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Accumulating evidence supports the gain-of-function of mutant
forms of p53 (mutp53s). However, whether mutp53 directly
perturbs the DNA replication checkpoint remains unclear. Previously,
we have demonstrated that TopBP1 forms a complex with mutp53s
and mediates their gain-of-function through NF-Y and p63/p73.
Akt phosphorylates TopBP1 and induces its oligomerization, which
inhibits its ATR-activating function. Here we show that various con-
tact and conformational mutp53s bypass Akt to induce TopBP1
oligomerization and attenuate ATR checkpoint response during
replication stress. The effect on ATR response caused by mutp53
can be exploited in a synthetic lethality strategy, as depletion of
another ATR activator, DNA2, in mutp53-R273H-expressing cancer
cells renders cells hypersensitive to cisplatin. Expression of mutp53-
R273H also makes cancer cells more sensitive to DNA2 depletion or
DNA2 inhibitors. In addition to ATR-activating function during repli-
cation stress, TopBP1 interacts with Treslin in a Cdk-dependent man-
ner to initiate DNA replication during normal growth. We find that
mutp53 also interferes with TopBP1 replication function. Several con-
tact, but not conformational, mutp53s enhance the interaction be-
tween TopBP1 and Treslin and promote DNA replication despite
the presence of a Cdk2 inhibitor. Together, these data uncover two
distinct mechanisms by which mutp53 enhances DNA replication:
(/) Both contact and conformational mutp53s can bind TopBP1 and
attenuate the checkpoint response to replication stress, and (ii) dur-
ing normal growth, contact (but not conformational) mutp53s can
override the Cdk2 requirement to promote replication by facilitating
the TopBP1/Treslin interaction.
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N ormal cells use various fundamental braking mechanisms to
properly respond to environmental cues and coordinate the
execution of different phases of cell cycle. Tumor suppressors
p53 and pRb are the key regulators for G1 checkpoint, which are
frequently lost in many types of cancer (1). Mutations of TP53
are found in half of all human cancers, including nearly all small-
cell lung cancers, squamous cell lung cancers, high-grade serous
ovarian cancer (2-4), and greater than 80% of glioblastoma and
basal-like breast cancer (5, 6). Therefore, understanding the con-
tribution of 7P53 mutations in carcinogenesis is very important for
the development of new strategies to prevent cancer progression
and improve the efficacy of cancer therapy.

In addition to the loss of normal p53 function, mutant form of
p53 (mutp53) proteins acquire new oncogenic properties (gain-
of-function, GOF), such as promoting cancer cell proliferation,
metastasis, genomic instability, resistance to chemotherapy, etc.
(7-9). Among the many mechanisms of mutp53 GOF, the check-
point activator TopBP1 (topoisomerase IIp-binding protein) has
been identified as a critical mediator for facilitating complex for-
mation between several hotspot mutp53 proteins and either NF-Y
or p63/p73 (10). TopBP1 interacts with these mutp53s and NF-Y
and promotes mutp53 and p300 recruitment to NF-Y target gene
promoters. TopBP1 also facilitates mutp53 interaction with p63/
P73 to inhibit their transcriptional activities (10).
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TopBP1 contains nine BRCAL carboxyl-terminal (BRCT)
domains with distinct functions in DNA replication initiation,
ATR activation, and transcription (11). TopBP1 binds to Cdk2-
phosphorylated Treslin/TICRR (TopBPl-interacitng, checkpoint,
and replication regulator) to facilitate loading of Cdc45 onto
replication origins (12, 13). Cdk2 phosphorylates Treslin at the
Ser1000 residue during S phase and induces its association with
TopBP1 (through TopBP1 first and second BRCT domains) to
promote DNA replication (14). Upon DNA replication stress,
TopBP1 is recruited to stalled replication forks through direct
binding to the stalled forks (15, 16) or interaction of its first and
second BRCT domains with the Rad9-Hus1-Radl (9-1-1) clamp
(17). It then activates ATR through a conserved ATR-activating
domain located between the sixth and seventh BRCT domains (18).
It is noteworthy that in addition to TopBP1, DNA2 can also acti-
vate ATR, possibly independently of TopBP1 (19, 20). TopBP1 also
regulates several transcription factors, including E2F1 (21-23), p53
(24), Mizl (23, 25), and SPBP (26). TopBP1 is controlled by Rb/
E2F and is induced when cells enter the S phase of the cell cycle
(22, 27). Meanwhile, feedback regulation of E2F1 and p53 by
TopBP1 is important to restrict the proapoptotic activities of both
transcription factors during normal S-phase transition (22, 24).

TopBP1 is tightly controlled through different mechanisms.
One of them is the regulation of its quaternary structure. Akt
phosphorylates TopBP1 at the Ser1159 residue and induces its
oligomerization through an intermolecular interaction between
the phosphorylated Ser1159 residue (pS1159) and the seventh—
eighth BRCT (BRCT7/8) domains of two individual TopBP1
molecules (23, 28). Oligomerization of TopBP1 then induces its
binding to E2F1 but at the same time prevents its recruitment to
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chromatin and ATR binding and inhibits its checkpoint-
activating functions (28). Hence, Akt switches TopBP1 func-
tion from checkpoint activation to transcriptional regulation by
regulating TopBP1 quaternary structure. In cancer cells har-
boring high Akt activity, this mechanism is responsible for in-
hibition of E2F1-dependent apoptosis and ATR function (28).
Mutations of 7P53 increase protein stability and lead to its
accumulation in many cancer cells. As TopBP1 plays a critical
role in checkpoint function and mutp53 is abundantly present in
many types of cancer, the formation of the mutp53/TopBP1
complex raises intriguing questions: Do the accumulated mutp53
proteins perturb ATR/Chk1 checkpoint function? Would mutp53
affect TopBP1 function in DNA replication? Here we demonstrate
that those hotspot mutp53s capable of binding TopBP1 (10) can
interfere with the ATR-activating function of TopBP1 by in-
ducing TopBP1 oligomerization independently of Akt. We also
report that certain contact, but not conformational, mutp53s en-
hance the interaction of TopBP1 with Treslin and promote DNA
replication independent of Cdk activation. Because mutp53s can
perturb ATR/Chk1 checkpoint response, targeting DNA2, a
TopBP1-independent ATR activator, may prove to be an effective
synthetic lethality strategy to treat cancers harboring mutp53.

