t-PA. Stabilization of t-PA mRNA
transcripts appears to be an early initial response of human cells to
ionizing radiation, since the synthesis of new mRNA transcripts within
the first 30 min was not observed via nuclear run-on analyses.

Nearly 12 h following \-irradiation, a second major enzymatic peak
of t-PA was observed. Cycloheximide or actinomycin D treatments
blocked the later t-PA response. t-PA mRNA levels were induced > 100-
fold in 4 h by ionizing radiation as assayed via Northern or nuclear run-
on analyses. During the major induction period, t-PA mRNA transcripts
reached their maximum levels at 4-8 h, and intracellular enzyme levels
accumulated 6-8 h after X-irradiation. Unirradiated Ul-Mel cells dem
onstrated only low basal levels of t-PA mRNA and enzymatic activity.
Similar induction responses were found following UV-irradiation or 12-
O-tetradecanoyl-phorboI-13-acetate (I'M A) treatments.

Normal human fibroblast (i.e., GM 2936B, GM2907A, and IMR-90)
cells also demonstrated the induction of t-PA, although only one later
enzymatic peak was detected. The induction of t-PA mRNA levels and
intracellular and extracellular enzymatic activities for these cells were
50-fold lower than with Ul-Mel cells given equitoxic doses of X-rays.
Differential expression of t-PA in some tumor as compared to normal
tissues may be utilized in future chemotherapeutic regimens.

INTRODUCTION

Several laboratories have reported the induction of various
gene products in mammalian cells by a wide range of agents
that cause cytotoxic stress (see Refs. 1-3 for reviews). The
regulation of new gene transcripts and gene products following
various DNA insults now include: (a) DNA binding transcrip
tion factors, such as the UV-responsive element binding factors
and X-ray-induced protein 175 (XIP175 bp) (1, 4-6); (b) pro-
tooncogenes, such as c-fos (7), c-jun (8), and c-myc (9); (c)
several growth-related genes, such as PCNA (10), protein kinase
C (11), interleukin-1 (11), and p53 (12); and (d) a variety of
other genes, including proteases (13, 14), RNA polymerase-ÃŸ
(15), tumor necrosis factor (16), metallothioneins (17, 18), and
DT Diaphorase (19).' These gene products may influence later
events within damaged mammalian cells, including mutagene-
sis, carcinogenesis, metastasis, cell survival and repair, and cell
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death (i.e.. apoptosis) (1,3, 20-22).

Using differential hybridization, we have recently isolated 12
cDNA4 clones which were dramatically induced by ionizing

radiation; the results and specific details of the differential
hybridization screen will be described elsewhere.4 After the

clones were isolated, we partially sequenced the cDNA inserts,
and their identities (if known) were elucidated via GenBank
sequence analyses.1 One of the cDNA clones isolated contained

>95% DNA sequence homology to human tissue-type plasrnin

ogen activator.
t-PA is a secreted serine glycoprotease of approximately M,

70,000, which is produced by various different cell types and
tissues and by many human tumor cells in culture (23-26).
Both t-PA and its related serine protease, u-PA, participate in

the regulation of a multitude of cellular processes leading to
the formation of active plasmin, which then initiates a number
of cascade reactions. These proteases are therefore thought to
be important in circulatory fibrinolytic activity and may act in
concert to initiate prohormone processing, inflammation, re
production, and cell migration, including an involvement in
tumor cell formation and metastasis (see Ref. 23 for review), t-

PA has been localized to chromosome 8, and its cDNA and
complete genomic sequence have been reported (27-29).

Plasminogen activators are regulated at the enzymatic level
by various external stimuli. Increased levels of u-PA and/or t-
PA can be induced by hormones or hormone-like agents in
distinct tissue-specific manners (25, 30, 31). The induction of
t-PA has been associated with the intracellular induction of
protein kinase C (32). Increased secretion of u-PA enzymatic

activity has been reported with various mammalian cells in
response to exposure to a limited number of alkylating agents
(13, 14, 33). The induction of t-PA by ionizing radiation has

not been previously demonstrated, nor has the induction/sta
bilization of t-PA been investigated at the level of transcription
following any DNA-damaging agent.

The purpose of the present study was to further investigate
the induction of t-PA by ionizing radiation. The temporal
induction of enzymatic extra- and intra-cellular levels of t-PA

and the regulation of its mRNA were followed after exposure
of confluence-arrested Ul-Mel cells to various doses of ionizing
radiation and after exposure to other DNA-damaging agents.
We also compared the induction of t-PA in Ul-Mel cells to
that induced by density-arrested normal human fibroblasts (i.e.,
GM2936B, GM2907A, and IMR-90).

