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Cyclin E Is Stabilized in Response to Replication Fork Barriers
Leading to Prolonged S Phase Arrest™
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Cyclin E is a regulator of cyclin-dependent protein kinases
(Cdks) and is involved in mediating the cell cycle transition from
G, to S phase. Here, we describe a novel function for cyclin E in
the long term maintenance of checkpoint arrest in response to
replication barriers. Exposure of cells to mitomycin C or UV
irradiation, but not ionizing radiation, induces stabilization of
cyclin E. Stabilization of cyclin E reduces the activity of Cdk2-
cyclin A, resulting in a slowing of S phase progression and arrest.
In addition, cyclin E is shown to be required for stabilization of
Cdc6, which is required for activation of Chkl and the re-
plication checkpoint pathway. Furthermore, the stabilization of
cyclin E in response to replication fork barriers depends on
ATR, but not Nbs1 or Chkl1. These results indicate that in addi-
tion to its well studied role in promoting cell cycle progression,
cyclin E also has a role in regulating cell cycle arrest in response
to DNA damage.

Commitment to S phase and DNA replication is con-
trolled by the cyclin-dependent protein kinase 2 (Cdk2)* and
its regulatory subunits cyclin E and cyclin A (1-3). Cyclin E
and cyclin A have distinct roles in the initiation of DNA
replication. Cyclin E accumulates in late G, by the E2F-me-
diated gene transcription program, which in turn is activated
by cyclin D-associated kinases via phosphorylation of the
retinoblastoma protein. Upon entry into S phase, cyclin E is
rapidly degraded by the ubiquitin-proteosome system by two
different pathways employing distinct mechanisms. Cyclin E
unbound to Cdk2 is targeted by the Cul3-based E3 ubiquitin
ligase (4), whereas Cdk2-bound cyclin E is targeted by the
SCF*™7 ubiquitin ligase in a process that requires phosphor-
ylation of cyclin E by both Cdk2 and GSK3p (5-12). A critical
function of Cdk2-cyclin E is to promote replication licensing
prior to initiation of S phase by phosphorylation of the prerep-
lication complex (pre-RC) assembly factor Cdc6 (13, 14). This
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modification inhibits ubiquitylation and subsequent degrada-
tion of Cdc6 by the anaphase-promoting complex (APC)/cyclo-
some, thereby promoting pre-RC assembly. Interestingly, cyclin E
also promotes pre-RC assembly in a Cdk2-independent fashion.
Cyclin E interacts with the pre-RC complex members Cdt1 and
Cdc6 on chromatin and facilitates loading of the minichromo-
some maintenance (MCM) complex (15). Cyclin A accumulates at
the onset of S phase and is required for initiation of DNA replica-
tion in mammalian cells. In addition, Cdk2-cyclin A also prevents
replicative reinitiation of the pre-RC via phosphorylation of Cdc6
(14, 16).

In normal replicating mammalian cells, cyclin E levels
decline during S phase; however, in many human cancers cyclin
Eis overexpressed and deregulated as a function of the cell cycle
(17-21), and this deregulation has been implicated as a causa-
tive factor in tumorigenesis (8, 22-24). Overexpression of
cyclin E has been shown to induce both aneuploidy and
polyploidy in mammalian cell lines (25, 26), and these events may
represent the connection between deregulated cyclin E and can-
cer. Cyclin E overexpression accelerates entry into S phase, but
somewhat paradoxically it also slows progression through S phase
(25,27-29). It has been shown that deregulation of cyclin E inter-
feres with pre-RC assembly during early G,, and this defect leads
possibly to impairment of replication initiation and/or fork elon-
gation but does not affect the functions of cyclin E involved in the
G, /S transition (30). Thus, this mechanism can potentially explain
both the accelerated entry into S phase and the slower rate of DNA
synthesis caused by cyclin E overexpression.