Results

Mutp53 Inhibits ATR/TopBP1 Interaction and Decreases the Checkpoint
Response to Replicative Stress. To determine whether mutp53 affects
replication checkpoint response, we depleted mutpS3 in C33A
cervical carcinoma cells (harboring mutp53-R273C) or BT549
breast cancer cells (harboring mutp53-R249S), followed by treat-
ment with a replication stress-inducing drug hydroxyurea (HU).
BrdU incorporation assay was performed to measure DNA repli-
cation. Indeed, HU-induced S-phase checkpoint response was
augmented upon depletion of mutp53 in C33A cells (Fig. 14 and ST
Appendix, Fig. S14) or BT549 cells (Fig. 1B and SI Appendix, Fig.
S1B). Conversely, expression of R175H- or R273H-mutp53 in p53-
null H1299 cells inhibited HU-induced S-phase checkpoint re-
sponse (Fig. 1C and SI Appendix, Fig. S1 C and D). Given the
pivotal role for Chkl in the response to the replicative stress, we
examined Chkl activation by measuring the phosphorylation of
Chk1. Consistent with the results obtained by BrdU incorporation
assay, depletion of mutp53 enhanced HU-induced Chk1 activation
in both cell lines (Fig. 1D and SI Appendix, Fig. S2). We considered
the possibility that mutp53 depletion might cause DNA damage or
make cells suffer from increased replicative stress and indirectly
enhance Chkl activation during HU treatment. However, in the
absence of HU treatment, mutp53 depletion did not reduce BrdU
incorporation (Fig. 1.4 and B) nor activate Chkl1 (Fig. 1D). We also
examined the ATM pathway. Depletion of mutp53 in C33A cells or
in BT549 cells in the absence of HU or adriamycin treatment did
not cause Chk2 activation and did not induce H2AX phosphory-
lation, a marker for DNA damage (SI Appendix, Fig. S3 A and B).
Overexpression of mutp53-R273H also did not inhibit Chk2 acti-
vation upon treatment with HU or adriamycin (S Appendix, Fig. S4,
Left). Camptothecin (CPT) can activate both Chkl and Chk2. Al-
though mutp53-R273H expression in H1299 cells did not have a
significant effect on Chk2 activation after CPT treatment, it
inhibited Chk1 activation (SI Appendix, Fig. S4, Right).

To further investigate the effect of mutp53 on checkpoint
control, we expressed mutp53, either R248W or R273H, in p53-
null SKOV-3 cells at a level comparable to that of endogenous
mutp53 in several mutp53-bearing cancer cell lines (Fig. 1E, Left).
HU-induced ATR activation was assessed by measuring the phos-
phorylation of ATR targets Chkl and MCM2 (29, 30). We found
that both mutp53 proteins attenuated ATR activation upon HU
treatment (Fig. 1E, Right).

Our previous data showed that several hotspot mutp53 pro-
teins could bind TopBP1 (10). Therefore, we expressed each of
these hotspot mutp53s (R273H, V143A, R249S, R175H, or
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R248W) in p53-null H1299 cells and examined Chk1 activation
and the interaction of TopBP1 with either ATR or mutp53 fol-
lowing HU treatment. Indeed, all of these hotspot mutp53 pro-
teins bound to TopBP1 comparably as previously reported (10)
(Fig. 1 F and G, IP) and attenuated Chk1 activation (Fig. 1 F and
G, input lysates). Importantly, the interaction between TopBP1
and ATR was significantly attenuated by these mutp53s (Fig. 1 F
and G, IP), consistent with the reduction of Chkl phosphoryla-
tion. Fig. 1 F and G was performed independently. The differ-
ence in signal intensities between these two experiments was due
to different exposure times of films in Western blot analysis.
Taken together, these results demonstrate a role for several
hotspot mutp53 proteins in perturbing the ATR/TopBP1-
mediated replication checkpoint response.

Mutp53 Inhibits ATR Response in Chromatin Compaction After HU
Treatment. In addition to S-phase checkpoint, activation of
ATR/Chk1 can elicit a global heterochromatin response and
senescence during replication stress (31, 32). Therefore, we next
investigated whether mutp53 could interfere with the ATR/
Chkl-mediated epigenetic response through TopBPl. Pre-
viously, Di Micco et al. showed that depletion of ATR inhibited
the induction of histone H3 lysine 9 trimethylation (H3K9me3),
a heterochromatin marker, during oncogene-induced replication
stress (31). Consistently, our data showed that in addition to
Chk1 activation, HU treatment increased H3K9me3 in H1299 cells
(Fig. 2 A-D). Besides, depletion of TopBP1 in H1299 cells inhibited
the induction of H3K9me3 as well as Chkl phosphorylation after
HU treatment (Fig. 24). In contrast, overexpression of TopBP1 was
able to restore HU-induced H3K9me3 that was inhibited by ex-
pression of mutp53-R273H in H1299 cells (Fig. 2B). These data
support a role for TopBP1 in the heterochromatin response through
regulation of ATR/Chk1 and also suggest that mutp53 inhibits the
HU response by restricting functional TopBP1. Because several
hotspot mutp53 proteins can attenuate Chk1 response (Fig. 1 F and
G), we next examined their effect on H3K9me3. Indeed, expressing
these hotspot mutp53 proteins—that is, R175H, R273H, V143A,
R248W, or R249S—attenuated HU-induced Chk1 phosphorylation
and H3K9me3 in H1299 cells (Fig. 2 C and D). We then performed
micrococcal nuclease assay to evaluate chromatin compaction (33).
In vector-transfected H1299 cells, HU treatment induced chromatin
compaction as evidenced by increased resistance to micrococcal
nuclease digestion (Fig. 2 E and F, vector). Upon expression of
either mutp53-R273H or mutp53-R175H in H1299 cells, the
chromatin compaction response to HU treatment was blunted (Fig.
2 E and F). These data demonstrate a role for several hotspot
mutp53 proteins in blunting ATR/Chk1 activation and hetero-
chromatin response during replication stress.

Mutp53 Perturbs Chromatin Recruitment of TopBP1. We next in-
vestigated the mechanism by which mutp53 inhibits TopBP1
checkpoint function. Because chromatin recruitment of TopBP1
is essential for TopBP1 to activate ATR upon replication stress,
we performed chromatin binding assay (34) in HU-treated cells
to determine the effect of mutp53 on TopBP1 chromatin re-
cruitment. Indeed, depletion of mutp53 in C33A cells (Fig. 34
and SI Appendix, Fig. S5) and in BT549 cells (Fig. 3B and SI
Appendix, Fig. S6) enhanced chromatin binding (fraction IV,
which is resistant to 0.5% Nonidet P-40 extraction and repre-
sents tightly bound chromatin) (34) of TopBP1. This result is
consistent with its effect on augmenting the S-phase checkpoint
response (Fig. 1). Conversely, expression of mutp53-R248W or
R273H in p53-null SKOV-3 cells significantly inhibited TopBP1
chromatin binding during HU treatment (Fig. 3C, Upper). Expres-
sion of mutp53 and its inhibitory effect on Chk1 phosphorylation in
the same experiment were confirmed by immunoblotting of total
cell lysates (Fig. 3C, Lower). Expression of mutp53-R273H in
H1299 cells also inhibited TopBP1 chromatin binding during HU
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Fig. 1.