4 The abbreviations used are: cDNA, complementary DNA; Ul-Mel, radiore
sistant human malignant melanoma; t-PA, tissue-type plasminogen activator; u-
PA, urokinase-type plasminogen activator; PMA, 12-O-tetradecanoyl-phorbol-
13-acetate:f!-PKC, beta-protein kinase C; PLDR, potentially lethal DNA damage
repair.

5N. A. Fukunaga, R. A. Schea, H. L. Burrows, and D. A. Boothman. Enhanced
induction of tissue-type plasminogen activator in human cancer-prone as opposed
to normal cells, in preparation. 1992. Presented at the Miami Winter Symposium,
Miami, FL, Feb., 1991.
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INDUCTION OF t-PA BY IONIZING RADIATION

MATERIALS AND METHODS

cDNA Clones. Human t-PA cDNA was provided to us by Dr. Sandra
J. F. Degen (Department of Pediatrics, Children's Hospital Medical

Center, University of Cincinnati, Cincinnati, OH). A cDNA probe
corresponding to human fij-microglobulin was given to us by Dr. Arthur
B. Pardee (Division of Cell Growth and Regulation, Dana-Farber
Cancer Institute, Harvard Medical School, Boston, MA), c-fps/fes
protooncogene cDNA was obtained from the American Type Culture
Collection (Rockville, MD).

Cell Culture. Growth conditions and characteristics for radioresistant
human malignant melanoma (Ul-Mel) cells (34), and for normal hu
man diploid fibroblast (i.e., GM2936B, GM2907A and IMR-90) cells,
were previously described (21). All cell lines were routinely found to be
free of Mycoplasma contamination using Hoescht dye staining (21).
Plating efficiencies for confluence-arrested Ul-Mel cells were 85 Â±
12% (mean Â±SE) and 72 Â±6% for GM2936B cells. The percentage of
labeled nuclei (35) following a 2-h pulse of [3H]thymidine [35 Ci/mmol;
New England Nuclear (NEN), Boston, MA] was lowered from 30-50%
on day 2 of growth to <4.9 Â±0.3% at confluency for both Ul-Mel and
GM2936B cells. Cells at confluence arrest under the above conditions
demonstrated no measurable viability loss as compared to log-phase
cultures.

Chemicals, Cell Treatments, and Survival Measurements. Flasks con
taining confluence-arrested human cells were cooled to 4Â°Con ice for

l h to prevent repair and gene induction between the interval of
irradiation and cell treatments. Cells were irradiated as previously
described (20-22). In other experiments, Ul-Mel cells were exposed to
heat shock (44Â°Cfor 1.0 h), UV-irradiation at doses of 1-40 J/m2 using

a Stratagene UV cross-linker (Stratagene, La Jolla, CA), or PMA
(Sigma Chemical Co.) at doses ranging from 1-1500 HM. Colony-
forming abilities were determined as previously described (21). Cyclo-
heximide (Sigma), at a dose of 10 ng/m\ for 12 h, was chosen since it
caused relatively little lethality (<5 Â±0.3%) after 24 h and inhibited
protein synthesis >95% as measured by [35S]L-methionine (1000 Ci/

mmol; NEN) incorporation (21). Similarly, actinomycin D (at a dose
of 5 ixg/ml) caused very little lethality (<9 Â±0.1%) after 24 h and
inhibited RNA transcription >98 Â±4.6%, as measured by the incor
poration of [3H]uridine (35 Ci/mmol; NEN) into CsCl-purified RNA.

RNA Isolation, Northern Analyses, and Nuclear Run-on Assays. A
modification of the guanidinium isothiocyanate procedure (4, 36-39)
was used to extract total RNA from human cells. Total RNA was
isolated and purified from treated and control cells using CsCl cushions
as previously described (36-39).

