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Cyclin-dependent kinases (Cdks) coordinate cell division, and their
activities are tightly controlled. Phosphorylation of threonine 14
(T14) and tyrosine 15 (Y15) inhibits Cdks and regulates their activities
in numerous physiologic contexts. Although the roles of Cdk1 in-
hibitory phosphorylation during mitosis are well described, studies
of Cdk2 inhibitory phosphorylation during S phrase have largely
been indirect. To specifically study the functions of Cdk2 inhibitory
phosphorylation, we used gene targeting to make an endogenous
Cdk2 knockin allele in human cells, termed Cdk2AF, which prevents
Cdk2 T14 and Y15 phosphorylation. Cdk2AF caused premature
S-phase entry, rapid cyclin E degradation, abnormal DNA replica-
tion, and genome instability. Cdk2AF cells also exhibited strikingly
abnormal responses to replication stress, accumulated irreparable
DNA damage, and permanently exited the cell cycle after transient
exposure to S-phase inhibitors. Our results reveal the specific and
essential roles of Cdk2 inhibitory phosphorylation in the successful
execution of the replication stress checkpoint response and in
maintaining genome integrity.
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Cyclin-dependent kinases (Cdks) are regulated by positive and
negative phosphorylations (1). T14/Y15 phosphorylation by
the Weel and Myt1 kinases inhibits Cdks by preventing ATP
binding, and these conserved phosphorylations are highly regu-
lated during the cell cycle and by signaling pathways (1, 2). Weel
and Mytl are opposed by cell division cycle 25 (Cdc25) phos-
phatases, which, in mammals, comprise three related enzymes
that dephosphorylate T14/Y15 to promote Cdk activity (2-4).

Weel and Cdc25 functions in mammals are best understood in
G,/M, where Cdkl1 inhibitory phosphorylation is required for mi-
totic progression and DNA damage responses. Cdkl regulates
Weel and Cdc25C by phosphorylation, which results in feedback
loops that produce switch-like mitotic transitions (5). DNA dam-
age pathways also use Cdk1 T14/Y15 phosphorylation to prevent
mitotic entry by inhibiting Cdk1 (6, 7).

Cdk2 is activated by cyclin E and cyclin A; cyclin E-Cdk2 regu-
lates G, progression and S-phase entry, whereas cyclin A-Cdk2 acts
later in S phase and mitosis (8, 9). Cdk2 is also regulated by Weel
and Cdc25A, but the consequences of Cdk2 inhibitory phosphory-
lation are less well understood than for Cdk1 (10-13). Studies of
Weel and Cdc25A have implicated Cdk2 inhibition in DNA rep-
lication and S-phase DNA damage checkpoints (14-17). However,
the contributions of Cdk1 vs. Cdk2 to these phenotypes have been
difficult to disentangle because manipulations such as Weel in-
hibition concurrently impact multiple Cdks. Indeed, a recent mouse
model unexpectedly found that Cdk2 T14/Y15 phosphorylation is
not required for DNA damage-induced cell cycle arrest, but instead
has roles in S-phase entry and centrosome duplication (18).

Cyclin E-Cdk?2 activity peaks at the G;-S transition, and its pe-
riodicity results from regulated transcription and cyclin E degra-
dation by the SCF (Skpl/Cull/F-box protein)-Fbw7 (F-box and
WD repeat domain containing 7) ubiquitin ligase (8, 19-21). Dereg-
ulated cyclin E activity causes proliferative defects, chromosomal
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instability, and carcinogenesis (22-26). Because cyclin E degra-
dation is triggered by autophosphorylation, Fbw7 only targets
cyclin E in active Cdk2 complexes (27, 28). We previously found
that cyclin E-Cdk2 activity is inversely correlated with Cdk2 T14/
Y15 phosphorylation and hypothesized that Cdk2 inhibitory
phosphorylation regulates cyclin E stability (29).

