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Abstract
DNA damaging agents such as ultraviolet (UV) induce cell
cycle arrest followed by apoptosis in cells where irreparable
damage has occurred. Here we show that during early phase
G1 arrest which occurs in UV-irradiated human U343
glioblastoma cells, there are (1) decreases in cyclin D1 and
cdk4 levels which parallel a loss of S-phase promoting cyclin
D1/cdk4 complexes, and (2) increases in p53 and p21 protein
levels. We also show that the late phase UV-induced apoptosis
of U343 cells occurs after cell cycle re-entry and parallels the
reappearance of cyclin D1 and cdk4 and cyclin D1/cdk4
complexes. These findings suggest that cyclin D1 can
abrogate UV-induced G1 arrest and that the p53-mediated
apoptosis that occurs in these cells is dependent on cyclin D1
levels. We examined these possibilities using U343 cells that
ectopically express cyclin D1 and found that indeed cyclin D1
can overcome the cell cycle arrest caused by UV. Moreover,
the appearance of p53 protein and the induction of apoptosis
in UV-irradiated cells was found to be dependent on the level of
ectopically expressed cyclin D1. These findings, therefore,
indicate that expression of cyclin D1 following DNA damage is
essential for cell cycle re-entry and p53-mediated apoptosis.
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Introduction

DNA-damaging agents, such as UV or ionization radiation
(IR), induce expression of the p53 tumor suppressor gene.1 A
large body of evidence has accumulated implicating wild type
p53 protein as having a central role in cell cycle arrest and
induction of apoptosis.2 The G1 cell cycle arrest elicited by g-

irradiation of human fibroblasts is mediated by the p53-
induced cyclin/cdk inhibitor, p21.3 Cell cycle progression
through the G1/S boundary is controlled by G1 cyclins,
including D and E type cyclins and their cyclin-dependent
kinases (cdk), whose phosphorylation of the retinoblastoma
gene product (pRB) causes a dissociation of the pRB and
E2F-1 interaction, and subsequent activation of E2F-
mediated transcription. As an universal inhibitor of cdks, p21
can inhibit phosphorylation of pRB and allow for G1 arrest.4

Recent studies have shown that overexpression of cyclin
D1 in serum-starved cell types can induce apoptosis.5

Interestingly, the induction of the cell death program was
found to be associated with an increase in cyclin D1-
dependent kinase activity.6 Moreover, in cells that contain
wild-type p53, the overexpression of E2F-1 leads to S-
phase entry and p53-dependent apoptosis.7 In a similar
fashion, ionizing radiation increases the expression of E2F-
1 and the entry of cells into S-phase, leading to the process
of apoptosis.8 These results suggest that deregulation of
the pRB/E2F pathway is a key event in some types of
apoptosis.

In this report, we demonstrate that (1) UV treatment of
U343 glioblastoma cells leads to an induction in cyclin D1
protein levels which promotes S-phase entry and p53-
mediated apoptosis; and (2) the level of cyclin D1
influences the time of appearance of p53 protein and
therefore the apoptosis caused by UV, suggesting a cyclin
D1-mediated mechanism for regulation of p53 levels.

Results

Initially, the cellular response to UV light of human
glioblastoma U343 cells was examined by irradiation of the
cells with 150 J/m2 of UVC light. Viability of the irradiated
cultures over time, as determined using the trypan blue
exclusion method, was unchanged compared with control
cultures 24 and 48 h after treatment (Figure 1A); however,
after 72 h, viability of the treated cultures decreased by at
least 35% and remained at this level for up to 120 h following
treatment (Figure 1A).

The remarkable shift in cell viability 72 h after UV-
irradiation prompted us to examine the levels of the cell
cycle regulatory proteins cyclin D1, cdk4, p53 and p21 after
treatment. Interestingly, at early time points after UV-
irradiation, between 6 ± 24 h, cyclin D1 levels were
decreased (approximately � of the levels in control cells);
however, at later time points, between 36 ± 72 h, cyclin D1
levels had rebounded and were in fact increased twofold of
the levels in control cells) (Figure 1B). Similarly, UV-
irradiation caused an initial decrease in cdk4 levels,
between 12 ± 36 h, but at later time points, between 48 ±
72 h, resulted in an increase (Figure 1B). The reduction of
cyclin D1 and cdk4 at early times may be due to the
degradation effect of UV light.9,10 Consistent with the
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Western blotting results, coimmunoprecipitation experi-
ments using cdk4 antibody indicated that S-phase
promoting cyclin D1/cdk4 complexes were undetectable
2 ± 36 h following UV-irradiation; however, cyclin D1/cdk4
complexes were again detectable between 48 ± 72 h after
treatment. These results are compatible with an initial and
transient UV-induced cell cycle arrest (between 6 ± 24 h)
followed by a later re-entry into the cell cycle (between 36 ±
72 h). In agreement with the UV-induction of an early