For Northern blots, RNA samples were electrophoresed in denatur
ing 1.32% agarose gels containing 40 m\i 4-morpholinepropanesulfonic
acid and 2% formaldehyde and then transferred to nylon membranes
(i.e., Nytran membranes; Schleicher and Schuell, Keene, NH) by either
electroblotting or by capillary transfer (37, 38). RNA dot blot analyses
using a Bio-Dot microfiltration apparatus (Bio-Rad, Richmond, CA)
were performed from total RNA preparations as previously described
(15, 19, 38, 40). Various amounts of total RNA (0.2, 0.4, 1.0, and 2.0
Â»ig)were loaded in separate wells for each condition onto nylon mem
branes. RNA blots were then hybridized overnight at 37Â°Cto randomly
primed (Boehringer Mannheim, Indianapolis, IN), 32P-labeled human
t-PA cDNA, c-fps/fes, or /52-microglobulin probes (38). RNA Northern
blots and dot blots were then washed and exposed to Kodak X-Omat
AR film as described before (4, 15, 19, 38, 40). Total mRNA amounts
were quantitated using a densitometer and standardized with respect to
background. mRNA levels were normalized to variations in total RNA
loaded using /32-microglobuIin as a loading standard probe. t-PA mRNA
half-life determinations for the first 30 min with or without X-irradia-
tion were performed with [12P]uridine (3000 Ci/mmol; NEN) prelabeled
Ul-Mel cells, which were then X-irradiated or untreated and incubated
in unlabeled medium. At various times, RNA was extracted from cells
and hybridized to t-PA cDNA or an intron-1 probe as described below.
Half-lives were calculated from liquid scintillation counting of individ
ual hybridized dot blots after washing to remove nonspecific binding as
previously described (15, 38, 40).

For nuclear run-on assays, Ul-Mel cells were X-irradiated (600 cGy)

or untreated. Nuclei were isolated at various times (Fig. 21!) and
immediately incubated with [12P]UTP (3000 Ci/mmol; NEN) for 30
min at 37Â°Cas described before (40). Unlabeled t-PA cDNA or a t-PA

Â¡ntron-1 probe, which was obtained via polymerase chain reaction
amplification of genomic DNA sequence data (29), was used to specif
ically hybridize new transcripts (15, 40). Hybridizations and autoradi-
ography were performed as described above.

t-PA Enzymatic Assays. t-PA enzymatic measurements were per
formed using a spectrophotometric Chromozym t-PA enzymatic assay
(Boehringer Mannheim). Serum- and phenol red-free Dulbecco's mod
ified Eagle's media (DME) (1-2 ml) was added 1-2 h before the

assessment of t-PA enzymatic activity. Intracellular and extracellular t-
PA levels were assayed according to the conditions outlined in the
Chromozym t-PA kit (Boehringer Mannheim). Assays were performed
with or without plasmin for two-chain or one-chain oligopeptide meas
urements, respectively (41). Protein measurements were performed
according to a modified Bradford (42) method (Bio-Rad). Reactions
were performed in triplicate, and each experiment was repeated at least
twice. t-PA enzymatic activities were expressed as lU/mg protein
extract added.

RESULTS

Identification of t-PA as an X-Ray-induced Transcript. North
ern blot analyses using 32P-labeled probes from a previously
described authentic human t-PA cDNA isolate (27-29) con
firmed the induction of new t-PA mRNA transcripts (molecular
weight approximately 3.2-kilobases) following exposure of hu
man Ul-Mel cells to 100 cGy (Fig. 1). A similar mRNA species
(i.e., 3.2-kilobases) has been described in human melanoma
cells (26). t-PA mRNA levels were induced > 100-fold (via
densitometric analyses, Fig. 3) in 4 h above an extremely low
level of expression of t-PA from unirradiated cells. Differences
in mRNA expression were not due to variations in the amounts
of RNA loaded since similar signals of the low abundance c-
fps/fes protooncogene (data not shown) or the high abundance
human /32-microglobulin mRNAs (shown) were observed in
RNA from unirradiated as compared to X-irradiated Ul-Mel
cells (Fig. 1).

Temporal Induction of t-PA Enzymatic Activity and mRNA.
The induction of t-PA enzymatic levels over time following 600
cGy was then investigated (Fig. 2). Two peaks of secreted
enzymatic activity were observed. The initial peak had a maxi
mum inducible level (i.e., 28 Â±4.2 lU/mg) at 20 min postirra
diation. This peak was not blocked by treatment with actino-

U X
285

185

t-PA

ÃŸ-2-uglobulin

Fig. 1. Induction of t-PA mRNA by ionizing radiation. Total RNA (20 >ig)
from untreated (I/) and X-irradiated (A") Ul-Mel cells were fractionated on a