Cell cycle checkpoints are induced in response to DNA dam-
age to allow additional time for lesions to be repaired and to
carry out other aspects of the DNA damage response such as
programmed cell death (31, 32). In response to the formation of
double-strand breaks by ionizing radiation (IR), S phase check-
points are mediated by two parallel pathways involving the
upstream signaling kinases ATM and ATR and result in a rapid
but transient inhibition of DNA synthesis (31, 33). The first of
these pathways requires the activation of Chkl and Chk2
kinases, both of which target the Cdc25A phosphatase for deg-
radation resulting in an impairment of Cdk2 activation. The
second pathway involves the MRN complex, Mdcl, and Smcll
however, how this pathway affects DNA replication is not
known. Both of these pathways have also been implicated in the
checkpoint responses to replication fork-blocking lesions such
as DNA interstrand cross-links that are mediated by ATR (34,
35). However, interstrand cross-links cause an extended S
phase arrest that can last for several days (36, 37) and that is not
observed after exposure to IR, suggesting the possibility of addi-
tional checkpoint pathways that mediate long term arrest.
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FIGURE 1. Cyclin E is stabilized in response to replication fork barriers. A, cell cycle analysis of HelLa cells synchronized by a double-thymidine block and
released into MMC. FACS analysis (left panel) and quantitation of Pl staining (right panel) are shown. The highest value for the largest peak (mode) is repre-
sented. B, immunoblots showing cyclin E levels in cells presented in A. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a loading control. Far right
panel shows quantitation of cyclin E bands. C and D, similar experiment as shown in A except that cells were treated with UV or IR and subsequently released
into normal medium. Upper panels show FACS analysis, and lower panels show immunoblots. E, unsynchronized MRC5 primary human fibroblast cells were
exposed to MMC and analyzed by FACS (left panel) and immunoblotting (right panel).

a novel mechanism that induces a sustained arrest in response
to fork-blocking lesions.

Here, we show that in response to the cross-linking drug mito-
mycin C (MMC) or UV irradiation, but not to IR, cyclin E is
strongly stabilized during S phase. This stabilization of cyclin E

interferes with the activation of Cdk2-cyclin A and impedes EXPERIMENTAL PROCEDURES

DNA synthesis and S phase progression. Interestingly, the sta-
bilization of cyclin E is not dependent on either Chkl or Nbs1,
but does depend upon ATR. In addition, cyclin E is required for
the stabilization of Cdc6, which has been shown previously to
be required for the activation of Chk1 (38 —41). These findings
suggest that ATR-mediated stabilization of cyclin E represents
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Cell Culture, Synchronization, and BrdUrd Labeling—HeLa
S3, HEK293T, and MRCS5 cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. HeLa S3
cells were synchronized at G, /S phase by using a double-thymi-
dine block as described previously (42). Briefly, HeLa S3 cells
were cultured in Dulbecco’s modified Eagle’s medium with 2
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FIGURE 2. MMC inhibits ubiquitylation of cyclin E. A, Northern blot showing that MMC does not affect transcript levels of cyclin E. HeLa cells were synchro-
nized by double-thymidine block and analyzed at the indicated times after release into normal medium with or without MMC. B,immunoblot analysis showing
that MMC prevents ubiquitylation of cyclin E. HeLa cells transiently expressing HA-ubiquitin (HA-Ub) were synchronized and released into medium with or
without MMC. Lysates were subjected to IP with anti-HA and immunoblotted for cyclin E (left panel). Right panel shows a loading control. C,immunoblot analysis

showing stabilization of cyclin E from the experiment in B.

mM thymidine for periods of 19 h and 16 h with an interval of
9 h in regular medium in between. After the second thymi-
dine block period, cells were released into regular medium or
were treated with MMC (Sigma), UV, or IR. Progression of
the cell cycle was monitored by FACS analysis of propidium
iodide (PI)-stained cells that were collected at the indicated
time points. The modeling program Flow]Jo was used to cal-
culate the peak of PI value which is the mode of the PI profile
statistically.

Pulse labeling of cells with BrdUrd (10 um) for 30 min was
performed following the manufacturer’s recommended proto-
col (Roche Applied Science in situ cell proliferation kit). Cells
were trypsinized, fixed in 70% ethanol, incubated in blocking
solution (4% bovine serum albumin in phosphate-buffered
saline with 10% Triton X-100) for 30 min followed by incuba-
tion in 2 M HCI for 25 min. Cells were incubated with anti-
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BrdUrd for 45 min followed by a 20-min incubation with fluo-
rescein isothiocyanate-conjugated secondary antibody.