phase cell cycle arrest, increased levels of p53 protein
were detectable at 12 h (approximately eightfold of the
levels in control cells), followed by an increase in the levels
of the p53-inducible cdk inhibitor p21 protein. Interestingly,
levels of p53 protein declined between 24 ± 36 h following
UV-irradiation (� the level observed at 12 h), but then were
again detectable at 48 h (1.5-fold the level observed at
12 h). p21 levels peaked at 36 h following UV-treatment,
but was still clearly induced after 72 h.

We next performed flow cytometry on UV-irradiated cells
to assess and compare the cell cycle phase with the
induction of cell death (Table 1). Initially, UV-irradiation of
U343 cells resulted in an accumulation of cells in the G0/
G1 phase that peaked between 24 ± 36 h; however,
between 36 ± 48 h there was a dramatic increase in G0/
G1 phase cells and an increase in S-phase cells. The latter
results indicate that the effect of UV-irradiation on U343
cells at later time points is to release the cells from G1
arrest. Interestingly, this UV-induced redistribution of cells
from G0/G1 to S-phase corresponds to the period when
cyclin D1 and cdk4 are induced (36 ± 48 h, respectively;
Figure 1B). As expected from Figure 1A, viability of UV-
irradiated U343 cultures decreased by approximately one
third 72 h after treatment. Importantly, the shift from G0/G1-
to S-phase and decreased cell viability were associated
with the reappearance of cyclin D1/cdk4 complexes (Figure
1B). In agreement with these findings, we have observed
similar results in UV-irradiated NIH3T3 cells (data not
shown). These findings are also in agreement with previous
studies showing that overexpression of cyclin D1 can
induce apoptosis by either increasing cyclin D1/cdk4
activity6 or significantly increasing the fraction of hyperpho-
sphorylated pRB.5

To define more precisely the role of cyclin D1 during UV-
induced cell cycle arrest and induction of apoptosis, we
used U343 cells that ectopically express cyclin D1 in a
tetracycline-dependent fashion (U343-D1 cells).11 We have
shown previously that ectopic expression of cyclin D1 in
U343-D1 cells is detectable 12 h after removal of
tetracycline.11 We also observed in these experiments a
2 ± 3-fold increase in p53 expression between 36 and 48 h
after removal of tetracycline. To achieve maximal levels of
ectopically expressed cyclin D1 prior to UV-irradiation of
U343-D1 cells, tetracycline was removed from cultures 24 h
prior to irradiation. In contrast to the effect of UV on
parental U343 cells where decreased cell viability was not

Figure 1 Cell viability (A), Western blotting and immunoprecipitation (B) of
UV-irradiated U343 cells. Asynchronously growing U343 cells were irradiated
with UVC light and grown in growth media and then harvested at the indicated
times. Non-irradiated U343 cells were used as a control (7). (A) cell viability
and cell numbers were determined using the trypan blue inclusion method. All
time points were done in triplicate and standard deviations are indicated. (B)
cells were lysed in boiling SDS-containing sample buffer and equal amount of
lysate were analyzed by Western blotting and probed with antibodies to the
indicated proteins. For immunoprecipitation, cells were lysed in non-
denaturing sample buffer and equal amount of lysates were immunoprecipi-
tated with anti-cdk4 antibody and blotted with antibody against cyclin D1

