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Cyclin D1 is required at high levels for passage through G1 phase but must be reduced to low levels during
S phase to avoid the inhibition of DNA synthesis. This suppression requires the phosphorylation of Thr286,
which is induced directly by DNA synthesis. Because the checkpoint kinase ATR is activated by normal
replication as well as by DNA damage, its potential role in regulating cyclin D1 phosphorylation was tested. We
found that ATR, activated by either UV irradiation or the topoisomerase II� binding protein 1 activator,
promoted cyclin D1 phosphorylation. Small interfering RNA against ATR inhibited UV-induced Thr286
phosphorylation, together with that seen in normally cycling cells, indicating that ATR regulates cyclin D1
phosphorylation in normal as well as stressed cells. Following double-stranded DNA (dsDNA) breakage, the
related checkpoint kinase ATM was also able to promote the phosphorylation of cyclin D1 Thr286. The
relationship between these checkpoint kinases and cyclin D1 was extended when we found that normal cell cycle
blockage in G1 phase observed following dsDNA damage was efficiently overcome when exogenous cyclin D1
was expressed within the cells. These results indicate that checkpoint kinases play a critical role in regulating
cell cycle progression in normal and stressed cells by directing the phosphorylation of cyclin D1.

Cell cycle progression is regulated by the timely production
and destruction of cyclins. Among these, cyclin D1 plays the
unique role of responding to the extracellular mitogenic envi-
ronment and then regulating the cell cycle machinery accord-
ingly (29). After its expression is stimulated by mitogenic sig-
naling, such as by activation of the Ras pathway, cyclin D1
binds to and activates cyclin-dependent kinase 4 or 6 (CDK4/6)
to generate a kinase for the retinoblastoma protein. Upon
phosphorylation, the retinoblastoma protein loses its ability to
inhibit E2F transcription factors, resulting in the expression of
E2F target genes, which are required for entry into S phase,
DNA synthesis, and progression through the later cell cycle
phases (30).

Based upon recent studies from this and other labs, it is clear
that the expression of cyclin D1 is highly regulated throughout
the cell cycle and that its expression level in each cell cycle
phase helps determine the overall proliferative characteristics
of the cell. Cyclin D1 expression must be high for passage
through G1 phase and the initiation of DNA synthesis but must
decline rapidly during S phase for efficient DNA synthesis (11,
14). Cyclin D1 inhibits DNA synthesis due to its binding of
PCNA, an essential component of the replication machinery
(23, 39). At the completion of DNA synthesis, cyclin D1 levels
must once again increase during G2 phase if the cell is to
continue active cell cycle progression. This G2 phase increase
is absolutely dependent upon the stabilization of cyclin D1
mRNA by proliferative signaling (10). In this way, continuing
cell cycle progression requires positive growth conditions able
to stimulate proliferative signaling. This fact helps explain the

importance of the suppression of cyclin D1 levels during S
phase. This suppression effectively erases any consequences of
proliferative signaling from previous cell cycle phases and re-
quires that the cell reassess its proliferative environment at the
beginning of each G2 phase for cell cycle progression to con-
tinue (34).

These considerations emphasize the importance of under-
standing the mechanism of cyclin D1 suppression during
S phase. This suppression requires the phosphorylation of
Thr286, leading to proteasomal degradation, since cyclin D1
harboring a mutation at position 286 is expressed at constant
levels through S phase (11). Previous reports suggested that
glycogen synthase kinase 3 (GSK3) is the kinase responsible
for this phosphorylation (6, 7). Our extensive studies, however,
failed to detect any alteration in GSK3 activity, or in the
activity of the phosphatidylinositol-3 kinase/AKT pathway that
regulates GSK3, during S phase or any other cell cycle period.
Moreover, direct analyses of GSK3 activity conclusively dem-
onstrated that it is not responsible for regulating cyclin D1
levels in any of the cultured cells we analyzed (11). In fact, we
were unable to find any signaling pathway responsible for pro-
moting the phosphorylation of Thr286 during S phase. Rather,
our studies suggested that this phosphorylation takes place
automatically during each S phase regardless of the growth
environment of the cell.

In this study, therefore, we began with the assumption that
the suppression of cyclin D1 during S phase is due to a kinase
activated directly by DNA synthesis. In this way, cyclin D1
levels would always decline during DNA synthesis regardless of
the signaling environment of the cell, and the cell would in-
variably be forced to reassess its growth conditions prior to the
initiation of each new cell cycle. The checkpoint kinase ATR
(ATM and Rad 3 related) is widely believed to be specifi-
cally activated following UV irradiation when single-
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stranded DNA becomes coated by replication protein A
(40). Recent studies, however, indicate that similar structures
formed during normal DNA synthesis are also able to stimu-
late ATR activity (16, 28, 33). In fact, it appears that the
activation of ATR during normal DNA synthesis is vital to the
overall regulation of the course of replication (33, 37). Thus,
ATR not only is activated during DNA synthesis but has been
proposed to perform a critical function to regulate the rate of
normal DNA synthesis. These data made ATR an attractive
candidate for the S phase-specific regulator of the cyclin D1
kinase. In these studies, we have activated ATR in a number of
ways and confirmed that it does regulate cyclin D1 phosphor-
ylation on Thr286. This was the case following UV irradiation
and also during normal DNA synthesis. Interestingly, the re-
lated checkpoint kinase ATM also directs the phosphorylation
of cyclin D1. These observations raised the possibility that the
phosphorylation of cyclin D1 might also be involved in the
checkpoint functions of ATM and ATR.

MATERIALS AND METHODS

Materials. Neocarzinostatin (NCS), rabbit polyclonal antiactin antibody (Ab),
alkaline phosphatase-conjugated secondary antibodies, and bovine serum for cell
culture were obtained from Sigma (St. Louis, MO). 2-Morpholin-4-yl-6-thi-
anthren-1-yl-pyran-4-one, an ATM inhibitor, was purchased from EMD Chem-
icals (San Diego, CA). Mouse monoclonal anti-phospho-histone H2AX (Ser139)
Ab (clone JBW301) was purchased from Upstate Cell Signaling Solutions (Lake
Placid, NY). Rabbit polyclonal anti-phosho-Thr286 cyclin D1 and anti-phospho-
chk1 (Ser317) antibodies were products of Cell Signaling Technology (Danvers,
MA) and were originally prepared by and presented as gifts by M. Garrett (11).
Mouse monoclonal anti-cyclin D1 Ab (72-13G, sc-450), mouse monoclonal anti-
green fluorescent protein (GFP) (B-2, Sc9996), goat polyclonal anti-ATR Ab
(N-19, sc-1887), and small interfering RNA (siRNA) against mouse ATR (sc-
29764) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Sheep
polyclonal antibromodeoxyuridine (anti-BrdU) Ab was obtained from Fitzgerald
Industries International (Concord, MA). Rabbit polyclonal anti-phospho-p53 Ab
(Ser 15; ab1431) was from Abcam, and rabbit anti-p53 (MCL-p53-CM5p) was
from Novacastra. Fluorochrome-labeled secondary antibodies of multilabeling
grade were the products of Jackson ImmunoResearch (West Grove, PA). The
5-ethynyl-2�-deoxyuridine (EdU) labeling kit was obtained from Invitrogen. We
found that the cross-reactivity between EdU and BrdU during labeling was
minimized by staining BrdU prior to EdU.