Here, we examined the functions of Cdk2 inhibitory phos-
phorylation in S phase by constructing an endogenous Cdk2
knockin allele in human cells that prevents its inhibitory phos-
phorylation while leaving the rest of the Weel/Cdc25 pathway
intact. We found that Cdk2 inhibitory phosphorylation not only
directly regulates cyclin E degradation, but is also essential for
maintaining genome stability. Moreover, the inability to inhibit
Cdk2 by phosphorylation during replication stress caused irrepa-
rable DNA damage and permanent cell cycle exit. Our data de-
monstrate the specific and essential roles of Cdk2 inhibitory
phosphorylation during S phase and replication stress.

Results

Cdk2 Inhibitory Phosphorylation Regulates Cyclin E Stability. We
used adeno-associated virus gene targeting to make a Cdk2AF
allele in Hct116 cells in which Cdk2 T14 and Y15 are converted
to alanine and phenylalanine, respectively (Fig. S14) (30). We
obtained homozygous Cdk24/AF cells by retargeting Cdk2+/AF
cells and verified the resulting genotypes (Fig. S1B). As ex-
pected, Cdk2 inhibitory phosphorylation was undetectable in
Cdk2AFAF cells (Fig. 14 and Fig. S2). Consistent with a previous
study, Cdk2AFAF cells had normal asynchronous cell cycle pro-
files (Fig. S1C) but entered S phase prematurely and contained
elevated cyclin E-Cdk2 kinase activity when released from quies-
cence (Fig. 1 B and C) (18). Cyclin E abundance decreased more
rapidly in Cdk2*YAF cells progressing through the cell cycle than in
Cdk2** cells (Fig. 1C), which could reflect either decreased tran-
scription or increased degradation. Cdk2AF did not affect cyclin E
mRNA abundance (Fig. S1D), but pulse—chase analyses revealed
accelerated cyclin E degradation in Cdk2*FAF cells (t,, = 1.4 h)
compared with Cdk2™™ cells (¢1, = 2.1 h; Fig. 1D). These data
support the idea that Cdk2 inhibitory phog&)horylation regulates
cyclin E stability. However, because Cdk2™A cells enter S phase
prematurely, their increased cyclin E turnover could also be a sec-
ondary consequence of cell cycle kinetics.

To determine whether Cdk2 inhibitory phosphorylation directly
regulates cyclin E stability, we studied cyclin E during S-phase
arrest, when its stability is isolated from cell cycle-induced changes.
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Fig. 1. Cdk2~7AF cells display early S-phase entry and accelerated cyclin E turnover. (A) Lysates were harvested from Cdk2** and Cdk2”"AF cells. Phospho-Y 15
Cdk2 and total Cdk2 abundance were measured by Western blotting. (B) Cdk2** and Cdk2“7AF cells were arrested in Go/G; by serum/leucine starvation and
released into media containing nocodazole. Samples were harvested as indicated, and DNA content was analyzed by flow cytometry. (C) Cyclin E-Cdk2
abundance and kinase activity were assayed in the samples harvested in B. (D) Cyclin E half-life was determined by pulse-chase analysis beginning 13 h after
serum/leucine release. (E) The indicated cell lines were treated with HU as indicated and assayed for cyclin E and Cdk2 levels. (C and E) PP2A-loading control.
(F) Cyclin E turnover was measured in HU-arrested Cdk2*'+ and Cdk2”"AF cells by pulse—chase analysis.

Moreover, because DNA damage response pathways destabilize
Cdc25A during replication stress, Cdk2 inhibitory phosphorylation
is high (31, 32). We thus examined cyclin E degradation in cells
arrested in S phase by hydroxyurea (HU). HU treatment increased
Cdk2 T14/Y15 phosphorylation in Cdk2** and Cdk2*'~ cells,
but not in Cdk2*F or Cdk2*F'AF cells (Fig. S2). Interestingly,
the Cdk2AF allele dominantly inhibited wt-Cdk2 phosphoryla-
tion in Cdk2™AF cells (Fig. S2). This response is reminiscent of
feedback by Cdk1 to prevent its own inhibition by phosphorylating
Weel and Cdc25C, and suggests similar feedback between Cdk2
and Weel/Cdc25A, because Cdk2 phosphorylates Weel and
Cdc25A (33, 34). Cyclin E abundance normally increases in S
phase-arrested cells, and we found that cyclin E accumulated to
high levels in HU-treated Cdk2"* and Cdk2"~ cells (Fig. 1E).
However, cyclin E did not accumulate in HU-arrested Cdk2+AF
or Cdk2*FAF cells (Fig. 1E). Pulse—hase studies revealed that
cyclin E was stabilized in Cdk2™* cells (¢, = 7.1 h), but remained
labile in arrested Cdk2*"AF cells (t,, = 2.1 h; Fig. 1F). We
conclude that Cdk2 inhibitory phosphorylation directly regulates
cyclin E stability.