1.32% denaturing agarose gel and transferred onto a nylon-based filter (Nytran).
Samples were (hen hybridized with 5x10* cpm of a 1.6-kilobase pair Bgl\\
fragment of human t-PA cDNA and 5x10' cpm of a 0.6-kilobase pair EcoRl
fragment of di-microglobulin as a probe for loading variations. Hybridized blots
were then washed and prepared for auloradiography as described in "Materials
and Methods."
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INDUCTION OF t-PA BY IONIZING RADIATION

Fig. 2. Induction of t-PA enzymatic activ
ity by ionizing radiation. In .1, confluence-
arrested Ul-Mel cells were X-irradiated (600
cGy) and either treated or not treated with
cycloheximide (10/jg/ml) or actinomycin D (5
/ig/ml). At various limes after exposure to
ionizing radiation, media were aspirated, clar
ified by centrifugation at 14,000 x g, and as
sayed for t-PA enzyme activity as described in
"Materials and Methods." Enzyme activities

were expressed as lU/mg protein as described
elsewhere (41) and in "Materials and Meth
ods." Cell treatments were: â€¢¿�,600 cGy; 0,600

cGy + 5 *<g/ml actinomycin D; D, 600 cGy +
10 Mg/ml cycloheximide. Points, means; bars,
Â±SE.B, Northern analyses: Representative dot
blot analysis of the induction of t-PA mRNA
from the samples in I. Various amounts of
RNA (0.2-2.0 ng) from each sample were heat
denatured (70'C) for IS min, immobilized on
a nylon membrane filter via UV-irradiation,
and probed with the cDNA for t-PA (as in Fig.
1) as described in "Materials and methods."

The results of one dilution (i.e.. 2 ng total
RNA) are shown. Cumulative spectrophoto-
metric data (Â±SE)from all four dilutions of 4
separate experiments (each repeated in dupli
cate) are demonstrated in Fig. 3. Nuclear run-
on analysis: 32P-labeled RNA samples (1 x 10'

i pin) isolated from nuclei of unirradiated or
X-irradiated (600 cGy) U l -Mel cells at various
posttreatment times were hybridized to indi
vidual nylon membrane dots, which were IV-
cross-linked with unlabeled PCR-amplified. t-
PA intron-1 DNA ( 10 Mg)as described in "Ma
terials and Methods." Identical results were
obtained using unlabeled t-PA cDNA. Unir
radiated Ul-Mel cells synthesized only low
levels of new t-PA mRNA (not shown), similar
to that demonstrated at 0 h for X-irradiated
Ul-Mel cells below.

O)

M
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3

U

Actinomycin D (5.0 ..g ml)

V
Cyclohaximfde (10 , g ml)

POST-IRRADIATION TIME
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Northern Analyses

IO' 20' 30 l on

t-PA

n - 2-uglot>uHn 1

Nuclear Run-on

t-PA Intron I |
Probe

I2h

mycin D at a dose of 5.0 Mg/ml, indicating that the activity was
a result of posttranscriptional stabilization of t-PA mRNA. The
enzymatic level of t-PA appearing immediately after irradiation
was, however, prevented by prior treatment with 10 ng/ml
cycloheximide, consistent with the synthesis of new enzyme.

A second major induced peak of t-PA activity (i.e., 76 Â±5
lU/mg) was observed from 4-16 h postirradiation; maximum
activity was noted at 12 h. This peak was blocked by either
cycloheximide or actinomycin D, in contrast to the initial minor
t-PA peak induced in the first 30 min (Fig. 2A). Very little t-
PA activity in control samples was noted during this 24 h
period.

t-PA mRNA levels induced following ionizing irradiation

(Figs. IB and 3) coincided with the secreted t-PA enzymatic
levels presented in Fig. 2.1, as well as the intracellular levels
shown in Fig. 3. Ten min following ionizing radiation, t-PA
mRNA levels were observed and appeared to reach maximum
levels between 10 and 20 min (Fig. IB); some variability in the
early maximum peak was noted (probably due to the warming
period immediately after irradiation), but averaged levels from
4 separate experiments performed in duplicate have shown that
early t-PA mRNA levels peak at about 10 min (Fig. 3). t-PA
mRNA levels rapidly declined by 30 min. Extremely low levels
of new t-PA mRNA species were found in the first 30 min
following irradiation as measured using nuclear run-on tech
niques (Fig. IB). Estimated half-lives of t-PA mRNA species
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INDUCTION OF I-PA BY IONIZING RADIATION
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Fig. 3. l-PA mRNA levels and extracellular and intracellular enzymatic levels of t-PA activity following irradiation. Confluence-arrested Ul-Mel cells were X-
irradiated (600 cGy) and given various posttreatments as described in Fig. 2. Extracellular and intracellular t-PA enzyme activities were then assayed as described in
"Materials and Methods." Points, t-PA mRNA levels derived from cumulative spectrophotometric data (bars, Â±SE).quantitated from data partially demonstrated in
Fig. -H. Inset, t-PA enzymatic and mRNA levels during the first hour following ionizing radiation. Levels assayed were: â€¢¿�,intracellular- and â€¢¿�,extracellular-t-PA
enzymatic activities; O, t-PA mRNA levels.