Western blotting. NIH 3T3 cells were maintained in 10% bovine serum con-
taining Dulbecco modified Eagle’s medium supplemented with penicillin and
streptomycin at 37°C under humidified atmosphere with 5% CO2. In order to
suppress ATR expression, siRNA was transfected using calcium phosphate co-
precipitation overnight. After removal of the transfection solution, the mono-
layers were rinsed once with phosphate-buffered saline, and then the cells were
serum starved (0.5% serum) for 2 days to make them quiescent. The cells were
restimulated with serum for 15 h to induce them to progress into S phase, after
which they were UV irradiated. One hour following irradiation, the cells were
harvested and lysed by sonication in Laemmli sample buffer. The resulting lysates
were boiled and applied to a precast sodium dodecyl sulfate-gradient polyacryl-
amide gel (�4 to 15%; Bio-Rad, Richmond, CA). The separated proteins were
electrotransferred onto a nitrocellulose membrane. To determine ATM involve-
ment in cyclin D1 phosphorylation, proliferating NIH 3T3 cells were treated with
10 �M of the ATM inhibitor, or the same amount of solvent, dimethyl sulfoxide
(DMSO), for 30 to 60 min. The cultures were then treated with 5 ng/ml of NCS
for 1 h. The cells were scraped from the plates, and the lysates were prepared as
described previously. The proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (T � 10%) and blotted onto a nitrocellulose
membrane. To detect the proteins or phosphoproteins of interest, the blots were
incubated with specific antibodies followed by incubation with alkaline phos-
phatase-conjugated secondary antibodies. The immunoreactive bands were visu-
alized by StromImager scanning following incubation with enzyme-chemi-
fluorescence substrate (GE Healthcare).

Statistical analyses. In general, statistical analyses relied upon two-tailed,
paired Student’s t tests to determine the probability that two data sets differ from
one another. In addition, two sample t tests were used with unpaired data, and

one-tailed tests were used to test single-tailed hypotheses. Standard errors (SE)
displayed graphically were determined by standard methods, as well as by the
Kaleidagraph software program. For an analysis of quantitated Western analyses
and image analysis results, significance levels were determined using analysis of
variance tests with the R software package. In the case of Western analyses of
double-stranded breakage induced by NCS in the absence of the proteasomal
inhibitor MG132, however, the trends were highly consistent over four analyses,
but the base numerical value of the pD1/total D1 ratio varied between analyses
due to variations in experimental conditions and due to the reduction in the
overall cyclin D1 levels. Consequently, it was necessary to utilize nonparametric
methods. These methods are based on a ranking system where each data point
in an experiment is ranked from largest to smallest. The analysis is completed by
testing the probability that the rankings, not the output seen in each replication,
were due to chance alone. Using the R software, we utilized the Wilcoxon
signed-rank test to determine the statistical differences between the treatment
groups. The Wilcoxon signed-rank test demonstrated that the NCS-treated cells
have a slightly larger pD1/total D1 ratio than each of the other three treatments
(P � 0.06). The same level of significance was determined when the value of the
NCS treatment in the presence of the ATM inhibitor was tested against the NCS
value alone (P � 0.06). When the control treatments with DMSO alone, the
ATM inhibitor alone (P � 0.44), or the ATM inhibitor together with NCS
treatment was compared to either of these, there was no significant difference.

Microinjection and immunofluorescence. To perform quantitative immuno-
fluorescence and microinjection, NIH 3T3 cells were grown on glass coverslips.
To activate ATR, the pEGFP-TopBP1 (978-1286; wild type) expression plasmid
(10 �g/ml) was microinjected into the nuclei of the 200 to 300 cells growing on
an area of the coverslip designated by a circle scribed on the back of the
coverslip. As a control, the inactive pEGFP-TopBP1 (978-1286) W1145R mutant
expression vector was injected (prepared by Akiko Kumagai [17]). Three hours
following the injection, the cells were fixed with methanol. After blocking with
0.3% bovine serum albumin in phosphate-buffered saline, cyclin D1, phospho-
Thr286-D1, and/or phospho-H2AX was stained with specific antibodies and Cy3-
or Cy5-labeled secondary antibodies. DNA was stained with DAPI (4�,6�-di-
amidino-2-phenylindole). Sixteen-bit grayscale digital images of each fluorescent
stain and GFP were collected using a Leica DMRB fluorescent microscope
(Wetzlar, Germany) equipped with a charge-coupled-device (CCD) camera (PI-
MAX; Princeton Instruments, Trenton, NJ). The fluorescent intensity of each
staining was determined using an image analysis program, Metamorph, as de-
scribed previously (14). In order to down-modulate ATR expression, siRNA
against ATR (2 �M) was microinjected into the cytoplasm of NIH 3T3 cells of
very sparse cultures. As a control, we injected a nonspecific siRNA against cyclin
which failed to down-modulate any protein we have been able to identify (data
not shown) and has no identifiable effects upon cells. Two days following injec-
tion, the effect of ATR down-modulation on cyclin D1 phosphorylation was
determined by quantitative image analysis with or without UV irradiation.

To determine the average levels of a fluorochrome in a culture, the fluores-
cence of that marker and of the DAPI-stained DNA was determined by image
analysis for each cell. The cells in each culture were then separated into groups
according to DNA content, and the average level of fluorescence of the desig-
nated marker was determined for cells in each DNA grouping. This average was
plotted against the DNA content for the group of cells. When separate cultures
were to be compared, such as a comparison between ATR siRNA and control
siRNA injections, the average of each culture was determined, and the ATR
siRNA results for each DNA grouping were subtracted from the control results
with the same DNA content. The difference values for all cultures within each
DNA range were then analyzed to determine the means and SE with Kaleida-
graph. The average levels of phosphorylation among different determinations
were determined as a simple mean value for each DNA range.