Loss of Cdk2 Inhibitory Phosphorylation Causes Genomic Instability.
Cyclin E overexpression triggers a homeostatic p53-dependent
induction of the p21 (Cipl) Cdk inhibitor, which feeds back to
inactivate cyclin E-Cdk2 and suppress genomic instability (23,
24, 35). To determine whether Cdk2 hyperactivity caused by
Cdk2AF has similar consequences, we examined p21 expression
in Cdk2*"AF cells. Indeed, Cdk2AF expression induced a similar
response, as shown by increased p21 expression in Cdk2*F/AF
cells, and increased cyclin E- and cyclin A-associated kinase
activity after shRNA-mediated p21 depletion (Fig. S34). To
determine whether Cdk2AF expression actively drives p21 in-
duction, we used allele-specific siRNA to silence Cdk2AF in
Cdk2*'AF cells, which restored p21 abundance to near normal
levels (Fig. S3B). Cyclin E deregulation causes genetic instability
that is manifested by micronuclei formation (MN). This instability
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requires Cdk2 activity and is suppressed by p21 (24, 26, 35, 36).
We thus determined whether Cdk2AF expression also caused
genetic instability. Cdk2™"AT cells exhibited increased MN com-
pared with controls that was exacerbated by p21 silencing (% cells
with MN—Cdk2*™*, 2.3 + 1.4; Cdk2*AF: 6.9 + 1.1; Cdk2 A" +
p21 depletion: 11.3 + 0.6; Fig. S3C), or p53 silencing (Cdk2*"*,
1.6 + 0.2 in; CdR2ATAT) 4.6 + 1.1; Cdk2ATAF 4 p33 depletion,
9.4 + 0.5; Fig. S3D). Endogenous Cdk2AF expression thus causes
genetic instability that is suppressed by the p53-p21 pathway,
indicating that Cdk2 inhibitory phosphorylation is required to
maintain genome integrity in proliferating cells.

Cdk2 Inhibitory Phosphorylation Is Required for Recovery from
Replication Stress. We examined the role of Cdk2 inhibitory
phosphorylation during recovery from replication stress by re-
leasing Cdk2™* or Cdk2*F/AF cells from HU or aphidicolin
(APH) arrest. Control cells treated with HU or APH readily pro-
gressed to Go/M after the inhibitors were removed, whereas most
Cdk2AFAF cells failed to exit S phase (Fig. 2.4 and B). To further
investigate the requirement for Cdk2 inhibitory phosphorylation
in recovery from S-phase arrest, we treated Cdk2*'* or Cdk2AF/AF
cells with HU or APH for 24 h and examined their proliferation
after inhibitor removal (Fig. 2C). Remarkably, transient HU or
APH treatment prevented Cdk2*F'AF proliferation even 3 d af-
ter inhibitor removal, as assayed by both Alamar Blue (Fig. 2 D
and E) and Crystal Violet (Fig. S4 A and B). Cdk2*"AF cells also
exhibited exquisite hypersensitivity to reduced concentrations of
both inhibitors (Fig. 2 D and E and Fig. S4 4 and B). To eliminate
possible clonal selection artifacts, we similarly examined two in-
dependent Cdk2*AF clones, both of which also failed to reenter the
cell cycle and exhibited inhibitor hypersensitivity (Fig. S44 and B).