during the first 30 min following irradiation of prelabeled Ul-
Mel cells were 1.2 Â±0.8 min for unirradiated Ul-Mel cells (due
to the very low levels of mRNA present this value was very
difficult to assess) and 17.2 Â±0.2 min for X-irradiated Ul-Mel
cells.

A second induction peak of t-PA mRNA then appeared by 1
h postirradiation, reached maximum levels at 12 h, and lasted
14 h (Northern analyses, Fig. 2B). New t-PA mRNA transcripts
were initially detected between 30 and 45 min (nuclear run-on
analyses. Fig. IB); since an additional 30-min incubation was
required for nuclear run-on analyses, new transcription was
initiated between 30 min and 1 h. By 24 h, the level of t-PA
mRNA declined, consistent with the rapid down-regulation of
t-PA enzymatic activity over time (Fig. 2). RNA dot blots were
then stripped and rehybridized using either human ft.-micro-
globulin or human actin (Fig. IB). Variations in total amount
of RNA loaded (ranging from 0.2-2.0 ÃŸgtotal RNA) were then
factored into the induction levels observed. Relative mRNA
abundance levels from 4 separate experiments performed in
duplicate (see one representative Northern analysis. Fig. IB)
were then calculated and graphed in Fig. 3 by standardizing for
background and loading variations (i.e., 02-microglobulin lev
els). Results shown in Fig. 3 have been confirmed in a separate
experiment (performed in triplicate) by individually counting
each dot blot spot via liquid scintillation counting.

Separate essentially nontoxic treatments with actinomycin D
(5 /ig/ml) or cycloheximide (10 ng/m\) did affect the capacity
of Ul-Mel cells to repair, as measured in terms of PLDR
survival recovery (21). Actinomycin D-treated cells recovered
from ionizing radiation treatment only 36 Â±0.5% as well as
control cells, whereas cycloheximide-treated cells recovered
45% Â±1.6% as well as control cells. These reductions in PLDR

due to cycloheximide or actinomycin D treatments are consist
ent with previous experiments (21).

Intracellular Induction of t-PA Enzymatic Activities. Levels of
intracellular t-PA enzyme activity were quantitated simultane
ously with extracellular secreted t-PA and t-PA mRNA levels
in Ul-Mel cells following 600 cGy (Figs. 2B and 3). As ex
pected, the levels of intracellular t-PA increased (maximum
activity of 40 Â±9.4 lU/mg was observed at 6-8 h) before the
extracellular levels and were consistent with the appearance of
t-PA mRNA (Figs. IB and 3). As with the levels of extracellular
t-PA, two peaks of intracellular t-PA were noted (Fig. 3).
Similarly, the appearance of the early peak of t-PA was not
inhibited by actinomycin D but was prevented by exposure to
cycloheximide. The later peak of intracellular t-PA was inhib
ited by both cycloheximide and actinomycin D (data not
shown).

Induction of t-PA Is Not Specific for Ionizing Radiation. The
induction of t-PA by ionizing radiation was then compared to
its induction by other stress-inducing agents, such as UV-
irradiation and the phorbol ester, PMA (13, 14, 33). All three
agents induced enzymatic levels of t-PA at very low doses; the
induction of t-PA occurred at doses which did not cause a
significant level of cytotoxicity when cells were given 12 h
posttreatment (Fig. 4). For example, t-PA was induced to 68,
88, and 38 lU/mg (after background subtraction) for 100 nM
PMA, 15 J/m2, and 450 cGy, respectively. Each of these agents
resulted in >70% survival of Ul-Mel cells after 12 h of post-
treatment recovery. For higher doses of ionizing radiation
(>850 cGy) the levels of t-PA decreased, probably due to the
irreversible loss of viability of irradiated Ul-Mel cells even after
allowing 12 h for cell recovery (Fig. 4A). Similarly, the enzy
matic levels of t-PA reached a peak at higher doses of UV-
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INDUCTION OF t-PA BY IONIZING RADIATION

