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ABSTRACT

Organisms use different mechanisms to detect and
repair different types of DNA damage, and different
species vary in their sensitivity to DNA damaging agents.
The cellular slime mold Dictyostelium discoideum  has
long been recognized for its unusual resistance to UV
and ionizing radiation. We have recently cloned three
nucleotide excision repair (NER) genes from
Dictyostelium , the repB, D and E genes (the homologs
of the human xeroderma pigmentosum group B, D and
E genes, respectively). Each of these genes has a
unique pattern of expression during the multicellular
development of this organism. We have now examined
the response of these genes to DNA damage. The repB
and D DNA helicase genes are rapidly and transiently
induced in a dose dependent manner following
exposure to both UV-light and the widely used chemo-
therapeutic agent cisplatin. Interestingly, the repE
mRNA level is repressed by UV but not by cisplatin,
implying unique signal transduction pathways for
recognizing and repairing different types of damage.
Cells from all stages of growth and development
display the same pattern of NER gene expression
following exposure to UV-light. These results suggest
that the response to UV is independent of DNA
replication, and that all the factors necessary for rapid
transcription of these NER genes are either stable
throughout development, or are continuously
synthesized. It is significant that the up-regulation of
the repB and D genes in response to UV and chemical
damage has not been observed to occur in cells from
other species. We suggest that this rapid expression of
NER genes is at least in part responsible for the
unusual resistance of Dictyostelium  to DNA damage.

INTRODUCTION

All organisms are continuously exposed to a variety of DNA
damaging agents such as UV-light, ionizing radiation and
chemicals. A variety of damage repair mechanisms have evolved

to correct each of the specific types of lesions (1–3). The
mechanisms used appear to be at least partially organism and/or
cell-type specific. A major question is how cells recognize the
specific type of DNA damage and mount the correct response.

One mechanism of DNA repair, which repairs mainly damage
caused by external assaults such as UV-irradiation or chemicals,
is nucleotide excision repair (NER) (4–6). Defects in the
individual components of this multistep pathway result in
impaired DNA repair and increased sensitivity to UV. In humans,
defects in NER result in a disease known as xeroderma
pigmentosum (XP), an autosomal recessive inherited disorder
that is characterized by increased UV-sensitivity in exposed areas
of the skin and eyes, and an increased incidence of skin cancer.
There are eight XP complementation groups (XPA–XPG and
XPV), and the corresponding genes for most of these groups have
been cloned (7–10).

The DNA helicases encoded by the XPB and XPD genes have
dual function in transcription as well as in repair. Thus the XPB
and XPD are part of a six polypeptide core complex that can be
part of the transcription initiation factor, the holo-TFIIH, which
functions in transcription, or part of the repairosome, which
functions in NER, including transcription coupled repair (TCR)
(11–14). This structural relationship between these processes
may account for the wide pleotropy observed in many XP
patients, and may explain why individuals homozygous for
mutations in some NER components often exhibit an array of
neurological and developmental abnormalities associated with
two other human disorders, Cockayne syndrome (CS) and
Trichothiodystrophy (TTD) (8,15).

The cellular slime mold Dictyostelium discoideum, which has
been widely used in studies of cell and developmental biology
(16,17), is unusually resistant to DNA damage (18,19). We have
recently identified and characterized the Dictyostelium repB, D
and E genes, homologs of the human XPB, XPD and UV-DDB/
XPE genes, respectively. The mRNAs of the Dictyostelium repD
and E genes rapidly accumulate following the shift from mitotic
growth to multicellular development (20,21). This pattern of rep
gene expression may result from an increased need for transcription
coupled repair due to the rapid burst of gene transcription at the
onset of development (22–24). Irrespective of the mechanism,
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there is a close coupling of rep gene expression with the transition
from DNA replication and cell division to development.

We now show that Dictyostelium cells at all stages of growth
or development can be further induced to express rep genes in
response to either UV-light or the widely used chemotherapeutic
agent cisplatin. This rapid induction of NER genes may be at least
partially responsible for the unusual resistance of the cells to
DNA damaging agents. The patterns of development, UV and
cisplatin induced gene expression are each unique, suggesting
different mechanisms of induction.