Microinjected cells were identified by their content of GFP in the case of
mutant cyclin D1 and topoisomerase II� binding protein 1 (TopBP1) plasmids
(which contained proteins linked to the GFP sequence). Direct staining of the
GFP protein with a fluorescent antibody stain was also utilized. The mutant
cyclin D1 containing Ala in the place of Thr286, linked to the GFP sequence, has
been described (11). In some cases, these plasmids were also microinjected
together with a plasmid expressing GFP alone. In most cases, the cells within an
area designated by a circle scribed on the back of the coverslip were all injected.
Of the 150 to 200 cells in this area, nearly 90% expressed consistent levels of the
introduced material. Wild-type and mutant cyclin D1 expression plasmid DNAs
were each injected at a concentration of 1.0 �g/ml, while the GFP-cytomegalo-
virus plasmid was injected at 10 �g/ml. Extensive previous studies indicate that
at this concentration, the amount of exogenous cyclin D1 expressed is approxi-
mately equal to the level of endogenous cyclin D1 and remained exclusively in
the nucleus as determined by associated GFP fluorescence or antibody staining.
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Protein expression can be seen beginning within 60 min of the injection and
continues for at least 18 h.

RESULTS

Activation of ATR by UV promotes cyclin D1 phosphoryla-
tion. Our first goal was to determine if ATR has the ability to
promote the phosphorylation of cyclin D1 Thr286, either di-
rectly or indirectly, following the induction of activity by DNA
damage. It has been reported that ATR is specifically activated
by UV irradiation. NIH 3T3 cells were irradiated with UV light
(10 J/m2), and the cells were then fixed and stained for cyclin
D1, cyclin D1 phosphorylated on Thr286, DNA, and phosphor-
ylated histone H2AX (�H2AX; a marker of DNA damage).
Images taken with a CCD camera of each fluorochrome were
then analyzed to determine the level of each marker in each
cell. This image analysis technique has been extensively uti-
lized in this laboratory and allows the extraction of quantitative
data from digital images (14). To visualize the results, the
DNA content for each cell was plotted versus the level of one
of the other three markers to yield an expression profile of that
marker through the cell cycle (Fig. 1).

Prior to UV irradiation, cyclin D1 levels were low in S phase
and high in the G1 and G2 phases, as previously reported (14;
Fig. 1A). These total cyclin D1 levels were slightly decreased by
UV irradiation (Fig. 1B). At the same time, phosphorylated
Thr286 cyclin D1 (pD1) levels, detected by an antibody able to
specifically recognize the phosphorylation of Thr286, were in-
creased by UV irradiation (Fig. 1C and D). To determine a
change in the level of cyclin D1 Thr286 kinase activity within
the cell following UV treatment, however, it was necessary to
consider both the amount of phosphorylated cyclin D1 and the
total amount of cyclin D1 available for phosphorylation. This
was accomplished by dividing the amount of phosphorylated
cyclin D1 by the level of total cyclin D1 within each cell (pD1/
total D1), and plotting this value against the DNA content of
the cell. This ratio, and therefore the total cyclin D1 kinase
activity, was strongly induced by UV irradiation (Fig. 1E and
F). For comparison, the general marker for DNA damage
within a cell, �H2AX, was also strongly induced following UV
irradiation (Fig. 1G and H). Interestingly, both cyclin D1 and
H2AX appeared to be phosphorylated most actively during the
S phase (Fig. 1F and H). These experiments provide the first
indication that ATR activity leads to the phosphorylation of
cyclin D1 Thr286. The studies to follow extend this conclusion.

siRNA confirms the ability of ATR to promote cyclin D1
phosphorylation. To gain conclusive evidence that it is indeed
ATR which directs the phosphorylation of cyclin D1 following
UV irradiation, we microinjected siRNA against ATR into
NIH 3T3 cells 48 h prior to UV irradiation. As before, the
change in cyclin D1 Thr286 kinase activity in each cell was

measured by determining the ratio of pD1 to total cyclin D1
(pD1/total D1) by image analysis. When individual cells of an
untreated culture (Fig. 2A) were compared to a UV-irradiated
culture treated with an unrelated siRNA (Fig. 2B), this ratio
increased, indicating that kinase activity had been stimulated.
On the other hand, the treatment of a separate culture with
siRNA against ATR (Fig. 2C) followed by UV irradiation
resulted in a much smaller increase in the pD1/total D1 ratio,
indicating that the ablation of ATR had limited the increase in
cyclin D1 kinase activity induced by UV irradiation. For com-
parison, the phosphorylation of histone H2AX and of Chk1
(two well-characterized targets of ATR activity) were also re-
duced by the injection of ATR siRNA followed by UV irradi-
ation (Fig. 2D to I).

To accurately quantitate the reduction in cyclin D1 kinase
activity resulting from the ablation of ATR, this experiment
was repeated six times and the results averaged. In each ex-
periment, the pD1/total D1 ratio was determined for each
injected cell and for an equal number of neighboring unin-
jected cells. To obtain an average result, the cells were sepa-
rated into groups according to increasing DNA content and
the average pD1/total D1 ratio for each group determined.
These values for individual DNA groups in separate experi-
ments were then averaged over all six experiments, and this
average value plotted against the DNA level to yield the aver-
age profile. When this average profile for ATR siRNA-injected
cells was compared to the profile for neighboring uninjected
cells (Fig. 2K), it was apparent that cyclin D1 kinase activity
(the pD1/total D1 ratio) had been reduced in each of the
separate groups with increasing DNA. On the other hand, the
control siRNA did not reduce cyclin D1 kinase activity com-
pared to uninjected cells in any of the DNA ranges analyzed
(Fig. 2L). To accurately determine how much the pD1/total D1
ratio was suppressed by siRNA, the average pD1/total D1
value for injected cells was subtracted from this value for
uninjected cells in each DNA grouping and the differences
across all six experiments compared to determine the mean
reduction in the pD1/total D1 ratio (�SE). When these dif-
ferences were plotted versus DNA content, it was apparent
that ATR plays a critical role in the induction of cyclin D1
kinase activity following UV irradiation (Fig. 2K and L). As a
comparison, the average level of H2AX phosphorylation was
similarly determined and plotted versus DNA content for ATR
siRNA-injected cells, neighboring uninjected cells, and un-
treated cells (Fig. 2J). This result makes it clear that the extent
of the reduction in cyclin D1 phosphorylation was quite similar
to the reduction in H2AX phosphorylation following ATR
siRNA treatment.