Sucrose Gradient Centrifugation—Synchronized HeLa cells
were collected at the indicated times and lysed in Nonidet P-40
buffer (50 mm Tris (pH 7.8), 120 mm NaCl, and 0.5% Nonidet
P-40). Sucrose gradient analysis was performed as described
previously (43). Briefly, cell lysates were loaded onto 5-30%
sucrose gradients and spun at 28,000 rpm for 18 h in a Beck-
man SW 40i rotor. Fractions were collected and electro-
phoresed on SDS-polyacrylamide gels for immunoblot anal-
ysis. Protein bands were quantitated with Alpha Imager
software (Alpha Innotech).

Antibodies and siRNAs—Antibodies used for immunoblot
analysis, including cyclin E (sc-247), cyclin A (sc-751), ATR
(sc-1887), Cdk2 (sc-163), proliferating cell nuclear antigen (sc-
25280), Cdc6 (sc-9964), Nbsl (sc-8580), MCM4 (sc-22779),
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FIGURE 3—continued

p21 (sc-397-G), and HA (sc-7392) were purchased from Santa
Cruz Biotechnology. Pinl (3722), Chkl (2345), and GSK3f3
(9315) antibodies were purchased from Cell Signaling. ORC2
(559260) and p27 (610241) antibodies were obtained from BD
Pharmingen.

Nbs1 (L-009641-00), cyclin E (J-003213-10), Pin1 (J-003291-
10), Chkl (D-003255-06), and ATR (44) siRNAs were pur-
chased from Dharmacon. An additional ATR siRNA was pur-
chased from Sigma (SASI_HS01_00176271). Oligofectamine

fragment produced by Ncol restric-
tion digest of cyclin E ¢cDNA was
labeled by random priming and
used for Northern blot analysis.
Chromatin Isolation—Chromatin isolation was performed
by the method described previously (46). HeLa cells were col-
lected at the time points indicated in the figure. Cells were sus-
pended in buffer A (10 mm HEPES (pH 7.9), 10 mm KCl, 1.5 mm
MgCl,, 0.34 M sucrose, 10% glycerol, and 1 mm dithiothreitol).
Triton X-100 was added to a final concentration of 0.1%. Cells
were incubated on ice for 8 min and then spun to collect the
cytosolic fraction. The pellet was resuspended in buffer B (3 mm

FIGURE 3. Gradient sedimentation profiles of cyclin E and its binding partners in response to MMC. A, Hela cells were synchronized and released into
regular medium with or without MMC. Lysates were subsequently examined by sucrose gradient sedimentation (left panels). Quantitation of bands is shown
in the right panels. L, loading of unfractionated samples. For reference, cell cycle distributions of these cells by FACS analysis are shown in the top panel. B, same
asin A except cells were released into MMC. C,immunoblot analysis showing that MMC reduces the interaction between cyclin E and both GSK38 and Pin1 as
determined in co-IP experiments. NT2, cells without drug released for 2 h; MM(S, cells treated with MMC (250 ng/ml) and released for 8 h. D, immunoblot
showing that the levels of cyclin E, but not Pin1 or GSK3p, are altered in the presence of MMC. E, depletion of GSK3 3 results in stabilization of cyclin E during
S phase. Upper panel shows FACS analysis of HelLa cell treated as indicated. Lower panel shows an immunoblot analysis.
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EDTA, 0.2 mM EGTA, and 1 mwm dithiothreitol) and lysed on ice
for 30 min. The supernatant (nucleoplasmic fraction) was com-
bined with the cytosolic fraction as the soluble fraction. The
pellet was dissolved in 1X SDS sample buffer as the chromatin
fraction.