MATERIALS AND METHODS

Strains and conditions of growth and development

Strain Ax4 was grown axenically in rich HL5 medium (25), or
defined minimal FM medium (26). The cell density was never
allowed to go beyond 2–3�106 cells/ml, and new cultures were
started monthly from stored spores. To initiate development, cells
were washed twice by centrifugation in LPS [40 mM Na/KPO4
pH 6.4, 20 mM KCl, 2.5 mM MgCl2

.6H2O, 0.5 mg/ml
streptomycin sulfate (27)], resuspended in the same buffer and
either shaken in LPS at 2�106 or deposited on 40 mm black
paper filter discs (Thomas Scientific, Swedesboro, NJ), supported
by LPS saturated paper pads, at 7.5�107 cells/filter (27,28). The
radiation sensitive strains HPS64, HPS512 and HPS517 were a
gift from Reg Deering, Penn State University (29). The rasG
mutant was a gift from Gerry Weeks, University of British
Columbia (30,31).

UV-light treatment

Parallel cultures of 10 ml of cells at 2�106 cells/ml were placed
in sterile 9 cm diameter Pyrex Petri dishes (0.157 cm fluid depth)
which were set on a shaking platform at 180 r.p.m. The cells were
irradiated with 254 nm UV-light (germicidal lamp ITT G15T8)
and were allowed to recover in the same medium. The incident
fluence was measured by using a Black Ray meter (UVP, San
Gabriel, CA). Fluence was adjusted for the path length, as well as
for the absorbance of the cells and the different media by
measuring the transmission of the different cultures and applying
the correction factors for shaking cultures described by Morowitz
(18,32). Correction values are given in the respective figure
legends. At indicated intervals after the UV-irradiation, a culture
was removed and an aliquot was serially diluted in SS buffer
(0.6 g NaCl, 0.75 g KCl, 0.4 g CaCl2–2H2O/l) and clonally plated
onto SM plates (27) with a lawn of Klebsiella aerogenes to
determine viability. Surviving colonies were counted starting 3–4
days after plating. The remaining cells from each time point were
collected by centrifugation, washed once in 1 ml H2O and stored as
frozen pellets at –80�C, to be used for RNA preparations.

Cisplatin treatment

Cisplatin [cis-diamminedichloroplatinum (II); Sigma, St Louis,
MO] was dissolved in Pt buffer [3 mM NaCl, 1 mM Na2HPO4,
pH 7.4 (33)] to a concentration of 3.3 mM. The stock solution was
diluted into 10 ml of cells growing in HL5 medium to a final
concentration of 330 µM. Samples were removed at indicated
time points, and were analyzed for viability and for mRNA levels.

RNA isolation and northern analysis

Total RNA was isolated from the frozen UV-irradiated or
cisplatin treated cell pellets, using the TRI reagent (Molecular
Research Center, Cincinnati, OH) following the manufacturer’s
instructions. Ten µg of total RNA were run on 1% agarose
formaldehyde gels and blotted to nitrocellulose. The DNA probes
for the detection of the repB, D, E and discoidin I mRNAs
(20,21,34) were prepared by a two-step method that allows for
the sensitive detection of very low abundance mRNAs on blots
(35). Hybridization results were quantified by the use of a Fuji
PhosphoImager, and were expressed as fold over time zero (21).

RESULTS

Response of DNA repair genes following UV-irradiation of
growing and developing wild-type cells

To determine the appropriate range of UV-irradiation for
subsequent experiments, we measured the killing of wild-type
Dictyostelium cells by UV-light in different media and stages of
growth or development (data not shown). Cells growing in
defined FM medium required an incident fluence of ∼300 J/m2 to
reduce viability to 50%. This is the result of the UV-absorbance
of this medium. In contrast, UV could not kill cells grown in HL5
medium even at 100-fold greater dose, presumably because of the
extremely high level of polynucleotides in this rich medium. Cells
harvested from either FM or HL5 medium and then suspended in
LPS buffer required considerably lower UV-exposure to achieve
the same level of killing. We have measured the absorbance of the
media and of cells in the different media and have corrected the
fluences accordingly (see legends to Figs 1–4). It is evident from
these analyses that the high incident UV-dose required to achieve
the same level of killing in FM simply reflects the absorbance of
UV by the medium, rather than a unique cellular resistance to UV
in this medium. Cells developing on filters at three different
stages of development (1, 3 and 10 h) are slightly less susceptible
to UV than cells suspended in buffer, especially at 10 h of
development when the cells have aggregated and are surrounded
by a slime sheath. The UV-sensitivities that we observed were in
good agreement with previous reports (reviewed in 18), and are
characteristic of systems which are inactivated by single-hit
kinetics, but show extensive repair at low UV-doses (36). Based
on these initial determinations, we chose a range of UV-doses,
giving a range of cell survival, with which to examine the
response of the rep genes in each of the different conditions.