O)

c

O 40

U1-Mel, 12 Hours Posttreatment 111-Mel, 12 Hours Posttreatment

200 400 600 800 1000 1200

IONIZING RADIATION DOSE
(cGy)

PMA CONCENTRATION (nM)

U1-Mel, 12 Hours Posttreatment

UV-IRRADIATION DOSE
(Joules M' )

Fig. 4. t-PA enzyme induction following various cytotoxic stresses. Confluence-arrested UI-Mel cells were exposed to ionizing radiation (A), PMA (A), and UV-
irradiation (C). Twelve h posttreatment, media were assayed for the levels of extracellular t-PA activity (i.e., IU/mg protein) according to the procedure described in
"Materials and Methods." Points, means: bars, Â±SE.

irradiation (30 J/m2) or PMA (i.e., 600 UM);still higher doses

of either agent resulted in a dramatic decrease in the level of t-

PA activity, as found with ionizing radiation (Fig. 4, B and C).
As with ionizing radiation, t-PA enzymatic activities induced

by either PMA or UV-irradiation were prevented by concomi

tant exposure to either cycloheximide or actinomycin D (Table
1). When each agent was compared at a dose and time which
resulted in maximum t-PA induction, UV-irradiation and PMA
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INDUCTION OF t-PA BY IONIZING RADIATION

exposures elicited the production of this enzyme 2- to 3-fold
greater than ionizing radiation (Table 1). Early peaks of t-PA
induction (with 10- to 20-min peak activity) following PMA or
UV-irradiation treatments were detectable at higher levels than
those observed for ionizing radiation and were not blocked by
actinomycin D cotreatment (data not shown); actinomycin D
did, however, prevent the later induction peak of t-PA (Table
1). Cycloheximide prevented both the early and late induction
peaks of t-PA activities following each of the cytotoxic stress
treatments (Table 1).

The temporal induction of t-PA enzymatic levels following
UV-irradiation were measured in order to compare its induction
with that following ionizing radiation (Figs. 2 and 5). Enzymatic
levels of t-PA induced by UV-irradiation were >2-fold higher
than those observed following ionizing radiation (Fig. 5, Table
1). Im raed lulur and extracellular inductions of t-PA activities
were observed with peaks of 6 and 12 h, respectively. Both of
these delayed, induced t-PA peaks were prevented by cyclohex-
imide or actinomycin D, in a fashion similar to that observed
following ionizing radiation (data not shown).

Induction of t-PA Enzymatic Activities in Human Fibroblast
Cells by Ionizing Radiation. The induction of t-PA from
GM2936B cells was >50-fold lower than in Ul-Mel cells fol
lowing an equitoxic dose (i.e., 400 cGy) of ionizing radiation
(Fig. 6). The intracellular and extracellular t-PA enzyme induc
tion peaks for GM2936B cells were 6 and 12 h, respectively,
and were identical in time with those detected with Ul-Mel
cells (Fig. 2A). The initial early induction peak observed with
Ul-Mel cells following PMA, ionizing radiation, and UV-
irradiation was not detected with GM2936B cells at either the
enzymatic or transcript level. Cotreatment with 5 ng/m\ acti
nomycin D (Fig. 6/4) or 10 ng/ml cycloheximide prevented both
intracellular and extracellular increases in t-PA activities fol
lowing ionizing radiation. IMR-90 and GM2907A cells dem
onstrated identical kinetics as found with GM2936B cells.
Extracellular enzymatic peaks of IMR-90 and GM2907A cells
were 1.4 Â±0.2 and 1.9 Â±0.1 lU/mg protein, respectively.

Maximum induction of intracellular levels (measured at 6 h)
and extracellular levels (measured at 12 h) of t-PA in GM2936B
cells occurred at approximately 400 cGy, in contrast to the
maximum level induced in Ul-Mel cells at 600 cGy (Fig. 4/1);
these doses of ionizing radiation are equitoxic for the respective
cells. The induction of t-PA from GM2936B cells quickly
decreased with increasing doses of ionizing radiation and very
little induction of t-PA was observed after a dose of 600 cGy
(Fig. 6Ã„).As with the temporal induction kinetics observed in
Fig. 6/Ã•,the levels of t-PA induced by normal human fibroblasts

Table 1 Effect of cycloheximide or actinomycin D upon inducible levels of t-PA
in confluence-arrested Ul-Mel cells following exposure to various cytotoxic

stresses

t-PA activity 12 h posttreatment
(IU/mg protein)

