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Abstract. Tumor cell cycle arrest at the cell cycle G2/M
boundary after ionizing radiation involves inhibition of the Pololike kinase 1 (Plk1). We recently found that the mechanism
comprised repression of its gene, PLK, mediated by the tumorsuppressor protein BRCA1. In the present study we examined the
regulatory responses on PLK and cell cycle phases in breast
carcinoma cell lines exposed to various modes of therapeutic
irradiation. The tumor cells, harboring different DNA damage
checkpoint defects, were irradiated with either a single dose of
8.0 Gy or fractionated doses accumulating to 8.0 Gy. In the
BRCA1-/- HCC1937 cell line both radiation regimens caused
moderate repression of PLK mRNA expression, whereas the
reconstituted wild-type (wt) BRCA1 genotype of the
HCC1937/BRCA1wt cell line was associated with significant
down-regulation of PLK mRNA expression after irradiation. In
contrast to the HCC1937 cell lines, the MCF7/LCC2 cells
displayed the characteristic wt TP53 constitution of persistent,
radiation-induced CDKN1A mRNA expression (encoding the
G1 cell cycle inhibitor p21Waf1/Cip1/Sdi1). The regulatory effects
on PLK in the MCF7/LCC2 cells, however, were identical to
those in the HCC1937/BRCA1wt cell line. Moreover, whereas
neither HCC1937 cell line displayed G1/S cell cycle arrest after
irradiation but, instead, an apparent accumulation of G2/Mphase cells, the radiation-induced delay at the G1/S boundary
seemed to be superior to arrest at the G2/M transition in the
MCF7/LCC2 cell line. Since the down-regulation of PLK
mRNA expression by ionizing radiation was identical in the wt
TP53 MCF7/LCC2 cell line and the TP53-mutated BRCA1-/HCC1937 cell line reconstituted with wt BRCA1, we conclude
that this regulatory effect solely requires an intact G2 checkpoint
effector mechanism.
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Cell cycle checkpoints are surveillance systems that ensure
orderly and timely replication and segregation of the
genome. The tumor cell response to the DNA damage
induced by ionizing radiation in cancer therapy involves
activation of the cell cycle G2 checkpoint to block mitotic
entry until the double-strand DNA break is repaired. In
clinical radiation therapy a minimal tumor cell delay in G2phase is desirable to limit the probability of this repair for
cell death to succeed during mitosis.
In the orderly dividing cell the G2/M transition is inhibited
through phosphorylations of the Cdc2 kinase of the
Cdc2/cyclin B complex. Upon the onset of mitosis these
inhibitory phosphorylations are removed by Cdc25C
phosphatase. The activation of Cdc25C requires positive
regulatory phosphorylation, accomplished by Plk1 (1, 2),
which should possibly be considered the mitotic trigger kinase.
Plk1 is an evolutionary conserved serine/threonine kinase that
is also involved in other stages throughout mitotic progression,
such as centrosome maturation and bipolar spindle formation,
as well as regulation of the anaphase-promoting
complex/cyclosome and cytokinesis (3).
DNA damage activates G2 checkpoint ATM (for ‘ataxia
telangiectasia mutated’) kinase signaling (4), which is
communicated through the downstream kinases CHEK1
and CHEK2 (5-7). This disrupts the interaction of Cdc25C
with Cdc2 (7-10). Moreover, the enzymatic activity of Plk1 is
also inhibited following DNA damage (11, 12). We have
recently suggested that the regulatory effect of ionizing
radiation comprises a repression mechanism on the gene for
Plk1, PLK, mediated by the tumor-suppressor protein
BRCA1 (13).
The BRCA1 gene encodes a 1863 residue nuclear protein
that exerts its function in several fundamental processes,
including the maintenance of genomic integrity,
transcriptional gene regulation and cell cycle control (14,
15). In response to ionizing radiation, BRCA1 contributes
as mediator of the activated ATM kinase signaling pathway
(5, 16-18), and the BRCA1 activation seems to implicate
both CHEK1 and CHEK2 (6, 19).
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Whereas the identity of the putative upstream kinase(s)
that is directly responsible for activation of Plk1 has not yet
been revealed (20, 21), cell cycle-regulated repressor
elements in the PLK promoter are characterized (22, 23).