Hotspot mutp53 dampens DNA replication checkpoint response by inhibiting TopBP1 interaction with ATR. (A and B) C33A cells (A) or BT549 cells (B)

stably expressing either a scrambled shRNA (shScr) or a p53 shRNA (#1 or #2) were treated with HU (2 mM) or vehicle (DMSO) for 16 h, followed by BrdU
incorporation assay. At least 300 nuclei per sample were counted by fluorescence microscopy. Representative images are presented in S/ Appendix, Fig. S1 A
and B. Data shown represent means and SDs from six (A) or three (B) replicates. All P values are based on a two-tailed t test. Mutp53 knockdown was verified
by immunoblotting. (C) H1299 cells were transfected with either an empty vector or an expression vector of mutp53 (R175H or R273H). Forty-eight hours
later, cells were treated with vehicle (DMSO) or HU (2 mM) for 16 h and then subjected to BrdU incorporation assay. The data shown represent means + SD
from six replicates. Representative images are presented in S/ Appendix, Fig. S1C. (D) C33A cells (Top) or BT549 cells (Bottom) were stably transfected with
shScr or a p53 shRNA (sh-mutp53 #1 or #2). Cells were treated with HU (2 mM) for 2, 4, or 6 h. Whole-cell lysates were subjected to Western blot analysis as
indicated. (E) Expression of mutp53-R273H or mutp53-R248W in p53-null SKOV-3 cells at a level comparable to endogenous mutp53s as seen in MDA-MB468,
Caov-3, or C33A (Left) inhibits ATR activation after HU treatment. SKOV-3 cells transfected with an empty vector or the expression vector of mutp53-R248W
or mutp53-R273H were treated with vehicle (DMSO) or HU (2 mM) for 20 h. The ATR activity was determined by immunoblotting of p-Chk1 and p-MCM2
(Right). (F and G) H1299 cells were transfected with an empty vector or an expression vector of mutp53 harboring R273H, V143A, R249S (F), R175H, or R248W
mutation (G). Forty-eight hours later, cells were treated with HU (2 mM) for 16 h and then harvested in TNN buffer. Endogenous TopBP1 was immuno-
precipitated with an anti-TopBP1 mouse monoclonal antibody or control mouse IgG, followed by immunoblotting as indicated. One tenth of the cell lysates

were also subjected to Western blot analysis.

treatment (Fig. 3D and SI Appendix, Fig. S7). Supporting its role in
preventing TopBP1 recruitment to DNA damage foci, mutp53
inhibited TopBP1 focus formation after HU treatment (Fig. 3E and
SI Appendix, Fig. S8). The effect of mutp53 on inhibiting TopBP1
chromatin binding correlates with that on Chk1 activation (Fig. 1).
Together, these results suggest that mutp53 binding interferes with
TopBP1 recruitment to stalled replication forks and therefore in-
hibits TopBP1/ATR binding, which is required for ATR/Chk1
activation.

Mutp53 Inhibits the Checkpoint Function of TopBP1 by Inducing Its
Oligomerization Independent of Akt-Induced $1159 Phosphorylation.
Previously we demonstrate that Akt-mediated phosphorylation
of TopBP1 at S1159 regulates its binding to BRCT7/8 domain
and oligomerization, leading to a switch of its function from
checkpoint activation to transcriptional regulation (28). Because
p53 can form tetramers (35), we next tested whether mutp53
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bound to TopBP1 and induced its oligomerization in an Akt-
independent manner. Indeed, expression of mutp53-R273H in
p53-null H1299 cells promoted self-association of not only wild-
type (WT) TopBP1 but also S1159A mutant TopBP1 that cannot
be phosphorylated by Akt (Fig. 3F). To rule out a definitive role
for Akt, we used an allosteric Akt inhibitor, MK-2206 (28). As
shown in Fig. 3G, MK-2206 treatment did block WT TopBP1
oligomerization in the absence of mutp53-R273H but failed to
inhibit TopBP1 oligomerization when mutp53-R273H was
coexpressed in H1299 cells. To further confirm that this effect is
not dependent on the pS1159-BRCT7/8 interaction, we also
examined the effect of mutp53 on the oligomerization of either
S1273A or K1317M mutant TopBP1, which is defective in binding
to pS1159 and therefore cannot form oligomers after Akt activation
(28). As expected, only WT TopBP1, but not S1273A or K1317M
mutant TopBP1, formed oligomers in the absence of mutp53 (S
Appendix, Fig. S9, left seven lanes). Nevertheless, expression of
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Fig. 2. Mutp53 blocks HU-induced chromatin compaction in cancer cells. (A) H1299 cells stably expressing either a scrambled shRNA (shScr) or TopBP1 shRNA
(shTopBP1) were treated with HU (2 mM) or vehicle (DMSO) for 16 h and then harvested for Western blotting. The intensities of histone H3K9me3 and histone
H3 in each lane were quantified using ImageJ software, and the signals of H3K9me3 were normalized by the corresponding H3 signals. (B) Mutp53-R273H
inhibits the induction of H3K9me3 by HU; however, the effect can be rescued by overexpressing TopBP1. H1299 cells were transfected with an empty vector or
mutp53-R273H. Twenty-four hours later, cells were infected with recombinant adenovirus harboring TopBP1 (AdTopBP1) or an empty vector (AdCMV) at a
multiplicity of 100. Twenty-four hours later, cells were then treated with HU (2 mM) or vehicle control for 12 h. Cell lysates were harvested for Western blot
analysis. (C and D) H1299 cells stably transfected with an empty vector or an expression vector of mutp53 (R175H or R273H, shown in C) or H1299 cells
transiently transfected with an empty vector or an expression vector of mutp53 (V143A, R248W, or R249S, shown in D) were treated with HU for 5 h. Im-
munoblotting was performed to detect the indicated proteins. (E and F) H1299 cells were transfected with either an empty vector or an expression vector of
mutp53 [R273H (E) or R175H (F)]. Cells were then treated with HU (2 mM) or DMSO for 16 h and subjected to the micrococcal nuclease (MNase) assay. Nuclei
were isolated and digested with MNase for the indicated time. The ratio of mononucleosomal DNA versus total DNA is presented as a function of the di-

gestion time and shown on Left Bottom. The expression of mutp53-R273H and mutp53-R175H was confirmed by immunoblotting (Right Bottom).

mutp53-R273H enhanced oligomerization of not only WT TopBP1
but also S1273A or K1317M mutant TopBP1 (SI Appendix,
Fig. S9, right three lanes). These results demonstrate that
mutp53 can induce TopBP1 oligomerization through a mechanism
independent of Akt and the pS1159-BRCT7/8 interaction.