RESULTS

Agents That Introduce Replication Fork Barriers Stabilize
Cyclin E by Inhibition of Ubiquitylation—Cyclin E overexpres-
sion causes a prolonged S phase (25, 27-29), and recently it has
been shown that cyclin E is a phosphorylation substrate of the
checkpoint kinase ATR (47). These findings suggested the pos-
sibility that stabilization of cyclin E may mediate a long term
arrest in the S phase of the cell cycle in response to replication
stress. To investigate this hypothesis, we synchronized HeLa
cells via a double-thymidine block and then released the cells
into MMC. At 5 ng/ml MMC, cells exhibited a transient delay
(note the 13 h time point), whereas at 250 ng/ml MMC a greatly
decreased progression through S phase was observed (Fig. 1A4).
In untreated cells S phase was complete by 8 h, whereas in
treated cells it was not fully complete by 24 h. Next we exam-
ined cyclin E levels, and we observed that it was slightly stabi-
lized at 5 ng/ml MMC, but was strongly stabilized at the higher
concentration of MMC (Fig. 1B). We performed similar exper-
iments with synchronized HeLa cells using either UV or IR as
the source of DNA damage (Fig. 1, C and D). Interestingly, UV,
but not IR, also induced stabilization of cyclin E, suggesting that
lesions that block replication forks induce the observed stabili-
zation. As a further demonstration, we exposed unsynchro-
nized primary human MRCS5 fibroblast cells or HEK293T cells
to MMC and observed stabilization of cyclin E for up to at least
48 h and a very prolonged S phase arrest (Fig. 1E and supple-
mental Fig. S1). To verify that cyclin E was responsible for the
observed S phase delay, we overexpressed GFP-cyclin E and
noted a prolongation of S phase (supplemental Fig. S2). Note
that the exogenous GFP-cyclin E was strongly decreased com-
pared with endogenous cyclin E, which is highly stabilized in
the presence of drug or UV (Fig. 1, B and C).

Next, we examined whether the stabilization of cyclin E
occurred through a transcriptional or posttranslational mech-
anism. Synchronized HeLa cells were examined for levels of
cyclin E transcripts by Northern blot analysis, and no increase
was observed in the presence of MMC during the 4-10-h pos-
trelease period when stabilization of cyclin E protein levels were
observed (Fig. 2A). However, an examination of the degree of
ubiquitylation of cyclin E showed that this modification was
greatly reduced in the presence of MMC (Fig. 2B), and the sta-
bilization of cyclin E in this experiment was confirmed by
immunoblot analysis (Fig. 2C). These results demonstrate that

Cyclin E Mediates Long Term Cell Cycle Arrest

exposure to MMC inhibits the normal ubiquitylation and deg-
radation of cyclin E that occurs during S phase.

MMC Alters the Association between Cyclin E and Factors
Required for Its Ubiquitylation—In addition to being a regula-
tor of Cdk2, cyclin E is also a substrate of this kinase and GSK33
(5-12). Phosphorylation by these kinases is required for the
ubiquitylation and ultimate degradation of cyclin E that occurs
during S phase. In addition, the proline isomerase Pinl is also
required for ubiquitylation of cyclin E (12, 48). We therefore
examined the association between these proteins and cyclin E
by sucrose gradient sedimentation. As shown (Fig. 34), at the
time of release from synchronization the sedimentation profile
of cyclin E partially overlaps with Cdk2 and GSK3g, but not
with Pinl, in what appears to be a configuration intermediate
between G, and S phases. Two hours after release of untreated
cells into S phase, the sedimentation profiles of all four proteins
almost exactly overlap in a slower sedimenting complex (S
phase configuration) that presumably mediates ubiquitylation
of cyclin E. At 13 h after release, when cells have cycled into the
G, phase, cyclin E has returned to a G, configuration with some
overlap with Cdk2, but little overlap with GSK3p or Pinl. On
the other hand, release of cells into MMC showed that cyclin E
was maintained in the G, configuration with only little or no
overlap with GSK3p and Pin1 for many hours (Fig. 3B). This
latter finding was also confirmed by co-IP experiments in which
in the presence of MMC cyclin E no longer interacted with
either GSK3p or Pinl (Fig. 3C). Also, MMC did not affect the
levels of either GSK3 or Pin1 (Fig. 3D). To confirm further that
GSK3 is required for degradation of cyclin E during S phase,
we depleted expression of GKS3B by siRNA and observed
extended stabilization of cyclin E and slower progress through S
phase (Fig. 3E). Taken together, these results indicate that
treatment with MMC negatively affects the association
between cyclin E and two factors that are required for its ubiq-
uitylation, namely GSK38 and Pinl. Furthermore, they are con-
sistent with the findings described above demonstrating that
MMC induces stabilization of cyclin E via inhibition of
ubiquitylation.