Table 1 Cell cycle distribution of UV-treated U343 cellsa

Per centb 7c 12 24 36 48 72

G0/G1
S
G2/M
Apoptosis

69.3
17.9
12.3
0.5

70.7
16.5
12.2
0.6

77.4
11.8
10.0
0.8

73.5
14.1
11.5
0.9

58.2
23.5
12.6
5.7

42.5
12.3
10.2
35.0

aUV-treated U343 cells were harvested at the indicated times and
analyzed for DNA content by propidium iodine staining. bThe values
indicate the percentage of cells in the G0/G1, S, G2/M phases and
apoptotic fraction, and represent the mean value of two separate
experiments. cNon-irradiated U343 cells were used as a control
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observed until 72 h after treatment, a substantial decrease
in cell viability was observed in U343-D1 cultures after only
48 h of UV-treatment (Figure 2A). Western blotting analysis
demonstrated the presence of ectopically expressed cyclin
D1 up until 12 h following treatment, but dramatically
reduced levels thereafter (Figure 2B). One explanation for
this dramatic decrease is that U343-D1 cells 24 ± 48 h after
UVC irradiation are more easily detached from the plates
by the manipulation of washing. Because of this, the
decreased level of cyclin D1 during this period very likely
represents a population of cells that are resistant to UV-
induced apoptosis and are unable to ectopically express
cyclin D1. Elevated levels of endogenous cdk4 were also
present during the 12 h following UV-treatment, but were
also reduced thereafter (Figure 2B). Compared with parent
U343 cells, the increase in p53 protein in U343-D1 cells
(greater than fivefold of the levels in control cells) was
detectable at an earlier time point (6 h after UV-irradiation
of U343-D1 cells and 30 h after removal of tetracycline in
U343-D1 cells). The elevated level of p21 protein in U343-
D1 cells not exposed to UV-irradiation (Figure 2B, (7)), is
consistent with our previous studies demonstrating en-
dogenous p21 levels increase in parallel with ectopic
expression of cyclin D1 in U343-D1 cells.11 With UV-
irradiation, however, p21 levels decreased between 2 ± 6 h,
but then reappeared between 12 ± 36 h, presumably
through p53-dependent transcriptional activation. Flow
cytometry of the irradiated U343-D1 cells indicated an
absence of the UV-induced transient G1 arrest observed in
U343 cells (compare Table 2 with Table 1); however, the
onset of apoptosis in U343-D1 cells was more striking at
48 ± 72 h after UV-irradiation than in similarly irradiated
U343 cells (compare Table 2 with Table 1). Even though
cyclin D1 levels are dramatically reduced in U343-D1 cells
24 h after UV-irradiation (Figure 2B), the cells still re-enter
the cell cycle after 48 h (Table 2). As mentioned above,
U343-D1 cells 24 ± 48 h after UV-irradiation were more
easily detached from the plates by the manipulation of
washing. Thus, the low levels of cyclin D1 detectable during
these times is likely coming from a small population of
U343-D1 cells that have gained resistance to the UV-
mediated apoptosis.

Discussion

The present study demonstrates that UV-irradiation of U343
cells leads to an early G1 arrest that is overcome by a UV-
dependent increase in endogenous cyclin D1 protein. In
agreement with this finding, experiments using U343-D1 cells
demonstrated that the UV-induced G1 arrest can be
bypassed by ectopic cyclin D1 expression. Additional
support for these findings are studies demonstrating that
ectopic expression of cyclin D1 can overcome the G1 arrest
caused by serum starvation or ionizing radiation.5,12,13

Several studies have linked cyclin D1 expression and
the induction of apoptosis: (1) Overexpression of cyclin D1
in specific tumor cell lines results in enhanced apoptosis by
selective agents;14 (2) Overexpression of cyclin D1 in
serum-starved rat fibroblasts can induce apoptosis.5 In
cultured neuronal cells, the induction of apoptosis by serum

Table 2 Cell cycle distribution of UV-treated U343-D1 cellsa

Per centb 7c 12 24 36 48 72

G0/G1
S
G2/M
Apoptosis

68.4
17.3
12.7
1.5

69.6
15.6
11.5
3.2

70.7
15.4
12.0
2.2

69.2
15.3
12.3
3.3

44.3
27.4
7.0
21.3

25.7
14.9
7.7

51.7

aU343-D1 cell were irradiated with UV 24 h after removal of
tetracycline. Cells were harvested at the indicated times and analyzed
for DNA content by prodidium iodide staining. bThe values indicate the
percentage of cells in the G0/G1, S, G2/M phases and apoptotic
fraction, and represent the mean value of two separate experiments.
cNon-irradiated U343-D1 cells were used as a control

Figure 2 Cell viability (A) and Western blotting (B) of UV-irradiated U343-D1
cells. Asynchronously growing U343-D1 cells grown in the presence of
tetracycline were washed with PBS and then growth media lacking tetracycline
was added. Twenty-four h later cells were irradiated with UVC light, refed with
complete media containing 10% FCS and harvested at the indicated times.
Non-irradiated U343-D1 cells, which were incubated for 24 h in the absence of
tetracycline, were used as a control (7). (A) cell viability and cell number were
determined as in Figure 1. All time points were done in triplicate and standard
deviations are indicated. (B) cells were lysed in boiling SDS-containing sample
buffer and equal amount of lysate were analyzed by Western blotting and
probed with antibodies to the indicated proteins
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withdrawal is associated with an increase in cyclin D1-
dependent kinase activity.6 In agreement with these
findings, our results with UV-irradiated U343 cells demon-
strate that the reappearance of cyclin D1 is associated with
induction of apoptosis and that ectopic expression of cyclin
D1 in these cells results in an earlier onset of apoptosis.