300

Condition"Untreated

Ionizing radiation (600 cGy)
UV radiation (30 J/m:)
PMA exposure (500 nivi)No

-t-Actinomycin D
inhibitor (5fig/ml)0.6

Â±0.4*

93 Â±4
327 Â±10
215Â± 50.5

Â±0.1
0.2 Â±0.1
1.1 Â±0.7
1.4 Â±0.2+Cycloheximide0.2

Â±0.8
0.4 + 0.1
0.7 Â±0.1
1.0Â±0.6

'Confluence-arrested Ul-Mel cells were untreated or treated with
either ionizing radiation, UV-irradiation, or PMA. Cells were then
immediately treated with cycloheximide or actinomycin D or were left
untreated. After 12 h, medium from each condition was assayed intriplicate for t-PA enzymatic activity as described in "Materials and
Methods."

' Mean Â±SE.

s
W

200

U

POST-IRRADIATION
(Hours)

TIME

Fig. 5. Temporal induction of intracellular and extracellular t-PA enzymatic
levels following UV-irradiation. Confluence-arrested Ul-Mel cells were exposed
to 20 J/m2 UV-irradiation. At various times following irradiation, both extracel
lular and intracellular t-PA enzymatic activities were assayed and calculated as
described in "Materials and Methods." Points, means; bars, Â±SE.

(i.e., GM2936B, IMR-90, and GM2907A) were >50-fold lower
than that observed with Ul-Mel cells (Fig. 2A). Transcript
levels of t-PA increased nearly 2-fold in the first 4 h after these
cells were treated with ionizing radiation. t-PA mRNA levels
in normal human fibroblast cells were, however, induced to a
lesser extent (>70-fold) than observed in Ul-Mel cells (original
data not shown).

DISCUSSION

We have found that t-PA is induced by ionizing radiation in
various human cells, including normal human fibroblasts (Fig.
6), Ul-Mel cells (Figs. 1-3), and a variety of cancer-prone
human fibroblasts.5 The data in this paper offer the first dem
onstration that ionizing radiation induces new t-PA transcripts
and enzymatic activities, although it was previously shown that
UV-irradiation and PMA exposures could induce the expres
sion of intracellular and extracellular levels of u-PA, a related
serine protease (13, 14). The induction of t-PA is mediated by
various cytotoxic stresses like u-PA (13, 14), but unlike the
previously described X-ray-specific inducible proteins (21). Pre

liminary data have demonstrated that heat shock is not an
inducer of t-PA in human cells.5 The above data, along with

those presented in this paper, indicate that general cellular
stress is not necessarily sufficient to elicit the production of

5592

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/20/5587/2445336/cr0510205587.pdf by guest on 19 M

ay 2023



INDUCTION OF t-PA BY IONIZING RADIATION

C

POSTTREATMENT TIME (Hours)

01

in

>

s

800

IONIZING RADIATION DOSE (cGy)

new mRNA transcripts or enzymatic levels of t-PA.
The data in this paper have demonstrated two levels of

control in the induction of t-PA following certain cellular
stresses. Stabilization of the mRNA encoding t-PA seems to be
a very early response to cellular stress caused by ionizing
radiation, PMA, or UV-irradiation exposures. The half-life of
t-PA mRNA species increased from 1.2 min in unirradiated
cells to 17.2 min in X-irradiated cells in the first 30 min. The
early induction peak of t-PA activity observed following ioniz
ing radiation (Fig. 2) was not prevented by actinomycin D, a
potent RNA transcription inhibitor (>90% inhibition in conflu
ence-arrested Ul-Mel cells). Only low basal levels of new t-PA
mRNA transcripts were apparent within the first 30 min fol
lowing X-irradiation, although t-PA mRNA levels and t-PA
enzyme activities were apparent within this period (Fig. 2).
Therefore, the almost immediate appearance of t-PA following
ionizing radiation, UV-irradiation, or PMA exposures does not
require the synthesis of new mRNA species encoding t-PA.
Since very little mRNA is present in unirradiated Ul-Mel cells,
the almost immediate appearance of t-PA mRNA and enzy
matic activity must be due to a stabilization of mRNA, which
is normally rapidly degraded. The early induction of t-PA does,
however, require the synthesis of new protein, since cyclohex-
imide (used at a dose which inhibited protein synthesis by
>95%) prevented t-PA expression. This rules out a "posttrans-
lational modification" mechanism for the expression of t-PA

enzymatic activity from human cells in response to ionizing
radiation.