Because cells exit the cell cycle via several pathways, we ex-
amined Cdk2*PAF cells for markers of apoptosis and senescence.
Cdk2*F/AF cells exposed to HU or APH did not exhibit signs of
apoptosis (annexin V staining), but instead stained strongly for
senescence-associated f-galactosidase (Fig. 2 F and G). Cdk2
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Fig. 2. Cdk2 inhibitory phosphorylation is required for recovery from rep-
lication stress. (A) Cdk2*"+ or Cdk2”7AF cells were arrested in HU and released
into media containing nocodazole. Samples were harvested as indicated,
and DNA content was analyzed by flow cytometry. (B) Same as in A, but cells
were arrested in Aphidicolin. (C) Experimental setup for D and E: On day
0 cells were seeded; on day 1, HU (D) or Aphidicolin (E) were added and were
removed on day 2. Proliferation was assayed 3 d later by using Alamar Blue.
Percent proliferation is calculated as percentage of proliferation relative to
untreated cells. (F) Annexin V staining of Cdk2™* and Cdk2~7AF cells treated
with HU or staurosporine for 18 h. (STS, positive control). (G) Cdk2*™* and
Cdk2AFAF cells were treated as in C and assayed for senescence-associated
p-galactosidase activity 3 d after HU removal. Error bars indicate SD from
three independent data points.

inhibitory phosphorylation is thus required for recovery from
replication stress, and transient exposure to replication inhibitors
initiated a Cdk2A™AF cell senescence program.

Cdk2AF Causes DNA Damage During Replication Stress. Normal
replication intermediates are prone to damage, and stalled forks
during S-phase arrest are particularly fragile. We thus determined
whether Cdk24FAF cells accumulated DNA damage during S-phase
arrest by examining phosphorylated histone H2AX (YH2AX),
which marks double-strand breaks (DSBs) and other DNA lesions.
Immunostaining revealed that proliferating Cdk2*FAF  cells
exhibited normal levels of yYH2AX staining, but that HU-arrested
Cdk2AT/AF cells accumulated very high levels of YH2AX (Fig. 34).
We used flow cytometry to more quantitatively examine YH2AX
abundance and found that Cdk2*"'AF cells rapidly accumu-
lated excess YH2AX after HU treatment (Fig. 3 B and C and Fig.
S5A). Finally, we used Western blotting to confirm the rapid and
large increase in yH2AX (Fig. 3D). Additional experiments in
arrested Cdk2*F/AF cells revealed that (i) increased yH2AX abun-
dance also occurred during APH treatment (Fig. S5B), (ii) Cdk2/™*

8956 | www.pnas.org/cgi/doi/10.1073/pnas.1302927110

cells displayed increased yH2AX abundance during arrest (Fig.
S5B), and (iii) the increased YH2AX abundance could not be
resolved after inhibitor removal, suggesting that Cdk2AF resulted
in irreparable DNA damage during replication stress (Fig. S5C).

We used pulsed-field gel electrophoresis (PFGE) to confirm
that the yH2AX staining in Cdk2°F/AF cells reflected DSBs.
Whereas gamma-irradiation caused DSBs in both cell types, HU
caused DSBs in only the Cdk2*"F cells (Fig. 3E). Interestingly,
we observed DSBs in Cdk2*F/AF cells after 24 h of HU treat-
ment, but not after 7 h. Whether DSBs occur at 7 h and are
below the level of PFGE detection or the YH2AX accumulation
precedes DSB formation remains to be determined. Because our
gene targeting studies used only Hctl116 cells, we transiently
transfected U20S cells with either wt-Cdk2 or Cdk2AF vectors
and found that Cdk2AF expression in U20S cells led to elevated
YH2AX levels after HU treatment (Fig. 3F), indicating that the
Cdk2AF DNA damage phenotype is not unique to Het116 cells.
We conclude that Cdk2 inhibitory phosphorylation is essential
for cellular recovery from replication stress, and that, in its ab-
sence, cells accumulate DNA damage and senesce.