Consequently, in the present study we explored the
requirement of intact cell cycle checkpoints for radiationinduced PLK repression and further compared the regulatory
effects of fractionated versus single-dose exposure to ionizing
radiation. We used the human BRCA1–/– HCC1937 cell line
(24), in which TP53 is mutated (24) and G2 checkpoint
signaling via CHEK1 is abrogated (6), and two derivative cell
lines. These represent the parental HCC1937 cells stably
infected with viruses encoding wt BRCA1 (the
HCC1937/BRCA1wt cells) and the vector carrying a green
fluorescence protein (GFP) but no BRCA1 allele (the
HCC1937/GFP cells), respectively (25). In addition, the
human MCF7/LCC2 cells, harboring an intact cell cycle G1
checkpoint due to their wt TP53 (26), were analyzed.

Materials and Methods
Cell cultures. The HCC1937 cell line (24) was obtained from the
American Type Culture Collection (Manassas, VA, USA), whereas
the retrovirally infected HCC1937/BRCA1wt and HCC1937/GFP
cell lines (25) were kindly provided by Dr. David M. Livingston
(Dana Farber Cancer Institute, Boston, MA, USA). The efficiency
of plasmid uptake and the resulting full-length BRCA1 protein
expression in the HCC1937/BRCA1wt cell line have been validated
in the reference report (25). Moreover, we assayed emission of
green fluorescence before the infected cell lines were used in
experiments. The HCC1937 cell lines were routinely grown in
RPMI 1640 medium supplemented with 10% fetal bovine serum
and 2.0 mM glutamine. The growth condition of the MCF7/LCC2
cells was described previously (26, 27). For all cell lines the growth
media were replaced 24 h before start of the experiments by media
containing 5% fetal bovine serum and glutamine only, and these
experimental media were again changed at time 0.
Experimental irradiation. High-energy radiation from a 60Co source
was delivered at a rate of approximately 1.0 Gy/min. The cells were
irradiated with either a single dose of 8.0 Gy or fractionated doses
of 2.0 Gy given every 3 h until an accumulated dose of 8.0 Gy had
been applied. The unirradiated control cells were simultaneously
placed at room temperature to obtain exactly comparable
conditions.
Northern blot analysis. Total RNA was extracted and analyzed by
standard Northern blotting techniques. A human cDNA clone for
PLK was obtained from RZPD Deutsches Ressourcenzentrum für
Genomforschung GmbH (Berlin, Germany), whereas the human
cDNA probe for CDKN1A was a gift from Dr. Bert Vogelstein
(John Hopkins University School of Medicine, Baltimore, MD,
USA). The Northern blot membranes were also hybridized to an
oligonucleotide probe complementary to nucleotides 287-305 of
human 18S rRNA. Finally, the autoradiograms were subjected to
densitometric measurements in a laser densitometer and the
mRNA expression levels relative to 18S rRNA were calculated.
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Flow cytometry analysis. Cells were harvested by trypsinization and
resuspended in ice-cold PBS. After centrifugation, the cell pellets
were fixed and stored in 100% methanol at -20ÆC. The cells were
subsequently stained with 1.5 Ìg/ml Hoechst 33258 in PBS and
analyzed in a FACStar+ flow cytometer (Becton Dickinson, San
Jose, CA, USA). Forward scatter and side scatter were excited with
200 mW of 488 nm laser light (argon laser; Spectra Physics,
Mountain View, CA, USA). Hoechst 33258 fluorescence (400-450
nm) was excited with 50 mW of UV light (351/356 nm) at a second
laser intercept (krypton laser; Spectra Physics). The acquisition was
triggered by the forward scatter signal. Doublets were
discriminated from the analysis by using the area and width of the
Hoechst 33258 signal. The Modfit cell cycle program (Verity
Software House, Inc., Topsham, ME, USA) was used to determine
the fractions of cells in the G1-, S-, and G2/M-phases from the cell
cycle distribution.