Our previous study showed TopBP1-BRCT7/8 domains
interacted with p53-DBD (DNA-binding domain) (24). We
performed GST pulldown assay and confirmed the interaction
between TopBP1-BRCT7/8 and DBD of mutp53-R273H and
-R175H (Fig. 3H). To investigate the role of mutp53 tetrameri-
zation, we tested the effect of a carboxyl terminus deletion,
R273HACT (Fig. 3I), which lacks the p53 tetramerization do-
main but still binds TopBP1-BRCT7/8 (24). Indeed, mutp53-
R273HACT failed to induce TopBP1 oligomerization (Fig. 31)
and therefore could not inhibit Chk1 activation after HU treat-
ment (S Appendix, Fig. S10).

Oligomerization of TopBP1 can also induce its binding to
E2F1 (23, 28). To further provide evidence for the effect of
mutp53 on TopBP1 oligomerization, we next examined the effect
of mutp53 on the TopBP1 binding to E2F1. As shown in Fig. 3/,
expression of mutp53-R175H or -R273H in H1299 cells greatly
enhanced the interaction between endogenous TopBP1 and

Liu et al.

E2F1. Here mutp53 did not affect the levels of pS1159 TopBP1,
excluding the possibility that this effect is mediated by TopBP1
phosphorylation. Consistently, mutp53-R175H or -R273H en-
hanced the interaction between E2F1 and TopBP1 without af-
fecting TopBP1-S1159 phosphorylation (Fig. 3K, left four lanes).
Although E2F1 did not interact with TopBP1-S1159A in H1299
cells, their binding could be induced by expression of mutp53-
R175H or -R273H (Fig. 3K, right three lanes).

Taken together, these data show that hotspot mutp53 proteins
use their tetramerization property to induce TopBP1 oligomer-
ization independently of Akt and perturb replication checkpoint
response. Through this mechanism, mutp53 may override the
inhibitory actions of Chk1 during genotoxic or replication stress.

Mutp53 Expression and DNA2 Depletion/Inhibition Together Severely
Impair ATR Function and Are Synthetic Lethal to Cancer Cells. ATR
mediates the S-phase checkpoint activation through two in-
dependent pathways that involve TopBP1 and DNA2 nuclease,
respectively (19, 20). Although TopBP1-mediated Chkl activa-
tion is inhibited by mutp53, ATR function is only partially at-
tenuated in cancer cells harboring mutp53, probably due to an
intact DNA2 pathway. Because a complete loss of ATR or
Chkl is not compatible with cell survival (36, 37), targeting
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Fig. 3. Mutp53 inhibits TopBP1 chromatin recruitment after HU treatment through induction of TopBP1 self-association. (A and B) C33A cells (A) or BT549 cells
(B) expressing shScr or sh-mutp53 were treated with HU (2 mM) for 16 h, followed by chromatin fractionation. An aliquot from each fraction was subjected to
immunoblotting. The intensities of TopBP1 protein levels in each fraction were quantified using ImageJ software. The graphs represent means + SD derived from
three independent experiments. Representative immunoblots are shown in S/ Appendix, Figs. S5 and S6, respectively. (C) SKOV-3 cells transfected with an empty
vector, mutp53-R248W, or mutp53-R273H as described in Fig. 1E were treated with HU (2 mM) for 20 h, followed by chromatin fractionation. The combined
aliquots from fractions | and Il (soluble fractions) and aliquots from fractions Ill and IV (chromatin fractions; fraction Ill is resistant to 0.2% Nonidet P-40 but is
extracted by 0.5% Nonidet P-40; fraction IV is resistant to 0.5% Nonidet P-40 extraction and represents tightly bound chromatin) (34) for each group were
separated on a 10% SDS/PAGE gel and immunoblotted with the indicated antibodies. The total cell lysates of DMSO- and HU-treated cells were also analyzed by
immunoblotting (Lower; WCL, whole-cell lysate). (D) H1299 cells transfected with either an empty vector or mutp53-R273H were treated with HU (2 mM) for 16 h,
followed by chromatin fractionation. An aliquot from each fraction was subjected to immunoblotting. The intensities of TopBP1 protein levels in each fraction
were quantified using ImageJ software. The graphs represent means + SD derived from three independent experiments. Representative immunoblots are shown
in SI Appendix, Fig. S7. (E) H1299 cells were transfected with an empty vector, mutp53-R175H, or mutp53-R273H. After treatment with HU (2 mM) or vehicle for
16 h, cells were fixed and immunostained with anti-TopBP1 antibody, followed by Texas Red X-conjugated secondary antibody. Nuclei were stained with Hoechst
33258. Pictures shown are representative images at 100x magnification. A complete set of representative images is shown in S/ Appendix, Fig. S8. (F) Mutp53-
R273H was cotransfected with FLAG-TopBP1-WT (labeled as WT) and Myc-TopBP1-WT or with FLAG-TopBP1-51159A (labeled as A) and Myc-TopBP1-51159A into
H1299 cells. Coimmunoprecipitation was performed using anti-FLAG beads, followed by immunoblotting as indicated. One tenth of the cell lysates were subjected
to Western blot analysis. (G) Mutp53-R273H was cotransfected with FLAG-TopBP1-WT and Myc-TopBP1-WT into H1299 cells. After 36 h, cells were treated with
vehicle or Akt inhibitor MK-2206 (5 pM) for 12 h, and then coimmunoprecipitation was performed as in F. (H) Purified TopBP1-BRCT7/8 was incubated with GST,
GST-p53-R273H(DBD), or GST-p53-R175H(DBD), and GST pulldown was performed (24). Shown in Upper is immunoblotting with an antibody specific to TopBP1. In
parallel, GST proteins used in the pulldown assay were resolved by SDS/PAGE and stained with Coomassie Blue (Lower). Arrow indicates GST or GST fusion protein.
* indicates partially degraded proteins. (/) Mutp53-R273H or mutp53-R273HACT was cotransfected with FLAG-TopBP1-S1159A (labeled as A) and Myc-TopBP1-
S1159A into H1299 cells. After 48 h, coimmunoprecipitation was performed using anti-FLAG beads as in F. (J) H1299 cells were transfected with an empty vector,
mutp53-R175H, or mutp53-R273H. Immunoprecipitation was performed with anti-TopBP1 mouse monoclonal antibody or control mouse IgG, followed by im-
munoblotting as indicated. (K) HA-E2F1 was cotransfected with FLAG-TopBP1 (WT or S1159A; labeled as A) and mutp53 (R175H or R273H) into H1299 cells.
Immunoprecipitation was performed using anti-FLAG beads, followed by Western blotting to detect indicated proteins.