Figure 1 depicts the expression pattern of the repB, D and E
genes in cells which were UV-irradiated and allowed to recover
while growing in defined FM medium, and shows a dose
dependent induction of the repB and D mRNAs (Fig. 1A and B).
The response is quite rapid and transient. At the lowest level of
irradiation (>95% survival), the mRNA level of these genes was
increased by 20 min following irradiation, accumulated until 60 min
and dropped to nearly basal level by 120 min. At increasing doses
of UV the peak of induction was higher, and was achieved later.
In contrast, the data in Figure 1C show that there is a rapid
degradation of the repE mRNA following UV-irradiation. This
response is also transient and the repE mRNA level returns to
basal level at 120 min post irradiation. The discoidin I gene was
used as a control, since its level was not expected to be influenced
by UV-treatment and this is confirmed in Figure 1D. Further
examination of the levels of additional developmentally regulated
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Figure 1. The response of the rep genes following UV-irradiation of growing
wild-type cells. Parallel dishes of Ax4 cells growing in FM medium at a density
of 2�106 cells/ml were irradiated at the indicated doses (and corresponding
levels of survival). Cells were allowed to recover for 0, 20, 40, 60 and 120 min
before harvesting. The UV-light induced mRNA levels were depicted as fold
over the level of the non-UV-irradiated cells at 0 min recovery. (A) repB;
(B) repD; (C) repE; (D) discoidin I. The hybridized bands are shown below the
graphs. Incident UV-dose (J/m2), time after UV-irradiation (min) and the
percent survival at each UV-dose are shown at the bottom. The absorbance of
the cells in FM medium at 254 nm, corrected for the path length of 0.157 cm,
yielded a transmission value of 9.6% and a correction factor of 39% (32). Thus
incident doses of 96, 240 and 336 J/m2 correspond to actual doses of 38, 94 and
130 J/m2 respectively.

mRNAs including cAR1 (cAMP receptor), PDE (cAMP
phosphodiesterase) and csA (contact site A) showed no effect of
the UV-irradiation (data not shown).

We then examined the pattern of rep gene induction when cells
grown in HL5 were washed free of medium, resuspended,
irradiated and allowed to recover in non-nutrient LPS buffer. The
removal of nutrients stops DNA synthesis and cell division and
initiates development. Figure 2 shows that the response of all four
genes to UV-irradiation of the cells in LPS was virtually identical
to that of cells which were growing and irradiated in FM medium
(Fig. 1). The same pattern of UV-induction was also observed
with cells which were grown in defined FM medium prior to
UV-treatment in LPS (data not shown).

The results shown above revealed a dramatic change in rep
gene expression in response to UV, in both mitotically growing
cells and in cells which have just entered the developmental
program after the removal of nutrients. To extend these studies to
later times of development we irradiated cells that were
developing on filter discs (Fig. 3). Once again, the repB and D
genes showed a similar response to UV-irradiation at all three of

Figure 2. The response of the rep genes following UV-irradiation of wild-type
cells at the onset of development. Ax4 cells grown to 2 � 106 cells/ml in HL5
medium were harvested, washed and resuspended in LPS buffer to the same
density. The cells were then irradiated at the indicated doses (and corresponding
levels of survival), and allowed to recover for indicated times. The UV-light
induced mRNA levels were depicted as fold over the level of the
non-UV-irradiated cells at 0 min recovery. (A) repB; (B) repD; (C) repE;
(D) discoidin I. The hybridized bands are shown below the graphs. Incident
UV-dose (J/m2), time after UV-irradiation (min) and the percent survival at each
UV-dose are shown at the bottom. The correction factors for cells that were
irradiated in LPS (75.2% transmission) was 88% (see legend to Fig. 1). Thus
incident doses of 24, 48 and 72 J/m2 correspond to actual doses of 21, 42 and
63 J/m2 respectively.