Cyclin A-Cdk2 Activity Mediates the Cdk2AF Replication Stress
Phenotype. To test whether Cdk2 activity is required for DNA
damage in Cdk2™/AF cells, we pretreated cells with Roscovitine,
a pharmacologic Cdk2 inhibitor, for 1 h before adding HU.
Roscovitine greatly reduced yYH2AX staining in HU-treated
Cdk2ATAF cells, indicating that Cdk2 activity is required to gen-
erate DNA damage (Fig. 44). Because kinases mediate DNA
damage signaling cascades, we postulated that additional kinases
might be required for Cdk2AF-induced DNA damage. To this end,
we performed an RNAI screen to identify kinases required for the
Cdk2AF arrest Aghenotype that, when depleted, allowed HU-
treated Cdk2F/AF cells to reenter the cell cycle. Remarkably, Cdk2
was the top-scoring hit among ~700 kinases tested (Fig. S64), and
two independent Cdk2 siRNAs almost completely restored
Cdk24F/AF cell cycle progression after HU release (Fig. 4B).
Cdk2 expression and activity are thus required for the Cdk2AF
DNA damage and cell cycle arrest phenotypes.

Both cyclin E and cyclin A activate Cdk2, and we tested the
role of each cyclin in the Cdk2AF DNA damage phenotype. Two
independent shRNAs that resulted in near-complete cyclin E
depletion did not alter yH2AX staining in HU-treated Cdk2"/AF
cells (Fig. 4 C and D). In contrast, shRNAs targeting cyclin A
greatly reduced yYH2AX staining, despite only partially depleting
cyclin A (Fig. 4 C and D). Importantly, cyclin A de]]_gletion did not
alter the S-phase fraction of HU-arrested Cdk2*"/AF cells (Fig.
S6B). Thus, cyclin A-Cdk2, and not cyclin E-Cdk2, mediates the
Cdk2AF-induced DNA damage.

Previous studies showed that DNA damage caused by Weel
depletion requires the Mus81-Emel (essential meiotic endonu-
clease 1 homolog) endonuclease (15, 16) and we tested whether
Mus81 contributed to the Cdk2*"AF phenotype. Surprisingly,
Mus81 depletion did not reduce Cdk2AF-induced yYH2AX staining
(Fig. S7A and B). Although this discrepancy could reflect cell type-
specific differences, we suspect that Mus81 is not required for
Cdk2AF-induced DNA damage during replication stress. Collec-
tively, these results indicate that failure to inhibit cyclin A-Cdk2
activity by inhibitory phosphorylation causes DNA damage during
replication stress.

Cdk2”F/AF Cells Display Aberrant Replication Dynamics. Cdk2 has roles
in replication initiation and elongation. Therefore, we determined
how Cdk2 inhibitory phosphorylation regulates replication dy-
namics in asynchronous cells, during HU arrest, and after HU
release. We used microfluidics-assisted replication track analysis
together with pulse labeling with thymidine analogs to analyze
replication dynamics in Cdk2*FAF cells (37, 38). We sequentially
pulsed asynchronously growing cells with 5-ethynyldeoxyuridine
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of active origins during the labeling period (Cdk2"* vs. Cdk*F/AF:;
2.1+0.75% vs. 5.0 + 2.1%; P = 0.042; Fig. 5B), and (if ) decreased
fork speed as shown by shorter replication tracks (Cdk2** vs.
Cdk2*"AF: 1.28 + 0.12 kb/min vs. 0.93 + 0.10 kb/min; P = 0.009;
Fig. 5C). Cdk2 inhibitory phosphorylation is thus required for
normal DNA replication dynamics in proliferating cells. Our results
also suggest that the DNA replication defects due to Weel de-
pletion, which show similar phenotypes, result from Cdk2 hyper-
activity (15, 16).

We next used DNA track analysis to examine replication dy-
namics in response to replication stress (Fig. 5D). After only 3 h
of HU treatment, Cdk2*"AF cells exhibited a significant defect
in fork restart after HU release, as measured by the percentage
of ongoing forks that resumed DNA synthesis after HU release
(Fig. SE and Fig. S8B, P = 0.0002 for HU-treated Cdk2*'*
and Cdk22F/AF) Moreover, we found that Cdk2*FAF cells rep-
licated more DNA during HU arrest than Cdk2™* cells, as shown
by the increased track lengths in HU-treated Cdk27AT cells,
compared with untreated cells (Fig. 5 F and G; see Materials and
Methods for details on statistical analysis). The persistent fork
progression in HU-treated Cdk22PAF cells indicates that Cdk2
inhibitory phosphorylation is required for normal execution of
the S-phase checkpoint induced by replication stress. We con-
clude that Cdk2 inhibitory phosphorylation is required for nor-
mal replication dynamics in asynchronous and arrested cells.