DNA2 in mutp53-bearing cancers may severely cripple ATR lethality” therapies against mutp53-bearing tumors. To test this
function and affect their viability or cause chemosensitization. If ~ concept, we coexpressed DNA2 shRNA (shDNA2#1 or shDNA2#2)
so, this may provide an opportunity to develop novel “synthetic ~ with mutp53-R273H in H1299 cells and then evaluated HU-induced
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Chkl activation to determine whether ATR/Chkl function is
further incapacitated. The result showed that HU-induced Chk1
activation was attenuated by expression of either DNA2 shRNA
or mutp53-R273H, and this inhibitory effect could be further
enhanced when both DNA2 shRNA and mutp53-R273H were
coexpressed (Fig. 44). The synthetic lethal interaction between
DNA2 depletion and mutp53 was further demonstrated by
clonogenic survival assay (Fig. 4B and SI Appendix, Fig. S114).
Consistent with our prior report (10), expression of mutp53-
R273H in shScr control H1299 cells enhanced clonogenic sur-
vival. In contrast, mutp53-R273H decreased the clonogenic
survival of DNA2-depleted H1299 cells. We also performed
MTT assay following cisplatin treatment. As expected, de-
pletion of DNA2 sensitized vector-transfected H1299 cells to
cisplatin, whereas expression of mutp53-R273H rendered
H1299 cells resistant to cisplatin (Fig. 4C). The effect of
mutp53-R273H is consistent with its known GOF through
inhibiting p63/p73 activity (10, 38, 39). Paradoxically, expres-
sion of mutp53-R273H in DNA2-depleted H1299 cells made
cells become more sensitive to cisplatin, supporting the concept
of a synthetic lethality approach. To further investigate the
effect of mutp53 on the sensitivity to DNA2 inhibition, we
expressed mutp53 in H1299 cells and then treated the cells with
DNA?2 small-molecule inhibitor C36 (NSC360177) or C5
(NSC15765) (40). Indeed, expression of mutp53-R273H or
-R175H enhanced the sensitivity to DNA2 inhibitors (Fig. 4 D
and E and SI Appendix, Fig. S11B). DNA2 is expressed at a

higher level in breast cancer with mutated 7P53 and in breast
cancer containing 7P53 missense mutations than WT TP53
(Fig. 4F). These data suggest that DNA2 is an ideal therapeutic
target for mutp53-harboring cancers.

“Contact” but Not “Conformational” Mutp53s Bind Treslin and
Enhance Their Interaction with TopBP1. TopBP1 interacts with
Treslin in a Cdk-dependent manner, and their interaction is
critical for DNA replication initiation (14). Consistent with the
report, transfected FLAG-TopBP1 associated with endogenous
Treslin in actively growing HEK293 cells (Fig. 54). We next
investigated the effect of mutp53 on the interaction between
TopBP1 and Treslin in H1299 cells. Indeed, mutp53-R273H
enhanced their interaction (Fig. 5B, lanes 6 and 7). Previously,
it has been shown that phosphorylation of Treslin by Cdk at Ser-
1000 is required for its interaction with TopBP1 (14). In-
terestingly, although S1000A-Treslin failed to bind TopBP1 in
the absence of mutp53, it bound TopBP1 very well in the pres-
ence of mutp53 (Fig. 5B, right two lanes). Moreover, two contact
mutp53s, R273H and R248W, enhanced the TopBP1/Treslin
interaction, whereas the other two conformational mutp53s,
R175H and V143A, did not show any effect (Fig. 5 C and D).
Consistently, the endogenous protein interaction between TopBP1
and Treslin was enhanced by expression of mutp53-R273H but not
mutp53-R175H in H1299 cells (Fig. 5E). The differential effect of
different mutp53 proteins on Treslin/TopBP1 binding is likely at-
tributed to their ability to bind Treslin, as mutp53-R273H but not
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Fig. 4. Combination of mutp53 expression and DNA2 depletion greatly inhibits ATR function and enhances cisplatin sensitivity. (A) An empty vector or mutp53-
R273H was cotransfected with a scrambled shRNA or a DNA2 shRNA (#1, pLKO.1p shDNAZ2; #2, pResQ shDNA2) into H1299 cells. After treatment with HU (2 mM)
or vehicle for 16 h, whole-cell lysates were subjected to Western blotting. (B) H1299 stable cell lines expressing shScr or shDNA2 were transfected with a mutp53-
R273H expression vector (containing neomycin-resistance gene) or an empty vector and selected by G418 for colony formation as previously described (10). The
data shown represent means + SD (n = 3 biological replicates). Representative images are shown in S/ Appendix, Fig. S11A. Some cells were harvested 2 d after
transfection before G418 selection, and aliquots of the cell lysates were analyzed by immunoblotting (Right). (C) Transfected H1299 cells as described in A were
seeded on 96-well plates and treated with cisplatin at the indicated concentrations for 48 h, followed by MTT assay. Data represent means + SD (n = 3 biological
replicates). The P values for the difference between any two groups are <0.005. Specifically, ***P < 0.001 when comparing “mutp53+shDNA2" with “mutp53+
shScr” or with “vector+shDNA2" at the indicated concentration of cisplatin, except P < 0.005 for the difference between “mutp53+shDNA2" and “vector+
shDNA2" at 50 uM cisplatin. The expression of mutp53 or DNA2 was detected by immunoblotting (Lower). (D) H1299 cells were transfected with mutp53-R273H.
Next day, cells were treated with two DNA2 inhibitors, C36 and C5, at the indicated concentrations for 48 h, followed by MTT assay. Data represent means + SD
(n = 3 biological replicates). The P values for the difference between vector and mutp53 are *P < 0.05 or **P < 0.01. The expression of mutp53 was confirmed by
immunoblotting (Upper). (E) H1299 cells stably transfected with an empty vector or an expression vector of mutp53 (R175H or R273H) were treated with DMSO or
increasing doses of C5 as in D. Cells were then grown in fresh media without C5 until colonies formed and stained with crystal violet. Each treatment was
performed in triplicate. Representative images are shown in S/ Appendix, Fig. S11B. The P values for the difference between vector and mutp53 are *P < 0.05,
**P < 0.01, or ***P < 0.001. Expression of mutp53 was verified by immunoblotting (Upper). (F) Box plots of DNA2 expression data in invasive breast carcinoma
with WT TP53, mutated TP53, or carrying missense TP53 mutation (data analyzed from breast cancer TCGA). +, mean values.
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mutp53-R175H could coimmunoprecipitate with Treslin (Fig. 5F).
Because WT p53 could bind Treslin like mutp53-R273H (S
Appendix, Fig. S12), it is possible that conformational mutp53 may
lose a certain tertiary structure required for Treslin binding.