Results
Cell cycle checkpoints and regulation by ionizing radiation of
PLK mRNA. To analyze the radiation-induced PLK
repression (13) in detail, the breast carcinoma cell lines,
harboring different DNA damage checkpoint defects, were
irradiated with four consecutive, fractionated doses of 2.0
Gy or a single dose of 8.0 Gy. The mRNA expression levels
of PLK as well as CDKN1A (encoding the G1 cell cycle
inhibitor p21Waf1/Cip1/Sdi1) were followed every 3 h for a
total time period of 12 h.
Treatment of the BRCA1-/- HCC1937 cells, which should
be regarded partially G2 checkpoint-defective (6), with
ionizing radiation of the hyperfractionated as well as the
single-dose regimen, was associated with a moderate
repression of PLK mRNA expression (to 70-80% of the
control level) throughout the entire incubation period
following irradiation (Figures 1 and 2a). Upon
reconstitution of an intact BRCA1 effector mechanism in
the retrovirally-infected HCC1937/BRCA1wt cell line (25),
a significant down-regulation of PLK mRNA expression was
observed (Figure 1). The expression level was ~15% of
control 6 h after exposure to the 8.0 Gy single-dose
radiation but recovered to ~60% of control after 12 h. In
contrast to this transient response, the hyperfractionated
radiation regimen in the HCC1937/BRCA1wt cells resulted
in an invariably repressed level of PLK mRNA expression
at 45-50% of control throughout the treatment period of 12
h (Figure 2b). As regards the HCC1937/GFP controlinfected cells, the radiation responses on PLK mRNA were
closely similar to the expression patterns observed in the
HCC1937 parental cell line (results not shown).
The MCF7/LCC2 cells were exposed to the same
regimens of ionizing radiation to examine whether the cell
cycle G1 checkpoint might also contribute to the radiationdependent responses of PLK mRNA. As seen from Figure
1, this cell line was confirmed to harbor intact p53
checkpoint characteristics, as both the hyperfractionated and
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Figure 1. Expression of mRNAs for PLK and CDKN1A upon various modes of irradiation. The HCC1937, HCC1937/BRCA1wt and MCF7/LCC2 cell
lines were treated as indicated: unirradiated (0 Gy), or exposed to ionizing radiation (IR) either repeatedly (1-4 fractions) with doses of 2.0 Gy every 3
h from time 0 until an accumulated dose of 8.0 Gy had been applied (hyperfractionated treatment) or with a single-dose of 8.0 Gy at time 0. Expression
of mRNAs for PLK and CDKN1A after 0-12 h was determined by Northern blot analysis. 18S rRNA was measured as RNA loading control.

Figure 2. Time course of PLK down-regulation after irradiation as function of the BRCA1 signaling pathway. The plots represent densitometric
calculations of the PLK mRNA/18S rRNA signals, displayed in Figure 1, obtained from the BRCA1-/- HCC1937 (a) and HCC1937/BRCA1wt (b) cell
lines that were either unirradiated controls (●
● ) or were exposed to the hyperfractionated (●) or the single-dose (◆) treatment. Values are plotted relative
to the time 0 value for each cell line.

single-dose treatment regimens caused striking up-regulation
of the mRNA for CDKN1A, reaching a steady-state level of
>5-fold above control probably before the first time-point
(3 h) was measured. The regulatory effects on PLK in the
MCF7/LCC2 cells, however, were principally similar to those

in the HCC1937/BRCA1wt cell line. Interestingly, whereas
the baseline mRNA level for CDKN1A in the parental
HCC1937 cells was principally unaffected by exposure to
ionizing radiation, as expected when TP53 is mutated, the
hardly detectable baseline expression of this mRNA in the
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Figure 3. Cell cycle profiles of irradiated breast carcinoma cell lines harboring different DNA damage checkpoint defects. The HCC1937,
HCC1937/BRCA1wt, HCC1937/GFP and MCF7/LCC2 cell lines were left unirradiated (0 Gy), or exposed to ionizing radiation either repeatedly with
doses of 2.0 Gy every 3 h from time 0 until an accumulated dose of 8.0 Gy had been applied (4 x 2.0 Gy) or with an equivalent single-dose (8.0 Gy) at
time 0. Cell cycle profiles were determined after 24 h by FACS® analysis. The peaks labeled 2N and 4N represent cells with DNA contents characteristic
for the G1- and G2/M-phases of the cell cycle, respectively.