Discussion

Our study reveals essential roles for Cdk2 T14/Y15 phosphoryla-
tion in maintaining genome integrity and in preventing DNA
damage when S phase is stalled. Specifically, we have shown that
Cdk2 inhibitory phosphorylation: (i) controls cyclin E degradation
during S phase, (ii) acts in concert with p21 to control Cdk2 activity
and protect against genomic instability, (iii) is required for the
prevention of irreparable DNA damage during replication stress,
and (iv) is responsible for ensuring proper replication dynamics in
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Fig. 5. Cdk2”"AF cells display aberrant replication dynamics. (A) Diagram of replication analysis by sequential labeling with EdU and IdU. Asterisk indicates
time of harvest. Representative forks are shown. (B) Bar graph shows that origin firing during the labeling period is increased in Cdk2A7AF cells (P = 0.042;
Materials and Methods) (C) Ongoing forks progress slower in Cdk2“7AF cells. Bar graphs show the percentages of replication forks with indicated EdU and IdU
segment lengths. (D) Labeling scheme for HU arrest/release experiments. HU (2mM) was added at the end of a 30-min EdU labeling interval. After 3 h, HU and
EdU were removed, and IdU was added. After 30 min, IdU was removed, and samples were harvested 30 min later. (E) Ongoing forks (EdU-IdU tracks) and
terminated or inactivated forks (EdU only) were counted to determine percentage of ongoing forks. Cdk27AF cells have significantly reduced fork restart
rate after HU treatment (P = 0.0002). (F) Bar graphs show the percentages of replication forks with indicated EdU segment lengths in either untreated or

HU-treated cells. (G) Graphic summary showing that Cdk247AF

cells display increased replication in HU. Brackets indicate the increased replication in HU in

Cdk247AF cells compared with Cdk2** cells. Data in B, C, E, and F represent averages (with SD) from three experiments.

normal S phase and during replication stress. We cannot yet de-
termine whether the high levels of yH2AX and DSBs in Cdk2F/AF
cells reflect increased DNA damage, impaired DNA repair, or
both. Cdk2AFAF cells share features with fission yeast checkpoint
mutants (39) and budding yeast chromosomal instability mutants
(40), where persistent DNA synthesis in HU is thought to cause
replication fork collapse. A similar sequence of events may lead
to irreparable DNA damage in Cdk2*"AF cells.

Various perturbations of the pathways that impinge upon Cdk2
inhibitory phosphorylation have implicated Cdk2 inhibition as
a critical step in checkpoint responses and DNA damage signaling
during S phase. These perturbations include studies of Weel in-
hibition, Cdc25 overexpression, and DNA damage response kinases
such as Chk1, which increase Cdk inhibitory phosphorylation by
disabling Cdc25 (14-17, 41, 42). Our work now definitively dem-
onstrates the essential role of Cdk2 inhibition in the replication
stress checkpoint. However, although the Cdk2AF phenotype
shares many features with those described with Weel and Chk1
inhibition, they are not identical. Most notably, we find that unlike
Weel inhibition, Mus81 is not required for Cdk2AF-induced
DNA damage during replication stress. Other differences include
the accumulation of DNA damage in proliferating Weel-depleted
cells but not Cdk2AF cells, and the finding that Chkl depletion
causes apoptosis in arrested Hct116 cells, whereas Cdk2AF leads
to senescence (14-16, 43). Although some of these discrepancies
may simply reflect experimental conditions, it is likely that targets
of Weel and Chkl in addition to Cdk2 also contribute to these
phenotypic differences.

The Weel/Cdc25 axis is an attractive target for chemotherapy
(44, 45). Indeed, Weel inhibitors thought to act primarily on
Cdk1 and mitotic control are already in clinical trials. Cdc25
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overexpression in cancers is associated with poor outcome and
tumor aggressiveness (44), and causal roles for Cdc25 in carcino-
genesis and genome instability have been demonstrated in cultured
cells and mice (46, 47). Because Cdc25 overexpression is likely to
phenocopy the Cdk2AF allele with respect to Cdk2 activity, we
suggest that cancers with elevated Cdc25 expression may also
exhibit hypersensitivity and persistent responses to S-phase
chemotherapeutics. Thus, modulating Cdk2 inhibitory phosphory-
lation may represent a unique approach to sensitize cancer cells
with hyperactive Cdk2 to S-phase chemotherapy.