Contact but Not Conformational Mutp53 Can Promote DNA Replication
in the Presence of a Cdk2 Inhibitor. We next investigated whether
mutp53 could bypass the requirement of Cdk?2 in late G1 phase to
enhance DNA replication. To address this, H1299 cells trans-
fected with an empty vector, mutp53-R273H or mutp53-R175H,
were synchronized at the G2/M phase border with a Cdkl in-
hibitor (Cdk1i) for 20 h and then released to enter G1 phase by
removing the Cdk1i. Most cells were in late G1 phase at 12 h after
release and started to enter the S phase at 14 h (SI Appendix, Fig.
S13). Furthermore, expression of mutp53 did not significantly
affect the synchronization. After 12 h, while cells were in late
G1 phase, a Cdk2 inhibitor (Cdk2i) or DMSO vehicle was
added. Two hours later, BrdU incorporation was performed in
the presence of a Cdk2i or DMSO vehicle for 17 h to measure
the fraction of cells that transitioned through the S phase (Fig.
5G). As shown in Fig. 5G, expression of the contact mutp53-
R273H (Fig. 5G, Left and SI Appendix, Fig. S144), but not
conformational mutp53-R175H (Fig. 5G, Right and SI Appen-
dix, Fig. S14B), was able to promote DNA replication in
H1299 cells despite the presence of a Cdk2i. This is not because

mutp53-R273H could interfere with cell-cycle synchronization
by Cdkli, as mutp53-R273H did not affect cell-cycle arrest by
Cdkli (SI Appendix, Fig. S15). Moreover, mutp53-R273H was
found to colocalize with PCNA, a marker for the replication
forks, when cells entered S phase of the cell cycle (SI Appendix,
Fig. S16), suggesting physical localization of mutp53-R273H to
the replication forks during DNA replication. Some globular
PCNA staining (in addition to punctuate staining) is likely due
to its known nucleolar localization in human cancer cells during
the early S phase (41-43).

DNA Fiber Assay Confirms Perturbation of DNA Replication Checkpoint
by Mutp53. To further demonstrate the effect of mutp53 on DNA
replication, we performed DNA fiber assay (44). We synchronized
mutp53-transfected H1299 cells with Cdkli, and when cells en-
tered into the S phase, we performed sequential IdU/CIdU la-
beling with or without Cdk2i pretreatment before CIdU labeling
(Fig. 64). Indeed, mutp53-R273H, but not mutp53-R175H,
overrode the inhibitory effect of Cdk2i and promoted CIdU in-
corporation (Fig. 6 B and C and SI Appendix, Fig. S17). An in-
dependent DNA fiber assay was performed in mutp53-transfected
H1229 cells without synchronization that yielded the same
conclusion (SI Appendix, Fig. S18). We also performed DNA
fiber assay to evaluate the effect of both mutp53-R273H and
mutp53-R175H on HU treatment. Consistent with the results
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Fig. 5. R273H mutp53 enhances TopBP1/Treslin interaction and bypasses the control of Cdk2 to promote G1/S phase progression. (A) HEK293 cells were

transfected with an empty vector or the FLAG-TopBP1 expression vector. FLAG-TopBP1 was immunoprecipitated with anti-FLAG beads, followed by im-
munoblotting to detect the associated Treslin. (B) FLAG-TopBP1 was cotransfected with mutp53-R273H and either Myc-Treslin-WT or Myc-Treslin-S1000A in
H1299 cells. FLAG-TopBP1 was immunoprecipitated with anti-FLAG beads, followed by immunoblotting to detect the associated Myc-Treslin. (C and D) FLAG-
TopBP1 was cotransfected with Myc-Treslin and one of the mutp53 constructs in H1299 cells. Coimmunoprecipitation of FLAG-TopBP1 with Myc-Treslin was
determined as described in B. (E) H1299 cells were transfected with an empty vector, mutp53-R273H, or mutp53-R175H. Endogenous TopBP1 was immu-
noprecipitated with anti-TopBP1 mouse monoclonal antibody or control mouse 1gG, followed by immunoblotting with rabbit polyclonal antibody specific to
Treslin or p53. (F) Myc-Treslin was coexpressed with either mutp53-R273H or mutp53-R175H in H1299 cells. Myc-Treslin was immunoprecipitated with anti-
Myc (9E10) mouse monoclonal antibody, followed by immunoblotting with anti-p53 and anti-Myc rabbit polyclonal antibodies. (G) A scheme for cell-cycle
synchronization is shown on Top. Cdk1i, Cdk1 inhibitor; Cdk2i, Cdk2 inhibitor. H1299 cells were transfected with mutp53-R273H or mutp53-R175H. Cells were
synchronized by adding Cdk1i (Ro 3306, 2.5 uM) for 20 h and then were released to enter G1 phase by incubating cells in serum-containing medium without
Ro 3306 for 12 h. Cells were subsequently treated with either Cdk2i (Cdk2 inhibitor II, 1 pM) or vehicle. Two hours later, BrdU incorporation assays were
performed in the presence of Cdk2i or vehicle. At least 300 nuclei were counted for each sample. Representative images are presented in S/ Appendix, Fig.
S14. Data shown represent means + SD from three biological replicates. Expression of mutp53 was verified by immunoblotting.
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Fig. 6. DNA fiber analysis confirms perturbation of DNA replication control
by mutp53. (A) The experimental scheme for DNA fiber analysis in B and C.
H1299 cells were transfected with mutp53-R273H or mutp53-R175H. Cells
were synchronized by Cdk1i and then released to enter G1 phase. At 15 h
after release, cells were sequentially labeled with IdU and CldU with treat-
ment of Cdk2i or vehicle control 1 h preceding CIdU labeling. (B) Repre-
sentative images of DNA spreading. More images are presented in S/
Appendix, Fig. $17. (C) The lengths of IdU and CldU tracts from DNA fibers
were measured. Shown are tract-length distributions of IdU (Upper) and
CldU (Lower) in vehicle (Veh.) control groups (Left) and Cdk2i-treated groups
(Right). More than 200 DNA fibers in each group were analyzed. P < 0.0001,
comparing CldU tract lengths between vector+Cdk2i and R273H+Cdk2i
groups. (D) H1299 cells were transfected with an empty vector, mutp53-
R273H, or mutp53-R175H. Two days later, cells were sequentially labeled
with 1dU and CldU with HU treatment (4 mM) 2 h preceding CIdU labeling.
The experimental scheme for DNA fiber analysis is shown on Top. Repre-
sentative images of DNA fibers are shown on Bottom. More representative
images are shown in S/ Appendix, Fig. S19. (E) The lengths of IdU and CldU
tracts from DNA fibers in D were measured. Shown are tract-length distri-
butions of IdU (Upper) and CIdU (Lower). More than 200 DNA fibers in each
group were analyzed. P < 0.0001, comparing CldU tract lengths between
vector+HU and R273H+HU or R175H+HU groups.