The second level of control of t-PA expression following
ionizing radiation (or UV-irradiation or PMA exposure) occurs
at the level of RNA transcription. The major peak of induction
of t-PA by ionizing radiation requires the synthesis of new
mRNA species. Actinomycin D (a potent RNA transcription
inhibitor) completely abolished the expression of this enzyme
and the appearance of its mRNA. Since the human cells used
in these experiments were density arrested, pleiotropic second
ary inhibitory affects caused by actinomycin D (on processes
such as DNA synthesis via the intercalation of this drug) can
be ruled out. As with the early t-PA enzymatic peak, cyclohex-
imide treatment effectively prevented the later major induction
peak of t-PA. Additionally, new t-PA transcripts initially ap

peared between 30 min and l h and were not synthesized
significantly above control levels immediately after ionizing
radiation. These data demonstrate that t-PA production is
regulated at the level of transcription and that posttranslational
modification does not play any major role in the regulation of
t-PA induction following X-irradiation. It remains unclear as
to how the early and late induction peaks of t-PA are related
following ionizing radiation. Further investigations of the reg
ulation of expression of t-PA following ionizing radiation will
be required to elucidate the relationship between the early
message stabilization of t-PA and the later transcriptional in
duction peak of t-PA.

Fig. 6. Induction of intracellular and extracellular t-PA enzymatic activities
(IU/mg protein) in normal human fibroblasts after ionizing radiation exposure.
In A, normal diploid human fibroblast (GM2936B) cells were arrested at con-
fluency and treated with 400 cGy ionizing radiation, a dose giving an equivalent
surviving fraction as described for Ul-Mel cells in Fig. 2A. Cells were then
immediately treated with or without actinomycin D (5 jjg/ml). and both intracel
lular and extracellular t-PA enzymatic activities were assessed as described in
"Materials and Methods." In B, confluence-arrested GM2936B cells were treated

with various doses of ionizing radiation. At either 6 or 12 h, cells were extracted
for intracellular or extracellular t-PA enzyme activities, respectively, as described
in "Materials and Method." Points, means; bars, Â±SE.
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The agents which have been shown to elicit the induction of
t-PA (i.e., PMA, UV-irradiation, and ionizing radiation) indi
cate an induction pathway involving 0-PKC (13, 14, 43, 44). ÃŸ-
PKC has been shown to be induced following ionizing radiation
in some mammalian cells (43, 44). In addition, the elevation of
0-PKC has been shown to cause a dramatic increase in extra
cellular t-PA levels from human endothelial cells following
exposures to tumor-promoting phorbol esters (32). The induc
tion of t-PA by ionizing radiation may, therefore, be mediated
via a signal transduction pathway involving ÃŸ-PKC.In contrast,
preliminary data indicate that /3-PKC is not induced at the
mRNA level in Ul-Mel cells following ionizing radiation. The
expression of /3-PKC is constitutive at a very low level in these
cells, even before the induction of cellular stress. This may
indicate that t-PA induction is controlled at another level within
a 0-PKC-mediated pathway.

The induction of intracellular and extracellular t-PA enzy
matic activities may play a number of roles within human cells
after a cellular insult, including cell death, survival, carcinogen-
esis, and metastasis. The induction of intracellular t-PA may
activate, or be induced by, an enzyme involved in a ree A-like,
error-prone SOS response (45) of damaged mammalian cells.
This response may act in a similar fashion to SOS processes
occurring in bacteria (2). Such a mutagenic response may
explain the high rates of transformation observed in rodent
cells during early periods of repair following ionizing radiation
treatment (46).

Since t-PA mediates local production of plasmin, the increase
in this enzyme may affect tissue remodeling and metastatic
spread of human tumor cells, inflammation reactions, and the
malignant transformation of mammalian cells which commonly
occur following exposure to ionizing radiation. Protease inhib
itors are known to prevent both inflammation (47) and carci-

nogenesis (48). Thus, both inflammation and carcinogenesis
may be mediated, at least in part, by the intracellular and
extracellular production of t-PA from irradiated mammalian
cells. Additionally, tumor cell metastasis may be affected by the
release of t-PA and/or u-PA; these data have been reviewed
elsewhere (23). Normal cells, in contrast, appear to induce
much less t-PA, although many more tumor to normal cell
comparisons must be made before definitive conclusions can be
drawn.
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