Stabilization of Cyclin E Suppresses Cdk2 Activity—Ectopic
overexpression of cyclin E is known to inhibit progression
through S phase (25, 27-29). One possible explanation for this
effect is that elevated levels of cyclin E may negatively affect
Cdk2-cyclin A activity. To examine this hypothesis, HeLa cells
were synchronized and released into medium with or without
MMC. Approximately 6 h after release, untreated cells showed
an increase in Cdk2 activity as determined in an IP-kinase assay
using histone H1 as substrate (Fig. 44, left upper panels). This
increase in activity correlated with decreases in cyclin E levels.

FIGURE 4. Cdk2 kinase activity is reduced in the presence of MMC. A, upper panels, analyses showing the results of IP-kinase assays of Cdk2 using histone H1
as the substrate. Hela cells were synchronized and released into regular medium with or without MMC for the indicated times. The top rows show autoradio-
graphs of phosphorylated histone H1. The next two rows shown Coomassie Blue staining of histone H1 and the IgG used for the IP. The bottom two rows show
immunoblots of cyclin E and the loading control GAPDH. Lower panels, experiment as described above except that the IP was performed with an antibody to
cyclin A. B,immunoblot analysis showing the co-IP of Cdk2 and cyclin E with or without MMC treatment. C, sucrose gradient sedimentation profiles of cyclin A
and Cdk2 8 h after release from synchronization with or without MMC. D, immunoblot analysis showing co-IP between cyclin A and Cdk2 8 h after release from
synchronization. NT8, nontreated cells at 8 h after release; MMCS8, cells released into MMC for 8 h. Control indicates an IP with a nonspecific IgG. E,immunoblot
analysis showing levels of p21 and p27 after release into regular medium with or without MMC. F, sucrose gradient sedimentation profiles of p21, cyclin E, and

cyclin A at 8 h after release into MMC.
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On the other hand, MMC-treated cells exhibited a distinctly
lower level of Cdk2 kinase activity (Fig. 4A, right upper panels).
We also measured cyclin A-associated kinase activity and found
similarly that it was also reduced in the presence of MMC (Fig.
4A, lower panels). We also confirmed that stabilized cyclin E
remained associated with Cdk2 as determined by a co-IP exper-
iment (Fig. 4B). We next examined the sedimentation profile of
cyclin A and found that 8 h after release the profiles for cyclin A
and Cdk2 almost precisely overlapped in untreated cells. How-
ever, in the presence of MMC a portion of Cdk2 no longer
co-sedimented with cyclin A (Fig. 4C). Furthermore, a co-IP
experiment indicated that the interaction between cyclin A and
Cdk2 was reduced by approximately half (Fig. 4D). These find-
ings support the hypothesis that stabilization of cyclin E during
S phase impairs the full activation of Cdk2-cyclin A.

P21<"P* and p27%P! are well known inhibitors of Cdk2 (49,
50) and could be responsible for the prolonged S phase arrest
observed in the presence of MMC. We therefore examined
whether treatment with MMC causes an increase in the levels
of either of these inhibitors. As shown (Fig. 4E), neither p21 nor
p27 levels were increased upon release into MMC compared
with untreated cells. Furthermore, p21 did not co-sediment
with either cyclin E or cyclin A in the presence of MMC (Fig.
4F). Attempts to detect p27 in these gradients were unsuccess-
ful. Nevertheless, these experiments suggest that neither p21
nor p27 is responsible for the decrease in Cdk2 activity or the
prolonged arrest observed in the presence of replication fork-
blocking agents.