As a final analysis of these data, the cells of each analysis
were separated into separate cell cycle phases based upon

FIG. 1. UV irradiation induces cyclin D1 phosphorylation. NIH 3T3 cells were UV irradiated (10 J/m2). Sixty minutes later, the cells were fixed
and stained for cyclin D1 (A, B) and cyclin D1 phosphorylated on Thr286 (pD1) (C, D) or were stained for phosphorylated histone H2AX
(�H2AX) (G, H). The fluorescent intensity of each fluorochrome in each cell was determined by photography with a CCD camera and image
analysis and plotted versus the level of DNA determined following DAPI staining (as indicated by the cell cycle stages listed). (E, F) As an
indication of the actual cyclin D1 Thr286 kinase activity within each cell, the level of phosphorylated cyclin D1 was divided by the level of total
cyclin D1 (pD1/total D1 ratio). The faint horizontal lines indicate the average level of cyclin D1, or phosphorylated cyclin D1, for all S-phase cells
in each frame (A to D).
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labeling with BrdU and DNA content. The combined data
from all six experiments were analyzed statistically and indi-
cated that siRNA against ATR reduced the phosphorylation of
cyclin D1 significantly (P 	 0.001), while the control siRNA
failed to significantly reduce phosphorylation. The inhibition

of cyclin D1 phosphorylation for S-phase cells was significantly
greater than that for cells in either G1 or G2 phase (P 	 0.01),
while the inhibition during the G1 phase was indistinguishable
from the inhibition during the G2 phase (P � 0.5). No signif-
icant inhibition was observed during any cell cycle phase fol-

FIG. 2. Cyclin D1 phosphorylation following UV irradiation depends upon ATR activity. (A to I) NIH 3T3 cells were microinjected with siRNA
(2 �M) against ATR, or an unrelated siRNA. Forty-eight hours later, the injected cultures were UV irradiated, while control cultures were not
irradiated. All cultures were then fixed and stained for phosphorylated histone H2AX, cyclin D1 and phosphorylated cyclin D1, or for phosphor-
ylated Chk1. The stains were quantitated and plotted as indicated. (J to L) These results were then summarized by determining the average reading
for cells of increasing DNA contents to generate a line indicating the average levels of each marker through the cell cycle. (J) The suppression
of average levels of H2AX phosphorylation by ATR siRNA is shown. (K, L) The pD1/total D1 ratios for siRNA-injected and for neighboring
uninjected cells were determined from six separate injection experiments and average results reported. The differences between injected and
uninjected cells for ATR siRNA and control siRNA are also presented (�SE).
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lowing the injection of control siRNA. We conclude that ATR
plays a critical role in the UV-induced phosphorylation of
cyclin D1 and that this phosphorylation is primarily localized in
the S phase.

Activation of ATR by TopBP1 stimulates cyclin D1 phos-
phorylation. To provide additional support for the conclusion
that ATR is able to direct the phosphorylation of cyclin D1
Thr286, we made use of the fact that ATR is specifically acti-
vated by TopBP1 (3, 17). A plasmid expressing an active frag-
ment of this protein linked to the GFP sequence, along with a
similar plasmid expressing an inactive TopBP1 mutant (pre-
pared by A. Kumagai), was separately microinjected into NIH
3T3 cells. After 4 h, the level of GFP fluorescence, along with
the cellular levels of pD1, cyclin D1, and DNA, was deter-
mined by image analysis. It was clear from the ratio of pD1 to
total cyclin D1 that the wild-type TopBP1 had effectively in-
duced cyclin D1 phosphorylation in all cell cycle phases (Fig.
3A and B). For comparison, TopBP1 injection also induced
�H2AX in all cell cycle phases (Fig. 3D and E). Neither cyclin
D1 nor H2AX phosphorylation was observed following the
microinjection of the mutant protein (Fig. 3C and F). As ob-
served following UV irradiation, the introduction of the
TopBP1 protein resulted in a reduction in total cyclin D1
levels. This was apparent from the cyclin D1 levels in individual
injected and uninjected cells (Fig. 3G and H) and for a calcu-
lation of the average levels following these injections (Fig. 3I).
The reduction in total cyclin D1 levels is also apparent from
photographic images taken of an area of cells containing
TopBP1-injected cells together with uninjected cells (Fig. 3J).
These data support the contention that ATR is able to play a
critical role in the phosphorylation of cyclin D1 following ac-
tivation, although it is not known if this is a direct or an indirect
effect.

ATR activation and cyclin D1 phosphorylation are localized
in the S phase. The above results, together with other pub-
lished studies (12), indicate that ATR is activated by UV irra-
diation primarily during the S phase as indicated by �H2AX
levels. Evidence that cyclin D1 Thr286 is also phosphorylated
during the S phase would provide added support for the role of
ATR in this event. For this determination, NIH 3T3 cells were
synchronized by serum removal, followed by serum addition
for various periods to promote cell cycle progression into dif-
fering cell cycle phases. Following the UV irradiation of cells at
various times following serum stimulation, the level of �H2AX
was determined by image analysis. The cells stimulated for 12 h
were almost exclusively in the G1 phase and showed little
�H2AX (Fig. 4A), while serum stimulation for 17 or 19 h
resulted in increasing numbers of S-phase cells with progres-
sively increasing DNA content (Fig. 4B and C). In these cul-
tures, the S-phase cells, but not the remaining G1-phase cells,
showed a dramatic increase in H2AX phosphorylation follow-
ing UV irradiation. This procedure was next utilized to confirm
that cyclin D1 phosphorylation was also induced during the S
phase by ATR. NIH 3T3 cells were serum deprived and stim-
ulated with serum for 15 h to produce a culture in which
approximately half the cells were in the S phase (Fig. 4D). UV
irradiation stimulated the pD1-to-total-cyclin-D1 ratio only in
cells with S-phase DNA content (Fig. 4E), exactly as seen for
�H2AX. In a culture that had received an injection of siRNA
against ATR prior to serum removal, however, the phosphor-

ylation of cyclin D1 was low, even in UV-irradiated S-phase
cells (Fig. 4F). Note that following TopBP1 expression, both
H2AX and cyclin D1 were phosphorylated in all cell cycle
phases (Fig. 3B and E). Thus, with these two distinct means of
inducing ATR, the cell cycle characteristics of H2AX phos-
phorylation (and therefore of ATR activation) directly mir-
rored the cell cycle characteristics of cyclin D1 phosphoryla-
tion. This serves as additional support for the notion that ATR
is responsible for promoting cyclin D1 phosphorylation. It
should be emphasized, however, that while these results con-
firm that cyclin D1 phosphorylation is primarily localized in S
phase, there is evidence that some induction in G1 phase also
takes place (see Fig. 1C and D and Fig. 2A to C).

NIH 3T3 cultures synchronized as described above were
next studied by Western analysis to confirm the cytometric
results described above. A culture transfected with siRNA
against ATR was deprived of serum for 48 h and then stimu-
lated with serum for 15 h (to promote the progression of the
culture into S phase) prior to UV irradiation and Western
analysis. In these UV-irradiated cells, the transfected siRNA
against ATR promoted slightly higher levels of total cyclin D1,
while lowering the amount of phosphorylated cyclin D1 com-
pared to UV-irradiated cultures without ATR siRNA (Fig.
5A). While neither of these individual changes was great in
itself, the overall change in cyclin D1 kinase activity indicated
by dividing pD1/total D1 was significantly reduced by ATR
siRNA treatment. This was apparent following the quantita-
tion of all three such analyses (Fig. 5B). Both ATR protein and
the phosphorylation of its target, Chk1, were efficiently re-
duced by siRNA treatment, confirming the efficiency of ATR
ablation in this analysis. Each of the separate studies reported
above provides independent support for the conclusions
reached above that ATR was able to promote the phosphory-
lation of cyclin D1 following UV stimulation.