derivative HCC1937/BRCA1wt cells showed a significant upregulation after 3 h, followed by an abrupt decline back to
the baseline level (Figure 1).
Redistribution of cell cycle phases after exposure to ionizing
radiation. Whether cell cycle profiles might reflect the PLK
mRNA responses to hyperfractionated and single-dose
irradiation was analyzed in cells given the treatment
regimens described above. The HCC1937 parental and
derivative cell lines displayed complete absence of wt TP53dependent accumulation of G1-phase cells after the DNA
damage (Figure 3). Radiation-induced G2/M-phase arrest of
the HCC1937 cells emerged after 9 h, irrespective of the
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mode of fractionation (Figure 4a), whereas the
HCC1937/BRCA1wt cell line showed a more immediate
arrest at the G2/M boundary, already measurable 3-6 h after
radiation exposure (Figure 4b). Furthermore, the rate of
accumulation of the G2/M cell fractions was slower in the
parental than in the derivative cell line. The fractions of
HCC1937 cells that arrested in the G2/M-phase were ~55%
48 h after exposure to both hyperfractionated and singledose radiation regimens (Figure 4a), whereas the
corresponding values for the HCC1937/BRCA1wt cell line
were significantly higher, namely ~85 and ~90%,
respectively (Figure 4b). The redistribution of cell cycle
phases in irradiated HCC1937/GFP control-infected cells
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Figure 4. Redistribution of cell cycle phases upon various modes of irradiation. The HCC1937 (a), HCC1937/BRCA1wt (b) and MCF7/LCC2 (c) cell
lines were treated as indicated: unirradiated (0 Gy), or exposed to ionizing radiation (IR) either repeatedly (1-4 fractions) with doses of 2.0 Gy every 3h
from time 0 until an accumulated dose of 8.0 Gy had been applied or with a single-dose of 8.0 Gy at time 0. Cellular DNA contents after 0-48 h were
determined by FACS® analysis. The distribution of cell cycle phases is displayed as columns representing the phase-specific percentages of each total
cell counts: G1-phase cells (shaded boxes) S-phase cells (white boxes), and G2/M-phase cells (black boxes).

resembled what was observed in the HCC1937 parental cell
line (Figure 3).
Compared to the HCC1937 cell lines, accumulation in the
G2/M-phase was a late event in irradiated MCF7/LCC2 cells
(Figures 3 and 4c). No evidence of G2/M-phase arrest was
observed earlier than 12 h after the start of radiation, when
the fractions of cells accumulating at the G2/M boundary
had increased from <15% in unirradiated cells to >20 and

~30%, respectively, in cells exposed to the
hyperfractionated and single-dose regimens. Each of these
radiation responses was preceded by a transient
accumulation of S-phase cells. Moreover, specific
accumulation of G1-phase cells emerged at 12 h and was
apparent 24 h after the start of irradiation. In both
treatment regimens, residual arrest of cells in both G1- and
G2/M-phases was still detectable after 48 h.
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Discussion
DNA damage activates the G2 cell cycle checkpoint to allow
time for DNA repair before mitotic entry. We have recently
found that tumor cell cycle arrest at the G2/M boundary after
exposure to ionizing radiation may involve repression of PLK
gene expression, mediated by the tumor-suppressor protein
BRCA1 (13). In the present study, we further explored the
requirement of intact cell cycle checkpoints for the radiationinduced PLK repression and found that down-regulation of
PLK mRNA expression was identical in the wt TP53
MCF7/LCC2 cell line and the TP53-mutated BRCA1-/HCC1937 cell line reconstituted with wt BRCA1, indicating
that this regulatory effect solely requires an intact G2
checkpoint effector mechanism. The present results also
demonstrated that the kinetics of these BRCA1-mediated
responses seemed to depend on the fractionation of the
applied radiation dose.
The HCC1937 cell line is hemizygous with respect to the
BRCA1 disease-mutated allele 5382insC and synthesizes a
truncated BRCA1 protein that lacks parts of the extreme Cterminal BRCT (for ‘BRCA1 C-terminal’) repeats (24, 25).