the developmental time points examined (1, 3 and 10 h), although
the induction becomes less robust later in development. The
decrease in repE mRNA level is not as pronounced, probably
reflecting the fact that repE gene expression is normally elevated
between 1 and 4 h of development (21). The increase in discoidin
I mRNA level during the 2 h recovery following irradiation of
cells at 3 h of development is the normal developmentally
regulated increase in expression of this gene, and is not related to
UV-treatment (34). It is important to re-emphasize that the cells
are not dividing during development.

Examination of UV-sensitive mutants

The results presented above suggested that the resistance of
Dictyostelium to UV-irradiation may be at least partially due to
the rapid modulation of components of the NER pathway. A
variety of Dictyostelium mutants with increased sensitivity to
DNA damage from irradiation have been isolated and mapped to
eight complementation groups (19,29). Therefore, we wished to
test whether the increased UV-sensitivity of some of these mutant
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Figure 3. UV-irradiation induced expression of rep genes in wild-type cells during development. Ax4 cells were grown in HL5 medium, washed in LPS buffer and
plated on filters for development. The cells were then irradiated on the filters at the indicated doses (and corresponding levels of survival), and allowed to recover for
indicated times. The UV-light induced mRNA levels were depicted as fold over the level of the non-UV-irradiated cells at 0 min recovery. (A) repB; (B) repD; (C) repE;
(D) discoidin I. 1, 3 and 10 h refer to the developmental time point at which the cells were irradiated. Incident UV-dose (J/m2), time after UV-irradiation (min) and
the percent survival at each UV-dose are shown at the bottom.

Figure 4. rep gene expression in UV-sensitive and rasG mutants. All strains
were grown in HL5 medium to 2–3 � 106 cells/ml, harvested, washed and
resuspended in LPS buffer to the same density. The individual cultures were
UV-irradiated at the indicated doses (and corresponding level of survival) and
harvested at 40 min post-irradiation. The UV-light induced mRNA levels were
depicted as fold over the level of the non-UV-irradiated cells at 0 min recovery.
(A) repB; (B) repD; (C) repE; (D) discoidin I. Incident UV-dose (J/m2) and the
percent survival at each UV-dose are shown at the bottom. The correction factor
was the same as in Figure 2 (88%).

strains was due to the inability to induce the rep genes. We have
tested three of these strains, HPS64 (radC44, linkage group III),
HPS512 (uncharacterized complementation group, linkage group

I) and HPS517 (radB617, linkage group III). At an incident
fluence of 60 J/m2, HPS64, HPS512 and HPS517 were 4-, 6- and
120-fold more sensitive to UV than the wild-type cells (data not
shown). These values agree with those published earlier (29). The
results in Figure 4 show that each of these three mutants shows
a pattern of rep gene expression following UV-treatment which
is virtually identical to that seen in wild-type cells.

Examination of a rasG mutant

There are reports that the response to UV-irradiation may be
transduced through a ras mediated pathway (37–39). We
examined the effect of UV-irradiation on a Dictyostelium rasG
gene disruption mutant. rasG gene is expressed both in growth
and development in Dictyostelium (31,40). The rasG mutant
showed a sensitivity to UV that was identical to the wild type, and
a normal pattern of expression of the rep and discoidin I genes
following UV-irradiation were observed (Fig. 4). It is important
to note that there are several closely related ras genes in
Dictyostelium cells, and that they may compensate for each other.
This can be analyzed further as additional ras mutants become
available.