Cyclin E and Cdc6 Are Maintained on Chromatin in the Pres-
ence of MMC—To examine the effect of MMC on DNA synthe-
sis, we released synchronized cells and pulse-labeled them with
BrdUrd at various times during the subsequent incubation. For
untreated control cells, the fraction of BrdUrd-positive cells
had decreased dramatically by 8 h after release, whereas for
MMC-treated cells, a large fraction still incorporated BrdUrd at
15 h after release (Fig. 54). We also examined the degree of
BrdUrd incorporation and found that it was still ongoing in the
MMC-treated cells, although not to the extent observed in the
control cells (supplemental Fig. S3). Thus, cells damaged by
MMC treatment exhibit a prolonged and substantial rate of
DNA synthesis, suggesting that ongoing DNA replication is not
completely blocked. Some component of the observed BrdUrd
incorporation in the MMC-treated cells may be due to DNA
repair synthesis.

Next, we examined the cellular localization of cyclin E and
other markers of DNA replication. Cyclin E binds to replication
forks and is known to be required for the loading of the MCM
complex in a kinase-independent manner (15). Cyclin E has
also been shown to regulate fork progression negatively in Dro-
sophila ovarian follicle cells (51). Release of synchronized cells
into MMC caused the retention of cyclin E, Cdc6, and prolifer-
ating cell nuclear antigen on chromatin, consistent with the

Cyclin E Mediates Long Term Cell Cycle Arrest

ongoing DNA synthesis shown above (Fig. 5, B and C). In
untreated cells, cyclin E was only transiently associated with
chromatin during early S phase. Interestingly, the degradation
of Cdc6 that normally occurs upon mitotic exit (13, 52) is inhib-
ited in the presence of MMC. MCM4, on the other hand, was
not affected by MMC treatment, and this result is consistent
with the findings of others that association of the MCM com-
plex with chromatin is greatly decreased in mammalian cells at
the onset of S phase (46).

The apparent stabilization of Cdc6 in the presence of MMC
was intriguing because Cdc6 has been shown to be involved in
the activation of Chkl and in mediating the S-M cell cycle
checkpoint in response to stalled replication forks (38 —41, 53).
To determine whether the apparent stabilization of Cdc6 was
dependent upon cyclin E, we used siRNA to deplete cells of
cyclin E. As shown (Fig. 5D), depletion of cyclin E in the pres-
ence of MMC resulted in a significant drop in Cdc6 levels.
Taken together, these results indicate that replication fork
barriers induce stabilization of replication forks with con-
comitant retention of cyclin E and Cdc6, which in turn
causes a slowing of S phase progression and activation of the
replication checkpoint.

ATR Regulates the Degradation of Cyclin E in Response to
MMC—Cyclin E has recently been shown to be a phosphor-
ylation substrate of ATR in response to DNA damage (47). To
determine whether ATR plays a role in the DNA damage-me-
diated stabilization of cyclin E, we used siRNA to deplete HeLa
cells of this checkpoint kinase. Release of synchronized cells
into MMC showed that depletion of ATR significantly de-
creased the observed stabilization of cyclin E (Fig. 6A4). How-
ever, depletion of ATR in the absence of MMC did not induce
stabilization of cyclin E (Fig. 64). Interestingly, the downstream
effectors of ATR-mediated checkpoints, Nbs1 and Chk1, were
not required for stabilization of cyclin E (Fig. 64), suggesting
that ATR may directly regulate the degradation of cyclin E. To
examine this possibility, ATR was depleted, and the ubiquityla-
tion of cyclin E in the presence of MMC was examined in vivo.
As shown (Fig. 6B), depletion of ATR resulted in an increase in
ubiquitylation of cyclin E.