The BRCT domains are shown to interact with a variety of
transcriptional regulators (14), including the adaptor
protein CtIP (28), which functions as a transcriptional corepressor within histone deacetylase complexes (29).
Tentatively, the DNA damage-activated, functional BRCA1
could facilitate recruitment of CtIP into a regulatory unit
that inhibits transcriptional activity of the PLK gene
promoter.
DNA damage inhibits the kinase activity of Plk1 (11,
12). Whereas the enzymatic activity reflects its
phosphorylation status (20, 21), turnover of the kinase
protein is regulated via ubiquitination (30). PLK has been
shown to be among several genes, encoding mitotic
regulators, of which the mRNA expression levels are
down-regulated following activation of the G2 cell cycle
checkpoint (31). The promoter of human PLK contains a
characteristic repressor element in the region of the
transcription start site, mediating the cell cycle phasespecific regulation of the gene expression (22). This
repressor element also contributes to inhibition of PLK
transcription after activation of the cell cycle inhibitor
p21Waf1/Cip1/Sdi1 (23), which can function as a highly
specific transcriptional regulator of numerous genes
involved in cell cycle progression and DNA repair (32).
Our demonstration in irradiated wt TP53 MCF7/LCC2
cells, revealing that the instant induction of CDKN1A
mRNA clearly preceded the inhibitory effect on PLK
mRNA, may suggest a role of p21Waf1/Cip1/Sdi1 in
radiation-directed regulation of PLK transcription. The
observation that even the G1 checkpoint-defective
HCC1937/BRCA1wt cell line displayed CDKN1A mRNA
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induction, although transient, may also support this
concept. However, the possibility that p21Waf1/Cip1/Sdi1 is a
mediator of PLK repression following ionizing radiation
argues against the BRCA1 pathway as the principal
effector mechanism.
The MCF7/LCC2 cell line harbored the characteristic wt
TP53 constitution of radiation-induced CDKN1A mRNA
expression. Also, the rapid but transient arrest in the cell
cycle S-phase typically seen in cells with intact p53 effector
pathway (18) was found. Indeed, the radiation-induced
arrest at the G1/S boundary seemed to be superior to the
regulatory effect at the G2/M transition in this cell line.
The mechanism of PLK mRNA down-regulation after
exposure to ionizing radiation may principally comprise a
decrease in mRNA stability, as has been suggested for other
cell cycle genes (33, 34). Regarding the previously reported
p21Waf1/Cip1/Sdi1-mediated inhibition of PLK expression,
however, this is claimed not to involve changes in mRNA
half-life (23).
When adverse effects from the normal tissues that are
included in the irradiated volume are at risk of exceeding a
clinically tolerable level, radiation therapy is often applied
as multiple, lower doses, in terms of a hyperfractionated
regimen, to attenuate this toxicity. Whether regulatory
mechanisms that are operative with hyperfractionated
irradiation are different from those with single-dose
treatment is still to be determined. Our cell cycle data
interestingly indicated that, whereas the radiation response
of the G1-phase CDKN1A gene did not distinguish between
different fractionation, the kinetics of the G2-phase PLK
responses to ionizing radiation clearly did. Principally,
however, redistribution of cell cycle phases after radiation
seemed to be independent of the type of dose fractionation
applied.
Human Plk1 was originally identified on the basis of its
high expression levels in rapidly proliferating cells (35).
More recent data have suggested that elevated expression
of this kinase in the primary tumor is associated with an
unfavorable outcome for patients with head and neck
carcinomas as well as malignant melanomas (36, 37).
Moreover, experimental silencing of tumor cell Plk1 in
model systems is shown to inhibit the proliferative
capacity of the tumor cells (38, 39). In clinical radiation
therapy the rapidly proliferating tumor cells are the more
radiosensitive because a minimal tumor cell delay in the
cell cycle G 2-phase will limit the probability of doublestrand DNA break repair before mitotic entry. Our
results, indicating that Plk1 inhibition in DNA damage
checkpoint control (11, 12) principally comprises a gene
repression mechanism, may suggest a therapeutic benefit
of PLK gene replacement therapy or pharmaceutical
targeting of this signaling pathway in tumor cell
radiosensitization.
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