ATR promotes cyclin D1 phosphorylation in normal
S-phase cells. Our model of cell cycle control initially
prompted us to predict that ATR might induce the phosphor-
ylation of cyclin D1 in normal cells during the S phase. Since it
is clear that ATR is able to induce cyclin D1 phosphorylation,
and since it is known that ATR is normally activated during S
phase (16, 28, 33), there appears to be good support for this
original assumption. To directly confirm this idea, and to de-
termine the extent of ATR phosphorylation of cyclin D1 dur-
ing S phase, we microinjected siRNA into sparse, actively cy-
cling NIH 3T3 cultures. Forty-eight hours later, the level of
cyclin D1 phosphorylation was determined by staining and
image analysis. The results from nine such experiments were
averaged through the cell cycle as described above (for Fig. 2J
to L). siRNA against ATR promoted a consistent suppression
of normal cyclin D1 phosphorylation (Fig. 6A), while the con-
trol siRNA had no observable effect (Fig. 6B). To quantitate
and compare these results, the phosphorylation of cyclin D1
following ATR siRNA injection was subtracted from the sup-
pression with control siRNA for each grouping of cells with
increasing DNA content in each experiment. The results of
such analysis from all nine experiments were then compared to
determine the mean ATR-induced suppression of cyclin D1
phosphorylation (�SE) throughout the cell cycle. In each
DNA range, there was a definite reduction in cyclin D1 phos-
phorylation resulting from the ablation of ATR (Fig. 6D).
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The natural variations in this experiment make it difficult
to determine the extent to which ATR is able to promote
cyclin D1 phosphorylation in individual cell cycle stages. To
address this question, cells from each experiment were sep-
arated into cell cycle phases according to BrdU labeling and
DNA content, and the results of all experiments were com-
bined and compared statistically. When all cell cycle phases
were considered together, the siRNA against ATR sup-
pressed cyclin D1 phosphorylation highly significantly (P 	
0.001). The suppression during S phase was also highly sig-
nificant compared to the control siRNA (P � 0.01), while
the significance for G1 phase was slightly reduced (P �
0.03). There appeared to be little evidence that ATR was
involved in cyclin D1 phosphorylation during the G2 phase
(P � 0.18). These results not only support our initial as-
sumption regarding the role of ATR in the normal suppres-
sion of cyclin D1 during the S phase but raise the possibility

that it plays some role during G1 phase, a result consistent
with the limited but definite increase in cyclin D1 phosphor-
ylation seen during the G1 phase after UV irradiation
(Fig. 1F).

ATM is also able to induce cyclin D1 phosphorylation. Our
results with ATR raised the possibility that a related check-
point kinase, ATM (ataxia-telangiectasia mutated), might also
be able to direct cyclin D1 phosphorylation. ATM is induced by
double-stranded DNA (dsDNA) breaks. To specifically induce
ATM, therefore, we utilized the bacterial toxin NCS, which is
reported to specifically induce dsDNA breakage within living
cells and thus to be a specific inducer of ATM (15, 24). This
toxin induced �H2AX in all cell cycle phases within 1 h (Fig.
7A and B). As evidence that this was the result of ATM
activity, this H2AX phosphorylation was efficiently blocked by
treatment with the specific ATM inhibitor Ku55933 (Fig. 7C).
Importantly, Ku55933 did not interfere with H2AX phosphor-

FIG. 3. TopBP1 induces cyclin D1 phosphorylation. Plasmids expressing the wild-type or an inactive mutant TopBP1 sequence attached to the
GFP sequence were injected into NIH 3T3 cells. After 3 h, the cells were fixed, stained, and subjected to image analysis. These experiments were
performed in the presence of the proteasomal inhibitor MG132 to block the degradation of total cyclin D1 during the experiment. The ratio of
phosphorylated to total cyclin D1 is presented (A to C), as is the level of �H2AX following each injection (D to F). (G, H) To determine the extent
to which total cyclin D1 is reduced following TopBP1 expression, the above experiments were repeated in the absence of MG132, and the level
of cyclin D1 determined and plotted for injected and neighboring uninjected cells versus DNA content. (I) The average reduction in total cyclin
D1 expression was determined for injected and uninjected cells. (J) Images from such an experiment are also presented. Cells at the bottom right
of the panel were injected with the TopBP1 plasmid as indicated by the resulting GFP fluorescence (middle panel). Cells containing TopBP1
expressed dramatically reduced levels of cyclin D1 compared to uninjected cells as shown following cyclin D1 staining (see upper left of the left
panel). For comparison, the DAPI-stained DNA image is presented to localize all cells (right panel). Injected cells were identified by immuno-
fluorescence staining of GFP.

FIG. 4. UV irradiation induces H2AX and cyclin D1 phosphorylation only during the S phase. (A to C) NIH 3T3 cells were rendered quiescent
by serum deprivation, followed by serum addition for the times indicated, UV irradiation, fixation, and determination of the �H2AX content of
each cell, which is plotted versus DNA content. (D to F) NIH 3T3 cells treated as above for 15 h with serum were analyzed without UV irradiation
(D) or following UV irradiation with (F) or without (E) a prior injection of siRNA against ATR. Again, the ratio of phosphorylated cyclin D1
divided by total cyclin D1 levels is presented.
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ylation following UV irradiation of these same cells (Fig. 7G to
I), indicating that it is unable to block ATR activity.

To determine if ATM is also able to promote cyclin D1
phosphorylation, NIH 3T3 cells were treated with NCS and
analyzed for cyclin D1 Thr286 phosphorylation by image anal-
ysis. The ratio of pD1 to total cyclin D1 was increased by NCS
treatment (Fig. 7D and E), while the level of total cyclin D1
was reduced significantly (not shown; P � 0.01). This cyclin D1
phosphorylation was efficiently inhibited by Ku55933 (Fig. 7F).
Careful analyses (not shown) indicate that the phosphorylation
of cyclin D1 following NCS treatment took place in all cell
cycle phases but was actually more pronounced during G1 and
G2 phases than during S phase.

To confirm these observations made with image analysis,
bulk cultures were treated with the NCS toxin in the presence
or absence of Ku55933 and subjected to Western analysis for
Thr286-phosphorylated and total cyclin D1. The results from
each of four individual experiments confirmed that NCS treat-

ment induced a slight but clear increase in cyclin D1 Thr286
phosphorylation, while promoting a decrease in the cyclin D1
level (Fig. 8A). As described above, the change in overall cyclin
D1 kinase activity must take into consideration each of these
alterations. When the pD1/total D1 level obtained by the quan-
titation of these Western analyses was calculated for all four
experiments and averaged, it was clear that the cyclin D1
kinase activity (pD1/total D1 ratio) was increased by NCS
treatment and decreased by the ATM inhibitor (Fig. 8C).