DISCUSSION

Our findings described here demonstrate that in response to
DNA damage, such as introduced by MMC or UV irradiation,
cyclin E is stabilized by a mechanism that reduces its level of
ubiquitylation and ultimate degradation. This phenomenon
was observed in the cancer cell line HeLa, in HEK293T cells,
and in primary human fibroblasts, suggesting that it is a general
cellular response to stalled replication forks. Interestingly, pro-
duction of double-strand breaks by IR did not induce stabiliza-
tion of cyclin E, indicating that this response is specific to
lesions that directly block replication forks. Overexpression of
cyclin E has been shown in a number of contexts to inhibit the

FIGURE 5. Stabilized cyclin E and Cdc6 are maintained on chromatin in the presence of MMC. A, FACS analysis showing BrdUrd incorporation in HelLa cells
released into regular medium with or without MMC (left panel). At each indicated time point cells were pulsed for 30 min with BrdUrd and then harvested for
analysis. The percentage of BrdUrd-positive cells is quantitated as shown in the graph (right panel). NT, no treatment. B, cells treated as described in A were
fractionated into soluble (S) and chromatin (P) fractions and subsequently analyzed by immunoblotting. C, immunoblot analysis of total lysates of samples
shown in B. D, depletion of cyclin E prevents stabilization of Cdc6 in response to MMC. Cells depleted of cyclin E by siRNA were synchronized and released into
MMC for the indicated times, and cellular lysates were examined by immunoblotting.
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FIGURE 7. Model for involvement of cyclin E in the replication checkpoint in response to replication fork
barriers. In response to replication stress, ATR mediates stabilization of cyclin E resulting in inhibition of cyclin
A-Cdk2 and retention of cyclin Eand Cdc6 at stalled replication forks. These events contribute to the activation

of the replication checkpoint.

progression of cells through S phase in vivo (25, 27-29). A pro-
posed explanation for this effect is that abnormally high levels
of cyclin E interfere with the loading of the MCM complex in
early G, (30), and such a model has also been confirmed in vitro
(16). However, this mechanism does not appear to explain our
findings because we have used synchronization techniques to
arrest cells at the G,/S boundary at a point in the cell cycle
where pre-RC assembly would be completed. Rather, our
results suggest that cyclin E may act to retard S phase progres-
sion by competing with cyclin A for binding to Cdk2 and thus
inhibit origin firing, an apparent function of Cdk2-cyclin A (3,
16). Elevated levels of cyclin E have been shown to prevent
cyclin A from activating replication origins in vitro (3, 16).
Interestingly, even though cyclin E levels remained high in
response to DNA damage, the overall activity of Cdk2 was
decreased. This may be due to the activation of Chk1 and/or the
possibility that the phosphorylated form of cyclin E may have
decreased capacity to stimulate Cdk2. Cyclin E has also been
shown to affect fork progression in Drosophila follicle cells
directly, although the mechanism of this activity is unclear (51).
Thus, cyclin E may retard S phase progression by both inhibit-
ing replicon origin firing and replication fork progression.
The stabilization of cyclin E in response to DNA damage
required ATR, and this effect was due to a requirement for ATR

—_—
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to inhibit the ubiquitylation of
cyclin E. The mechanism of this
inhibition may be mediated by
direct ATR phosphorylation of
cyclin E because cyclin E has been
shown to be a substrate of ATR in
response to DNA damage (47). Fur-
thermore, the downstream ATR
mediators Chkl and Nbs1 were not
required for cyclin E stabilization,
indicating that they do not act
upstream of cyclin E. Treatment
with MMC prevented cyclin E from
associating with factors such as
GSKpB and Pinl that are required
for its ubiquitylation and appeared
to maintain cyclin E in a complex
that resembled a G, configuration
as opposed to an S phase configura-
tion. Thus, ATR-mediated phos-
phorylation of cyclin E may cause
disruption of the E3 ligase complex
that ubiquitylates cyclin E during S
phase, resulting in its stabilization.
Interestingly, we have shown
recently that degradation of cyclin E
during recovery from the replica-
tion checkpoint requires the cell
cycle regulator Artemis (54). This
function of Artemis requires prior phosphorylation by ATR,
indicating that ATR both regulates the stabilization of cyclin E
during checkpoint arrest and its degradation during recovery
from the checkpoint.