obtained by p-Chkl immunoblotting and BrdU incorporation
assays (Fig. 1), expression of either mutp53-R273H or mutp53-
R175H in H1299 cells mitigated the inhibition of HU on CIdU
incorporation, as evidenced by continuous CIdU labeling on DNA
fiber assay after HU treatment (Fig. 6 D and E and SI Appendix,
Fig. S19).

Discussion

Mechanisms of Mutp53 GOF. Although mutp53 GOF is well rec-
ognized, most of its known functions involve alterations in gene
expression (8). Using the mutp53-R248W and mutp53-R273H
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knock-in mice (45), Song et al. show that these two mutp53
proteins interact with Mrell to prevent the recruitment of
Mrel1-Rad50-Nbsl (MRN) to double-stranded breaks, hence
impairing ATM activation and promoting genome instability.
In the present study, we elucidate two mechanisms by which
mutp53 perturbs DNA replication control (Fig. 74): (i) Many
hotspot mutp53 proteins impair ATR activation by binding to
TopBP1 and inducing its self-oligomerization, which is known
to prevent TopBP1 checkpoint function. (ii) Some contact
mutp53s may directly enhance DNA replication by facilitating
the interaction of TopBP1 with Treslin, which is induced by
Cdk2 under normal conditions.

In response to genotoxic or replication stress, p53 and Chk1/2
are major mediators for halting cell-cycle progression: p53
mediates G1 checkpoint, whereas Chk1/2 are responsible for
S and G2/M checkpoints (Fig. 7B, Upper). Our data suggest that
mutations of p53 not only result in loss of G1 checkpoint
control but also interfere with other checkpoints. Several hot-
spot mutp53 proteins can actively suppress the functions of
Chkl (the present study) and Chk2 (45), and some contact
mutp53 proteins can directly promote S phase (Fig. 7B, Lower).
Thus, mutations of 7P53 can lead to the defects in all major
cell-cycle checkpoints.

Many Hotspot Mutp53 Proteins Hijack the Akt-Dependent Regulatory
Mechanism of TopBP1 to Inhibit ATR Checkpoint Activation. There
are several potential mechanisms by which mutp53 may inhibit
TopBP1 checkpoint function. Mutp53-R175H or R273H does
not affect TopBP1 phosphorylation at the Ser1159 residue (Fig.
3 J and K) but induces the oligomerization of WT TopBP1 as
well as TopBP1-S1159A (Fig. 3F), even in the presence of an Akt
inhibitor (Fig. 3G). Thus, mutp53 induces TopBP1 oligomeri-
zation through an Akt-independent mechanism. On the other
hand, the p53-binding domains of TopBP1—that is, BRCT7/8—
partly overlap with its ATR activation domain; thus, binding by
mutp53 may block the ATR-activating function of TopBP1
through direct physical hindrance. However, even if this is the
case, it is unlikely to be the primary mechanism, as it cannot
account for our observation that mutp53 induces TopBP1 self-
association and inhibits TopBP1 chromatin recruitment. Because
mutp53 can form tetramers, it may serve as a bridge or a seed to
promote TopBP1 oligomerization and therefore inhibit its check-
point function. Indeed, this scenario is supported by the findings
that mutp53 tetramerization is required for promoting TopBP1
oligomerization and inhibiting Chk1 activation (Fig. 3/ and SI Ap-
pendix, Fig. S10).

Through inhibiting ATR/Chk1 activation in replication stress,
mutp53 also blocks heterochromatin formation (Fig. 2). It should
be noted that the chromatin response to HU treatment depends
on the cellular p53 status. In WT p53 cancer cells, such as p53*/*
HCT116 cells and U20S cells, H3K9me3 is reduced by HU
treatment (SI Appendix, Fig. S20 A and B), probably due to ei-
ther down-regulation of H3K9 methylase SUV39H1 (46, 47) or
induction of H3K9 demethylase Jumonji domain 2 family de-
methylase (JMJD2b) (47). On the contrary, in p53-null tumor
cells, such as H1299 cells and p53_/ ~ HCT116 cells, H3K9me3 is
induced by HU (Fig. 2 A-D and SI Appendix, Fig. S204).
However, the induction of H3K9me3 can be inhibited by mutp53
(Fig. 2C). Hence, in mutp53-bearing cancer cells, the H3K9me3
level remains relatively unchanged after HU treatment (Fig. 2 B-
D and SI Appendix, Fig. S20 B and C) but became inducible by
HU upon depletion of mutp53 (SI Appendix, Fig. S20C). In-
triguingly, depletion of mutp53 reduced basal H3K9me3 in
C33A and BT549 cells. High levels of H3K9me3 in cancer have
been associated with poor survival (48), lymph node metastasis
(49), and high tumor grade (50). Whether mutp53 directly reg-
ulates basal H3K9me3 deserves further investigation. Consis-
tently, in p53-null H1299 cells, the level of H3K9me3 was
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increased by HU but was reduced by HU when expressing WT
p53 and was not significantly altered by HU when expressing
mutp53-R273H (SI Appendix, Fig. S20D). We note that over-
expression of WT p53 to a level similar to or slightly higher than
that of mutp53-R273H also attenuated HU-induced Chkl
phosphorylation, although at a lesser degree than mutp53 (S/
Appendix, Fig. S20D). This is not totally surprising, as WT
p53 can bind TopBP1 (24) and hence may affect TopBP1
checkpoint function as well if expressed to a high level. The
accumulated p53 may contribute to tuning down Chk1 activation
during the recovery phase, as suggested by a slower declining
of p-Chkl signal in p53~~ HCT116 compared with p53**
HCT116 cells (SI Appendix, Fig. S20E). The slight decrease of
the Chkl protein level in post-HU treatment p53** HCT116
cells (but not in p53™~ cells) is consistent with the established
role of p53 in down-regulating Chkl expression (51). Further
supporting our results is the observation of an inverse correlation
between p53 and Chk1 phosphorylation levels in a UVB-induced
mouse skin cancer model (52). The finding prompted the authors
to propose that WT p53 might switch off Chk1 phosphorylation,
although the mechanism was unknown. Our results suggest that
stabilized WT p53 uses a similar mechanism that we elucidate for
mutp53 to inhibit ATR/Chk1 and tune down checkpoint activa-
tion once stress is relieved. Mutp53 proteins make use of the
existing feedback control mechanism, but due to their highly
accumulated levels, they constitutively dampen ATR/Chk1 re-
sponse in cancer cells. As many mutp53 proteins, including R273H
and several hotspot mutp53s used in this study, can form aggre-
gates (53-55), it will be interesting to investigate whether this
property contributes to TopBP1 oligomerization in the future.