Materials and Methods

See S/ Materials and Methods for more detailed information on materials
and methods.

Drug Treatments. Unless otherwise noted, Hydroxyurea (Sigma) was used at
2 mM for 16-18 h, APH (Sigma) was used at 2 pM for 16-18 h, roscovitine
(Sigma) was used at 25 pM, and staurosporine was used at 0.2 pM.

Flow Cytometry. For cell cycle analysis, cells were trypsinized and fixed in 70%
(vol/vol) ethanol at 4 °C overnight. Cells were washed in PBS, and DNA was
stained with propidium iodide. yYH2AX and annexin V staining were per-
formed according to manufacturer’s instructions (Millipore, BD Biosciences).
All samples were analyzed on a Canto 1 (Becton Dickinson) flow cytometer.

Cell Cycle Analysis, Growth Assays, and Micronucleation. In cell cycle pro-
gression studies, cells were incubated for 48-52 h in serum- and leucine-free
media (MP Biomedicals) and released into media containing 40 ng/mL
nocodazole to prevent entry into the next cell cycle. For S-phase arrest, cells
were treated with HU or APH for 16-18 h and released into media con-
taining 40 ng/mL nocodazole. For growth assays, cells were seeded on day
0 at 2,000 cells per well in a 96-well plate. The following day, either HU or
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APH was added at various concentrations. Drugs were removed after 24 h,
and proliferation was assayed 3 d after release. Proliferation was assayed by
using either Alamar Blue (Invitrogen) or Crystal Violet. Senesence-associated
(SA)-p-gal and micronucleation assays were performed as described (35, 48).

Adeno-Associated Virus (AAV) Gene Targeting. Gene targeting, including viral
production, purification, vector cloning, Hct116 transfection, screening (PCR,
Southern blot, and genomic sequencing), and Cre-mediated removal of the
selectable marker was performed as described or by standard techniques (29,
30). Complete primer and targeting vector sequences are available upon re-
quest. A representative targeting strategy and clone screening by Southern
blotting is shown in Fig. S1A.

PFGE. PFGE was performed as described (49). Briefly, 5 x 10° cells were melted
into 1% (wt/vol) agarose (InCert agarose; Lonza) and digested overnight at
50 °C in 0.5% (wt/vol) EDTA, 1% (wt/vol) N-laurylsarcosyl, and 1 mg/mL
proteinase K. Plugs were washed four times in Tris-EDTA (TE), loaded into
a 1% (wt/vol) chromosome grade agarose gel, and separated by PFGE for
24 h (CHEF system, Bio-Rad Laboratories; 14 °C, 4 V/em?, 120° angle, 60—
240 s switch time). DNA was visualized with ethidium bromide.
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RNAi Experiments. pBABE p53 shRNA and control vectors were described (35).
p21 shRNA, cyclin E shRNA, cyclin A shRNA, and control lentiviral vectors were
from Open Biosystems. Cdk2AF siRNA sequence: sense strand 5-GCGCGUUCG-
GAGUUGUGUATT-3’, antisense strand 5'-UACACAACUCCGAACGCGCTT-3".
Mus81 siRNA sequence was described (16). siRNA transfections were per-
formed by using Lipofectamine RNAIMAX as directed (Invitrogen). For siRNA
kinome screen, cells were seeded at 2,000 cells per well in a 96-well plate
and reverse transfected with 2.5 pmole siRNA (human kinome library;
Qiagen) by using RNAIMAX. After 48 h, 0.5 mM HU was added for 24 h to
arrest cells in S phase, and cells were released. Growth was measured by
Alamar Blue 4 d after release.

Microfluidics-Assisted Replication Track Analysis. Microchannel fabrication, DNA
fiber stretching, and replication track analysis was done as described (37, 38).
For more details, see SI Materials and Methods.
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