Cisplatin induces rep gene expression

Having demonstrated that UV-irradiation dramatically influences
the pattern of rep gene expression, we were interested in
determining whether other DNA damaging agents had a similar
effect on the expression of these genes. We chose to examine
cisplatin because it is a widely used agent in cancer chemotherapy,
because some tumor cells become resistant to the drug and
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Figure 5. The response of the rep genes in cells treated with cisplatin. (A) The
survival of wild-type Ax4 cells following treatment with 330 µM cisplatin.
(B) The levels of rep gene expression at the corresponding time points
following addition of cisplatin to the culture. The cisplatin induced mRNA
levels were depicted as fold over the level of mRNA from untreated cells.
(a) repB; (b) repD; (c) repE; (d) discoidin I.

because UV-DDB/XPE has been reported to be involved in this
resistance (41,42). Figure 5A shows the survival curve for cells
treated with 330 µM cisplatin. Preliminary experiments showed
that lower doses did not produce substantial killing (data not
shown). This is not due to the reaction of cisplatin with the
polynucleotides in the medium, because cells growing in defined
FM medium had the same sensitivity to the drug (data not shown).
Treatment of the cells with 330 µM cisplatin causes the rapid loss
of viability of the cells, but the killing plateaus at ∼0.01% survival
(Fig. 5A). The cisplatin does not appear to be inactivated, because
addition of fresh drug did not increase killing (data not shown).
RNA was prepared from cells sampled at each of these time
points, and analyzed by northern analysis. Similar to what we
observed with UV-irradiation, the repB and D mRNAs rapidly
accumulate following addition of cisplatin (7- and 9-fold,
respectively; Fig. 5B). There is a decrease in mRNA levels at the
later time points which we suggest is due to the death of the cells.
However, in contrast to the UV-treatment, cisplatin does not cause
the rapid degradation of the repE mRNA, but rather a 2-fold
increase in the mRNA level. No induction of mRNA from the
discoidin I control gene was observed.

DISCUSSION

In order to mount the correct response to repair damaged DNA,
a cell must be able to identify the type of damage and then rapidly
recruit the appropriate enzymes necessary to execute the repair.
Although critical to the survival of all cells, the underlying signal
transduction mechanisms responsible for repairing the varied
types of DNA damage remain poorly understood.

The cellular slime mold D.discoideum is particularly resistant
to DNA damaging agents including UV-light, gamma irradiation
and chemicals (19). We have now shown that Dictyostelium cells
up-regulate the steady state level of the repB and D mRNAs,

encoding NER DNA helicase enzymes, following irradiation
with UV-light. The response is rapid, dose dependent and
transient. The response is also extremely specific in that no effect
was observed on the mRNA levels of several other developmentally
regulated genes examined. The response is identical in mitotically
dividing cells and in developing cells that are not synthesizing
DNA or undergoing cell division. These results suggest that the
response to UV is independent of DNA replication, and that all
the factors necessary for the rapid transcription of these NER
genes are either stable throughout development or are continuously
synthesized. Moreover, the data point out the importance of DNA
repair for this organism at all stages of its life cycle. The ability
to repair the DNA of developing, non-dividing cells is necessary
to maintain the fidelity of the genetic material that will be
packaged into terminally differentiated spores. An apurinic
apyrimidinic-specific endonuclease mRNA has also been shown
to be induced by UV-light in Dictyostelium (43). We suggest that
this ability to rapidly modulate the NER and other repair genes
may be involved in the resistance of Dictyostelium cells to DNA
damaging agents. It will be important to extend these results on
the modulation of the mRNA levels to the synthesis and stability
of the cognate proteins, although it is likely that these increases
in mRNA levels will have concomitant increases in proteins
levels. Interestingly, the UV-sensitive mutants we examined all
exhibited a wild-type response to UV-irradiation. This does not
rule out the possibility that the mutations are in one of the induced
genes, and additional studies on these strains are necessary to
identify the lesions.

It is significant that the up-regulation of the repB and D genes
in response to UV and chemical damage has not been observed
to occur in cells from other species. In procaryotes, the uvrA, B
and D NER genes are induced by UV, as part of the SOS response
(44). In contrast, only four out of 18 NER related genes in yeast
(RAD2/XPG, RAD7, RAD16 and RAD23 genes) have been
demonstrated to be induced after UV-treatment (8,45,46). No
UV-induction of NER related genes has been observed in human
cell lines, though there is a recent report of a p53 dependent
up-regulation of ERCC3/XPB in human cells in response to the
introduction of thymidine dinucleotides (47). As additional
members of the TFIIH complex become available through
Dictyostelium genome sequencing efforts (48), it will be interesting
to study their response to UV as well.