Contact Mutp53 Facilitates the Interaction Between TopBP1 and
Treslin to Promote DNA Replication. Although several hotspot
mutp53 proteins bind TopBP1 (10) and inhibit ATR checkpoint
function (Fig. 1), only contact, but not conformational, mutp53s
can bind Treslin and induce the association of TopBP1 with
Treslin (Fig. 5). As a result, only contact mutp53s (such as mutp53-
R273H) but not conformational mutp53s (such as mutp53-R175H)
can promote DNA replication even in the presence of Cdk2i
(Figs. 5G and 6 and SI Appendix, Fig. S18). The molecular basis
underlying the difference between contact and conformational
mutp53s is unclear at the moment and deserves future in-
vestigation. It is tempting to suggest that contact mutp53 pre-
serves the overall structure, which may be required for Treslin
interaction (SI Appendix, Fig. S12). Alternatively, mutp53-
R273H has been suggested to drive changes in chromatin con-
formation, as it can associate with chromatin and stabilize
chromatin-associated PCNA and MCM4 (56).
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Chk1/2 Fig. 7. A model for the mechanisms by which

mutp53 perturbs TopBP1 checkpoint and replication
functions in cancer cells. (A) In response to replicative
stress (Left), TopBP1 plays a critical role in activating
ATR in normal cells. On the contrary, in cancer cells,
several mutp53s (including R273H, R175H, etc.) can
bind TopBP1 and promote its oligomerization (which
normally only occurs during Akt activation) to inhibit
its ATR-activating function. During normal G1/S transition
(Right), TopBP1 binds to Treslin in a Cdk2-dependent
manner and promotes replication. However, some
contact mutp53s, such as R273H, can override this
Cdk2 requirement. (B) Mitigation of ATR/Chk1 activation
(the current work) and ATM/Chk2 activation (45) by
mutp53 and promotion of DNA replication by some
contact mutp53s can lead to defects in all major cell-
cycle checkpoints.

The Interference of ATR Function by Mutp53 Presents an Opportunity
for Synthetic Lethality Strategy to Treat Mutp53-Bearing Cancers.
Unlike the ATM-Chk2 axis, the ATR-Chkl axis is required
for cell survival due to its essential role in replication stress.
Thus, a partially defective ATR function in mutp53-bearing
cancer cells may present an opportunity to further cripple
ATR function by inhibiting another ATR activator, DNA2. In-
deed, H1299 cells with mutp53 expression and DNA2 depletion
have a severely defective ATR function and are defective in
clonogenic survival assay (Fig. 4 A and B). More importantly,
although expression of mutp53-R273H in a p53-null cancer cell
line increases chemoresistance, it paradoxically enhances the
chemosensitivity when DNAZ2 is depleted (Fig. 4C). Moreover,
expression of mutp53-R273H also renders cancer cells more
sensitive to DNA2 inhibitors (Fig. 4 D and E). DNA2 is over-
expressed in many human cancers (57), particularly when 7P53
contains missense mutations (Fig. 4F). Hence, DNA2 may be a
cancer therapeutic target, especially in mutp53-harboring cancers.
Given the mechanisms of mutp53 GOF elucidated in this study,
targeting DNA2 may prove to be an efficient synthetic lethality
strategy to treat cancers harboring 7P53 missense mutations.

Materials and Methods

Immunoprecipitation and Western Blot Analysis. Transfected cells were har-
vested in TNN buffer as described previously (58). Inmunoprecipitation was
performed by incubating cell lysates with appropriate antibodies or anti-
FLAG M2 monoclonal antibody-conjugated agarose beads (Sigma) for 3-16 h
at 4 °C. After three washes, immunoprecipitates were fractionated by
SDS/PAGE and electrotransferred to Imobilon-P membrane (Millipore).
Equal protein loading was verified with Ponceau S staining. Immunoblotting
was performed with the appropriate antibody. Sources of antibodies are
presented in S/ Appendix, Materials and Methods.

Chromatin Binding Assay. Chromatin binding assay was performed as de-
scribed previously (28). Briefly, transfected cells were trypsinized and in-
cubated on ice for 5 min in 150 pL of fractionation buffer (50 mM Hepes,
pH 7.5, 150 mM NaCl, 1 mM EDTA) containing 0.2% Nonidet P-40 and
protease inhibitors. Following centrifugation at 1,000 g for 5 min, the su-
pernatant was collected (fraction 1), and pellets were washed with the same
buffer. After centrifugation, the supernatant was collected (fraction Il), and
the nuclear pellets were further incubated in 150 pL of fractionation buffer
containing 0.5% Nonidet P-40 on ice for 40 min. The extracts were clarified
by centrifugation at 16,000 g for 15 min (fraction Ill). The pellets were finally
lysed in 150 uL of 10% SDS/PAGE sample buffer and boiled for 5 min (frac-
tion 1V). Equal aliquots of each fraction, derived from equivalent cell num-
bers, were separated on 10% SDS/PAGE for Western blot analysis.

Replication Labeling and DNA Fiber Spread Assay. H1299 growing cells in a

different experimental design were labeled with 50 pM IdU for 30 min. Cells
were then treated with 2 pM Cdk2 inhibitor Il for 1 h (for G1/S phase
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cell-cycle study) or 4 mM HU for 2 h (for DNA replication stress study). Then,
IdU was removed, and the cells were washed with PBS and incubated with
250 pM CIdU for 30 min or 45 min, respectively. DNA spread assay was
performed as previously described (44) with some modification. A detailed
description of DNA fiber spread assay is presented in SI Appendix, Materials
and Methods.

Establishment of stable cell lines, antibodies for immunoprecipitation and
Western blot analysis, micrococcal nuclease assay, bromodeoxyuridine in-
corporation assay and flow cytometry, immunofluorescence staining, GST
pulldown assay, MTT assay, clonogenic survival assay, DNA fiber spread assay,
and statistical analysis are discussed in S/ Appendix, Materials and Methods.
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