The ability of UV light to promote S-phase re-entry
followed by apoptosis is similar to that of ionizing radiation
which by inducing expression of the transcriptional factor
E2F-1 increases S-phase entry of cells, leading to
apoptosis.8 Taken together with our UV results, these
findings suggest that the activation of key regulators which
accelerate cell progression from G1 into S-phase are
essential in apoptosis caused by DNA-damaging agents.

Our results are in agreement with other studies10,15

demonstrating that UV-irradiation of mammalian cells leads
to a predictable increase in p53 protein that is responsible
for transient G1 arrest and induction of apoptosis. Our
findings, however, also indicate that UV light induces an
early phase increase in p53 and p21 protein levels that
parallels G1 arrest10 and a second late stage increase in
p53 levels and decrease in p21 levels that parallels
apoptosis. The late stage decrease in the level of p53
protein occurs after the UV-dependent increase in cyclin D1
levels, suggesting cyclin D1 is directly or indirectly
responsible for the increase in p53. In support of this,
ectopic expression of cyclin D1 in UV-irradiated U343-D1
cells resulted in a significantly earlier appearance of p53
protein than that observed in UV-irradiated U343 cells.
Moreover, we have shown previously in U343-D1 cells not
exposed to DNA-damaging agents that ectopic expression
of cyclin D1 resulted in increased p53 protein level and
p53-independent induction of p21 without altering cell cycle
progression.11 Considering that p53 is a mediator of
apoptosis2 and that cyclin D1 can induce apoptosis in
some cell types,5,6 a mechanism whereby cyclin D1
influences p53 levels is likely.

Materials and Methods

Cell culture and UVC treatment

U343 human glioma cells, which are wild-type for the p53 gene,11

were grown in DMEM containing 10% fetal calf serum and penicillin G-
streptomycin sulfate. We used U343 cell clones in which ectopic
expression of cyclin D1 could be regulated with tetracycline (U343-
D1).11 Following aspiration of the growth media and washing with
phosphate buffered saline (PBS), cells were irradiated with 256 nm
UVC light (150 J/m2) using a Stratalinker (Stratagene). Irradiated cells
were then incubated with growth media for the indicated times.

Cell viability and cell cycle analysis

Cells grown in monolayer were washed with PBS and trypsinized at
the indicated times after UV-irradiation and viable cells were counted
by the trypan blue exclusion method. For cell cycle analysis, both
attached and detached cells were collected, washed with PBS, fixed in
70% ethanol, incubated in PBS containing 200 mg ml71 RNase A and
stained with 50 mg ml71 of propidium iodide. Cell cycle phase analysis

was performed using a FACScan (Becton-Dickinson) according to the
manufacturer's procedure.

Western blotting

Western blot analysis was performed as described previously.11 Cells
grown in monolayer were washed with PBS, harvested and lysed in
boiling SDS-containing sample buffer. Equal amounts of lysate (50 mg)
were boiled for 4 min in SDS-sample buffer and subjected to 12.5%
SDS ± PAGE and then transferred to nitrocellulose membranes (Bio-
Rad). The membranes were probed with cyclin D1 (Upstate
Biotechnology, Inc), cdk4 (Santa Cruz Biotechnology), p53
(Calbiochem) and p21 (Santa Cruz Biotechnology) antibodies.

Immunoprecipitation

Cells grown in monolayer were washed with PBS, harvested and lysed
in buffer containing 50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 5 mM
EDTA, pH 8.0, 0.1% Nonidet p-40, 5 mM DTT, 10 mM NaF, 1 mM
PMSF, 1 mg ml71 aprotinin and 1 mg ml71 leupeptin. Equal amount of
lysates (500 mg) were precleared with normal mouse serum and then
immunoprecipitated with cdk4 antibody and Protein G plus agarose
(Oncogene Science). Immunoprecipitated samples were separated on
12.5% SDS ± PAGE, transferred to nitrocellulose and probed with
cyclin D1 antibody.
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