The human homolog of the RepE protein, UV-DDB, is thought
to act in a stoichiometric fashion in an early damage recognition step
in the repair pathway by binding to UV and chemically damaged
DNA (49–53). Thus, its regulation might be expected to be different
than that of the repB and D genes which encode products with
catalytic activities. In this context, the response of the repE gene to
UV is particularly interesting. While it is developmentally up-
regulated (21), it shows a dramatic down-regulation in response to
UV-damage followed by an increase in transcription back to basal
level. It will be very interesting when we are able to measure the
levels of RepE protein that accompany the changes we have
observed in mRNA levels. However, it is significant that the
binding activity of the UV-DDB protein has been shown to
decrease transiently following UV-treatment of cells (54). Our
data are suggest that this is partially due to the rapid destruction
of the mRNA.

Many eucaryotic cells express genes as part of the ‘UV-response’
which is thought to be analogous to the SOS response in bacteria,
though no universal repressor analogous to the procaryotic LexA
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has been identified (8). Our data support the idea (55) that the
RepE protein may act as a negative regulator of repair of DNA
damaged by UV-light, and that its down-regulation may be
necessary for the increase in the transcription of the repB and D
genes. It should be noted that several studies have suggested a
regulatory role for the primate UV-DDB, including the replication
of the Hepatitis B virus through interaction with the X-protein
(56), the regulated expression of DNA replication genes as a
partner of the E2F1 transcrption activator (57), and in the
regulation of apolipoprotein B gene expression (58).

Cisplatin is one of the most widely used agents for cancer
chemotherapy for treatment of cancers of the testis, ovary,
bladder, lung, head and neck (59). The target for the cisplatin
mediated cell killing is thought to be DNA (60). The major
products of the reaction between cisplatin and DNA are
1,2-intrastrand d(GpG) and d(ApG) crosslinks, which compose
∼65 and 25% of cisplatin adducts in vitro (42,61). These
intrastrand cisplatin cross-links result in the unwinding and
kinking of the DNA double helix so that the regions become the
target for DNA repair (62). Even though cisplatin is a powerful
cancer chemotherapeutic agent, some tumor cells develop cisplatin
resistance during chemotherapy. The UV-DDB/XPE protein has
been, in part, implicated in this resistance, with up to a 5-fold
increase in the level of the UV-DDB/XPE DNA binding activity
over that of the parental, sensitive cell line (41), although several
other suggestions have been made regarding this resistance (42).

We were interested in examining the effect of this drug on
Dictyostelium because of the possibility of generating drug
resistant mutants that would enable us to do genetic analysis. We
have found that the Dictyostelium cells appear to be relatively
insensitive to cisplatin, as only 40 µM cisplatin caused 50%
killing of cultured human fibroblasts (63). At 330 µM cisplatin,
the viability of the Dictyostelium cells drops dramatically but
reaches a plateau of ∼0.01% survival by 6 h of treatment. This
level of resistance is 10–100-fold greater than the level expected
from the natural mutational frequency of 10–5–10–6 in Dictyostelium
and suggests that the resistance is not heritable (64). Indeed, we
have clonally isolated cells which survived cisplatin treatment
and shown that they have the same sensitivity to cisplatin as did
the cells in the original culture (data not shown). The rapid
expression of the rep genes in response to cisplatin suggests that
this may be a mechanism by which cells can acquire at least a
transient tolerance to this drug. It will be interesting to determine
whether lower, non-lethal doses of cisplatin can induce rep gene
expression and whether this can protect cells from subsequent
higher doses of the drug or UV-irradiation.

It is interesting that the patterns of rep gene expression are
different when the cells are treated with either UV or cisplatin, and
that each of these is different than the normal pattern of rep genes
expression seen in development. Thus, the repB and D genes are
turned on following both UV and cisplatin treatment, but only repD
is induced as part of the normal developmental program. The repE
gene is particularly interesting. It is developmentally up-regulated,
shows a dramatic down-regulation in response to UV-damage but
shows an increase in transcription following cisplatin treatment.
The level of induction (∼2-fold) is in agreement with the level of
induction seen in animal cells in response to cisplatin (41). It is
obvious that the rep genes can respond to different transcriptional
activators and repressors and that multiple signal transduction
mechanisms act on these genes. The goal of future work is to

identify the underlying molecular mechanisms that allow cells to
respond correctly to the different types of DNA damage.
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