Concomitant with the stabilization of cyclin E, we also
observed that DNA damage resulted in increased levels of
Cdc6 protein. Cdc6 has been implicated in checkpoint acti-
vation in response to stress in fission yeast, Xenopus laevis
extracts, and in mammalian cells (38 —41, 55). In Schizosac-
charomyces pombe, Cdc18/Cdc6 is required for the activa-
tion of the checkpoint kinase Cds1 and for the stabilization
of stalled replication forks (40). In fact, more recently it has
been shown that during S phase arrest, Cdc18/Cdcé6 is stabi-
lized on chromatin and serves as a receptor for the
Rad3-Rad26 complex, the homologs of mammalian ATR and
ATR-interacting protein (41). In vertebrate systems, Cdc6
has also been shown to be required for activation of Chkl in
response to stalled replication forks. Consistent with our
findings with cyclin E, the function of Cdc6 in checkpoint
regulation did not involve its role in loading of the MCM
complex onto origins (39). The mechanism by which cyclin E
stabilizes Cdc6 is unclear. In an unperturbed cell cycle,
Cdk2-cyclin E phosphorylates Cdc6 during the G, phase to

Cyclin E
degradation

Normal S phase
progression

Chromatin

FIGURE 6. ATR, but not Chk1 or Nbs1, is required for the stabilization of cyclin E in the presence of MMC. A, Hel a cells transfected with ATR, Chk1, NbsT,
or control siRNAs were synchronized and released into regular medium with MMC or without drug. Cyclin E levels were examined at the indicated times after
release by immunoblot analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a loading control. B, ATR prevents the ubiquitylation of cyclin E in
response to MMC. Synchronized Hela cells depleted of ATR by siRNA (left panel) were transfected with HA-ubiquitin and subsequently subjected to IP analysis

by immunoblotting (center panel). Right panel shows the loading control.
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prevent ubiquitylation of Cdc6 by the APC, which would
otherwise result in its degradation. However, the APC is nor-
mally inactivated during S phase, and this also occurs in the
presence of MMC because we observed that cyclin A, a sub-
strate of the APC, increased after release from the G,/S syn-
chronization block. Thus, it appears unlikely that cyclin E
protects Cdc6 by preventing ubiquitylation by the APC in
this context. A more plausible scenario is that because cyclin
A is known to regulate Cdc6 negatively (16), the impairment
of Cdk2-cyclin A activity by stabilized cyclin E might allow
Cdco levels to rise, thus inducing activation of Chk1 and cell
cycle arrest. Thus, this model (Fig. 7) puts cyclin E and Cdc6
upstream of Chkl in response to stalled forks possibly by
recruitment of ATR and ATR-interacting protein. However,
it is clear that ATR can activate Chkl in response to some
forms of damage such as double-strand breaks induced by IR
without stabilization of cyclin E (56, 57). Thus, the principal
function of cyclin E may be to mediate a long term activation
of the checkpoint in response to fork-blocking lesions. The
repair of DNA interstrand cross-links is extremely slow compared
with most other types of lesions such as double-strand breaks and
has been estimated in human cells to occur at a rate of ~10-12
adducts/hour (37). Thus, days are required to complete repair of
even moderate levels of DNA damage necessitating a long term
cell cycle arrest.

Finally, our findings demonstrate that in response to fork-
blocking lesions, cyclin E is stabilized resulting in the mediation
of a long term replication checkpoint. The following consider-
ations indicate that cyclin E is an integral component of this
pathway: (i) stabilization of cyclin E was induced by MMC and
UV, but not by IR, suggesting a specific response to stalled rep-
lication forks; (ii) DNA damage disrupted the interaction
between cyclin E and proteins required for its ubiquitylation;
(iii) cyclin E is a known substrate of the checkpoint kinase ATR;
(iv) ATR was required for the stabilization of cyclin E by pre-
venting its ubiquitylation; and (v) Cdc6, which has been impli-
cated in checkpoint responses, required cyclin E for its stabili-
zation. Taken together, these findings indicate that in addition
to its well studied function in promoting cell cycle progression,
cyclin E also has a role in regulating cell cycle arrest in response
to DNA damage.
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