The above Western analysis is complicated by the fact that
dsDNA breaks reduce cyclin D1 levels while inducing its phos-
phorylation. This decrease in total cyclin D1 level complicates
the calculations described above. Consequently, these analyses
were repeated in the presence of the proteasomal inhibitor
MG132 to block the degradation of phosphorylated cyclin D1.
Since the level of cyclin D1 remained consistent throughout
the analysis, it was possible to focus only upon the increase in
phosphorylated cyclin D1 (Fig. 8B, lane 3). In each of three

FIG. 5. Western analysis following ATR ablation. (A) NIH 3T3 cells were either transfected with siRNA against ATR or mock transfected.
After 48 h, they were stimulated with serum for 15 h, UV irradiated, and subjected to Western analysis for the indicated markers. (B) To determine
the changes in cyclin D1 Thr286 kinase activity, the ratio of phosphorylated cyclin D1 was divided by the level of total cyclin D1 for three totally
independent analyses (�SE). Total Chk1 levels (not shown) were indistinguishable between the two lanes.
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separate analyses, there was a definite increase in cyclin D1
phosphorylation following NCS treatment, which was reduced
by treatment with Ku55933 (Fig. 8C). The average of all three
such analyses indicates that the increase in phosphorylation
observed following NCS treatment is significantly blocked by

the ATM inhibitor (P � 0.008). We conclude that ATM, in
addition to ATR, is able to promote the phosphorylation of
cyclin D1 Thr286, although our data do not address the role of
ATM in normal cell cycle progression. The efficiency with
which the ATM inhibitor functioned in this experiment is ev-
idenced by its ability to block the phosphorylation of p53 on
Ser15 (Fig. 8B).

Cyclin D1 regulates the G1-phase checkpoint. The fact that
cyclin D1 phosphorylation was induced by either ATM or ATR
raised the possibility that this critical cell cycle regulatory mol-
ecule might be involved in the checkpoint control mechanism
induced by these two kinase molecules following DNA dam-
age. To directly test this possibility, NIH 3T3 cells were micro-
injected with either the T286A mutant or the wild-type cyclin
D1 sequence linked to the GFP epitope (1.0 �g/ml). Since the
T286A mutant could not be phosphorylated at position 286,
only this mutant would resist degradation during the S phase
(11). The expression of the microinjected plasmids began
within 1 to 2 h following injection and continued for at least
18 h. During this time, the expressed cyclin D1 protein re-
mained exclusively nuclear and was expressed at levels at or
below the levels of endogenous cyclin D1 (11). The first anal-
ysis of the checkpoint function of cyclin D1 was performed in
actively cycling cells. These cultures were treated for 1 h with
NCS beginning 2 to 4 h after injection of the cyclin D1 expres-
sion plasmids. Immediately following the NCS treatment, the
cultures were labeled with a 15-min pulse of EdU, which was
incorporated only into actively synthesized DNA and served to
identify cells in S phase at the time of DNA damage. Following
a 3-h incubation, a final pulse of BrdU identified cells in the S
phase at the end of the experiment (Fig. 9A).

The ability of dsDNA breakage to block cell cycle progres-
sion in each cell cycle phase could be determined from the
EdU versus DNA profiles (Fig. 9B to D). The progression
from G1 to S phase was significantly reduced following NCS
treatment as indicated by the number of cells that had left G1

phase after EdU labeling. These cells (Fig. 9C and D) had
DNA levels of early S phase but no EdU labeling. Extensive
analysis indicated that within 6 h, only approximately 25% of
the G1-phase cells passed into S phase following NCS treat-
ment, whereas almost all of the G1-phase cells entered S phase
in untreated cultures (not shown). Slowed progression through
S phase following dsDNA damage was revealed by the failure
of the most highly EdU-labeled cells to increase in DNA con-
tent during the 4-h incubation following the NCS treatment
(Fig. 9C and D). Finally, a blockage in the passage through
mitosis was revealed by the failure of the cells initially in G2

phase to divide and enter G1 phase. Thus, most cells in the G2

phase immediately following DNA damage (without EdU la-
beling and with G2/M DNA content) remained in the G2 phase
during the 4 h after NCS treatment, while most G2-phase cells
divided in untreated cultures (Fig. 9C and D). Moreover, mi-
totic figures were not observed in treated cultures (not shown).

Expression of the T286A mutant cyclin D1 did not affect the
blockage in cell cycle progression during G2/M phase, since no
mitotic cells were seen following the injection (data not
shown). The progression of cells through S phase was also not
altered by the injected cyclin D1 protein, since the overall
profile of EdU labeling at the end of the experiment was not
changed by the exogenous cyclin D1 protein (Fig. 9E and F).

FIG. 6. ATR promotes the phosphorylation of cyclin D1 during normal
S phase. ATR siRNA (A) or the control siRNA (B) was microinjected into
sparse cultures of NIH 3T3 cells 48 h prior to fixation, staining, and analysis.
The phosphorylated to total cyclin D1 ratio was determined for injected and
neighboring uninjected cells from nine separate analyses, and average values
were determined for groups of cells with increasing DNA content. (C) The
pD1/total D1 ratio for siRNA-injected cells was subtracted from this ratio for
neighboring uninjected cells in each DNA range to yield the extent to which
the ATR siRNA had suppressed normal cell cyclin D1 phosphorylation. The
mean (�SE) of this difference for nine separate experiments is presented.
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On the other hand, the cyclin D1 mutant protein was able to
promote passage through the G1/S phase block induced by
dsDNA breakage, as shown by the EdU labeling. Following the
control GFP injection, the cells in G1 phase immediately fol-

lowing DNA damage (those cells with G1 DNA content and
without EdU labeling) retained their G1 DNA content to
the end of the experiment (Fig. 9F). On the other hand, among
the mutant cyclin D1-injected cells, a significant proportion

FIG. 7. ATM induces cyclin D1 phosphorylation. NIH 3T3 cells were treated with NCS, in the presence or absence of the ATM inhibitor Ku55933. (A to
C) Treated and untreated cells as indicated were stained for �H2AX, and the levels plotted versus DNA content for each cell. (D to F) The ratio of pD1 to total
cyclin D1 is plotted versus DNA for similarly treated cultures. Faint horizontal lines indicate the average cyclin D1 phosphorylation ratio of all cells in the panel.
(G to I) The phosphorylation of H2AX was also determined following UV irradiation in the presence or absence of the ATM inhibitor.
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of the EdU-unlabeled cells that were in G1 phase immediately
after DNA damage had progressed into early S phase, as evi-
denced by cells with S-phase DNA content but without EdU
labeling (Fig. 9E). At the same time, the total number of cells
remaining in the G1 phase throughout the experiment ap-
peared to decrease following cyclin D1 expression.

This initial indication that the G1/S-phase checkpoint block
had been overridden by the mutant cyclin D1 protein was
extended by an analysis of cells labeled by BrdU at the end of
the experiment described above. The numbers of cells in G1

phase compared to G2 phase were determined by DNA con-
tent and BrdU labeling. The injection of the mutant cyclin D1
expression plasmid into NCS-treated cells resulted in the re-
duction of G1-phase cells by almost half, compared to either
uninjected cells or control GFP-injected cells (Fig. 10A). This
reduction in G1-phase cells took place without a major change
in the number of G2-phase cells, indicating that the DNA
damage had blocked mitosis.

To provide final evidence that cyclin D1 had overcome the

G1/S-phase checkpoint block induced by dsDNA damage, and
to measure the overall efficiency of this event, the proportion
of cells initially in G1 phase (with G1/S DNA content and no
EdU labeling) was compared to the proportion of these cells
remaining in G1 phase at the end of the experiment (with G1

DNA content and no BrdU labeling). This analysis was made
possible by the fact that since no cells passed through mitosis
following DNA damage, all cells in G1 phase at the end of the
experiment must have been in G1 at the beginning of the
experiment. In NCS-treated, DNA-damaged cells, the expres-
sion of the mutant cyclin D1 in multiple experiments induced
approximately one-third of the cells that would have remained
in G1 phase to progress into S phase, while the control GFP
injection had no apparent effect (Fig. 10B). To confirm this
result, the experiment was performed upon NIH 3T3 cells
synchronized in S phase by thymidine treatment (15 h) as
diagrammed (Fig. 9A, right). The injection of the GFP control
plasmid had no effect in overriding the G1/S cell cycle blockage
in these synchronized cells, while mutant cyclin D1 expression

FIG. 8. Western analysis of the ATM-induced phosphorylation of cyclin D1. (A) NIH 3T3 cultures were treated with NCS in the presence (�)
or absence (
) of the ATM inhibitor Ku55933 as indicated. Lysates of each culture were then subjected to Western analysis with antibodies specific
for cyclin D1 phosphorylated on Thr286 or the other indicated antigens. (B) A similar analysis was performed in the presence (�) of the
proteasome inhibitor MG132. The average pD1/total D1 ratio is presented for all four experiments without (C) and for the three experiments with
(D) MG132. �, P of 0.06 that NCS induced an increased phosphorylation compared to all other lanes; ��, P of 	0.01 in the presence of MG132.
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induced almost 50% of the otherwise blocked cells to enter S
phase following NCS treatment (data not shown). In numerous
experiments with cycling or with thymidine-synchronized cells,
the probability that cyclin D1 had overcome the G1-phase
checkpoint blockage induced by dsDNA breakage was P �
0.007 and P � 0.006, respectively. When cycling cells were
treated with UV irradiation in the place of NCS treatment,
however, the blockage of cell cycle progression during G1 and
G2 phases was slight and variable even in the absence of in-
jection. It is not surprising, therefore, that no consistent evi-

dence for the override of this blockage following cyclin D1
expression was observed (data not shown).

The T286A cyclin D1 mutant was utilized in the above ex-
periments because it would remain stable even in the presence
of a Thr286 kinase. To directly demonstrate that the ability to
avoid Thr286 phosphorylation was important in the action of
the cyclin D1 mutant, the mutant expression plasmid was di-
rectly compared to a plasmid expressing the wild-type cyclin
D1 protein. Repeated injections of plasmid DNA (1.0 �g/ml)
for the two cyclin D1 constructs were performed into cycling

FIG. 9. Analysis of cell cycle progression following DNA damage. (A) The experimental timelines for the treatment of cycling cells (left) and
cells synchronized by thymidine treatment (right) are presented. Timelines are broken into hours. (B to D) The profile of EdU labeling is shown
immediately (B) or 4 h following a 15-min EdU pulse without (C) or with (D) NCS treatment. (C and D) The short, horizontal lines indicate cells
that had passed from G1 to S phase during incubation, the downward arrows indicate progression through S phase, and the elongated circles
enclose G2-phase cells. (E and F) Cycling cells were injected with the T286A mutant cyclin D1 or the control GFP expression plasmid and treated
as described. The profile of EdU labeling versus DNA content for the cells injected with mutant cyclin D1 (E) and with GFP (F) is shown. The
faint upward arrows indicate cells which passed from G1 to S phase during this experiment.
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cells and analyzed as described above. The wild-type cyclin D1
construct was far less effective than the mutant construct in
overcoming G1/S-phase checkpoint blockage, although it might
have had some limited effect (Fig. 10B). When the overall
expression levels of the two cyclin D1 constructs were com-
pared based upon expression of the linked GFP sequence, it
was clear that the wild-type protein was expressed at reduced
levels (Fig. 10C). This most likely explained the difference in
the activity of the two constructs and confirms the importance
of Thr286 phosphorylation in cell cycle blockage induced by
checkpoint kinases. Based upon all these considerations, we
conclude not only that checkpoint kinases are able to direct the
phosphorylation of cyclin D1 Thr286 but that this action plays
a critical role in checkpoint cell cycle blockage during G1

phase.

DISCUSSION

Cyclin D1 expression declines during S phase as indicated by
cytometric as well as biochemical analyses (2, 10, 14, 18, 19,
27). Without this suppression, DNA synthesis would be inhib-
ited because cyclin D1 binds to and inhibits PCNA (20, 23, 26).
Because of its suppression during S phase, the cell must resyn-
thesize cyclin D1 during G2 phase if active cell cycle progres-
sion is to continue. This requires the assessment of cellular
growth conditions and the activation of proliferative signaling
proteins immediately prior to the commitment to continued
proliferation during G2 phase (14, 34). Our results indicating
that S-phase cyclin D1 suppression requires the phosphoryla-
tion of Thr286 by a kinase activated directly by DNA synthesis
(11) lead to the prediction tested here that ATR might be
involved in this phosphorylation. While identified as a DNA-
damage response kinase, this essential protein has recently
been shown to become activated by, and to then regulate,
normal DNA synthesis (16, 25, 28, 33). We present evidence
that ATR is indeed able to promote Thr286 phosphorylation.
UV irradiation, which has been shown to specifically activate
ATR in S-phase cells (12, 38), induces cyclin D1 phosphoryla-
tion together with histone H2AX phosphorylation during S
phase. Both were inhibited by pretreatment with siRNA
against ATR. The specific ATR activator, TopBP1, stimulates
both cyclin D1 Thr286 and H2AX phosphorylation in all cell
cycle phases, but an inactive TopBP1 mutant does not. In
direct support of the predictions of our cell cycle model, ATR
was also shown to promote cyclin D1 Thr286 phosphorylation
during S phase of normal cell cycle progression. The overall
conclusion that ATR is able to direct cyclin D1 phosphoryla-
tion was extended by demonstrating that the related DNA-
damage response kinase, ATM, has a similar and perhaps even
more robust activity. Our combined data would suggest that
while ATR is more likely to direct cyclin D1 phosphorylation in
normal cell cycle progression, ATM is more active in cyclin D1
phosphorylation following DNA damage. The validation of our
initial hypothesis serves to confirm the previous cell cycle stud-
ies upon which it was based.

These data not only confirm the predictions of our cell cycle
model but also have interesting implications for the DNA-
damage response. The three DNA-damage response kinases,
ATM, ATR, and DNA-PK, have the ability to halt cell cycle
progression at various stages of the cell cycle, allowing the cell

FIG. 10. Microinjected cyclin D1 overcomes the G1 phase DNA damage
checkpoint. (A) Cycling cells were injected with either the T286A cyclin
D1-GFP expression plasmid or the control GFP plasmid. The cells were then
treated with NCS as described in the legend for Fig. 9A. Based upon BrdU
labeling, the proportion of all cells in G1 or G2 phase at the end of each
experiment is shown for injected (Inj.) and neighboring uninjected (Uninj.)
cells in a single representative experiment. (B) This experiment was repeated
multiple times following the injection of mutant cyclin D1, wild-type cyclin D1
(W.T.D1), or control GFP expression plasmids. The number of cells initially
in G1 phase that entered S phase following DNA damage (EdU-unlabeled
and BrdU-labeled cells with G1/S-phase DNA content) was compared to the
number of cells that remained in G1 phase throughout the experiment
(BrdU/EdU-unlabeled cells with G1-phase DNA). The proportion of cells
entering S phase following each injection along with this proportion for
neighboring uninjected cells was determined. The number plotted represents
the increase in the G1/S-phase transition induced by the injection over the
number observed in uninjected cells (�SE) (n � 7 for control GFP, n � 11
for mutant cyclin D1, and n � 4 for wild-type cyclin D1). (C) The average
expression level of the cyclin D1-GFP in microinjected cells was determined
following the injection of mutant and wild-type cyclin D1-GFP expression
plasmids, followed by determination of the average amount of GFP per cell.
Average expression levels from multiple experiments are reported (�SE).
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the opportunity to correct the damage before a decision is made
to continue proliferation or initiate apoptosis. Upon DNA dam-
age, these kinases stabilize p53, resulting in p21Waf1 synthesis, or
destabilize CDC25, leading to elevated CDK Thr14 and Tyr15
phosphorylation, both of which directly inhibit CDK2 or CDK1
activity and block cell cycle progression at G1/S, S, or G2/M
phase (13, 31). It has been shown, however, that ionizing irra-
diation can block cell cycle progression during G1 phase even
in p53
/
 cells. To explain this observation, it was found that
cyclin D1 was suppressed during this cell cycle period by ion-
izing radiation, although the phosphorylation of Thr286 was
not involved (1). Our results directly link DNA-damage re-
sponse kinases, cyclin D1 phosphorylation, and DNA damage
together. From past studies, we know that the suppression of
cyclin D1 blocks cell cycle progression during G1 phase, lead-
ing to entry into quiescence. The suppression of cyclin D1 by
the DNA-damage response kinases, therefore, might provide a
means for a cell to exit the cell cycle and enter quiescence, thus
allowing the time needed to completely repair all DNA lesions
prior to reentering the cell cycle. This could provide an advan-
tage over a temporary halt in cell cycle progression, as many
lesions are not rapidly repaired (36). In support of this con-
tention, we were able to directly demonstrate that the expres-
sion of a cyclin D1 mutant unable to be phosphorylated at
position 286 was able to efficiently override the G1/S-phase
blockage observed following dsDNA breakage, even though it
had no effect upon the G2/M- or S-phase checkpoints. Thus, by
the suppression of cyclin D1 levels, ATM is able to promote a
G1-phase arrest to allow the repair of damaged DNA. It is
important to note that despite the fact that our cells contain
active p53 (Fig. 8B), from 30 to 50% of the G1-phase blockage
was apparently due to the suppression of cyclin D1 protein
levels following ATM activation (Fig. 10).

The suppression of cyclin D1 by DNA-damage response
kinases also has the potential to directly aid DNA repair syn-
thesis. While PCNA plays a central role in DNA replication, it
is also known to play an essential role in several types of DNA
repair synthesis, including mismatch repair, base excision re-
pair, and nucleotide excision repair (22). Cyclin D1, as indi-
cated above, binds PCNA and blocks its activity. The fact that
this binding can actually block repair DNA synthesis has been
shown following the UV irradiation of cells in G1 phase. The
resulting repair synthesis was greatly enhanced in these cells if
the level of cyclin D1 was artificially reduced (23). It appears
likely, therefore, that the ability of DNA-damage response
kinases to suppress cyclin D1 might aid in the overall process
of DNA-damage repair by making PCNA more readily avail-
able to the DNA repair machinery.

These observations make an interesting connection between
cell cycle progression and the DNA-damage response. ATR is
known to be vital for the repair of lesions induced by UV
irradiation. Recent studies indicate that ATR is also required,
along with ATM and DNA-PK, for the repair of dsDNA le-
sions (5, 15, 41) and that ATM can be activated by ATR (35).
Clearly, ATR serves as a central component of the DNA-
damage response. The fact that ATR also plays a necessary
role in normal S-phase progression ensures that its activity is
always present in actively cycling cells; otherwise, high levels of
cyclin D1 would block DNA synthesis. Thus, if a mutation were
to eliminate ATR activity, the cell would stop proliferation

before it could sustain DNA damage due to the absence
of ATR.

These studies leave several unanswered questions. First, we
are not certain that ATM and ATR directly phosphorylate
cyclin D1. These kinases generally target a serine or threonine
followed by a glutamine, making the direct phosphorylation of
cyclin D1 unlikely, although perhaps not out of the question
(32). It would, therefore, appear more likely that targets of
these checkpoint kinases directly catalyze cyclin D1 phosphor-
ylation on Thr286. In this light, it is critical to emphasize that
the phosphorylation of cyclin D1 on Thr286, leading to its
degradation, takes place continuously throughout the cell cycle
(11). This phosphorylation, particularly in G1 and G2 phases, is
most likely regulated by a kinase unrelated to ATM or ATR. It
remains possible, however, that a single cyclin D1 kinase is
responsible for cyclin D1 phosphorylation throughout the cell
but that it responds to multiple regulatory signals, including
ATM and ATR. Second, it is not clear if ATR possesses a
mechanism to promote cyclin D1 suppression in addition to
Thr286 phosphorylation. It is reported that at least at a high
dose, UV rapidly suppresses cyclin D1 mRNA expression (21).
Finally, our preliminary evidence suggests DNA-PK might not
promote robust cyclin D1 phosphorylation following dsDNA
breakage induced by NCS treatment, but further study will be
required to confirm this observation (4).
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