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Timeless (Tim), a core circadian clock gene in Drosophila, is
retained inmammals but has no apparentmammalian circadian
clock function. Mammalian TIM is essential for ATR-depen-
dent Chk1 activation and S-phase arrest. We report that TIM is
likewise essential for ATM-dependent Chk2-mediated signal-
ing of doxorubicin-induced DNA double strand breaks. TIM
depletion attenuates doxorubicin-induced G2/M cell cycle
arrest and sensitizes cancer cells to doxorubicin-induced cyto-
toxicity. TIM is, thereby, a potential novel anticancer drug tar-
get whose inhibition may enhance the therapeutic cytotoxicity
of agents that activate DNA damage pathways as part of their
mechanism.

In response to DNA damage, cells activate checkpoint path-
ways and arrest the cell cycle atG1, S, andG2/Mphases to repair
the damaged DNA. If the damage is beyond repair, apoptosis is
triggered (1–3). There are two major DNA damage signaling
pathways. One is the ATM (ataxia telangiectasia mutated)-
Chk2 pathway and the other is the ATR (ataxia telangiectasia
and Rad3-related)-Chk1 pathway. Although these two path-
ways functionally overlap in response to DNA damage and
share most downstream effectors, the DNA double strand
break primarily activates the ATM-Chk2 pathway, whereas
ATR-Chk1 mainly responds to DNA replication fork collapse
caused by bulky DNA lesions (4–6).
DNAdouble strand break (DSB)2 is one of themost common

DNA damages induced both endogenously and exogenously.
Following DSB, the ATM protein, a phosphatidylinositol 3-ki-
nase-like serine/threonine protein kinase, is activated by auto-
phosphorylation at the Ser1981 site (7). The activatedATM then
phosphorylates Chk2 at Thr68, which leads to Chk2 kinase acti-
vation. p53, amajor effector of theDNAdamage response path-
way, is expressed at low levels and in an inactive form during
normal conditions. Both ATM and Chk2 phosphorylate p53,
causing p53 protein stabilization and activation. Activated p53
arrests the cell cycle by inducing the expression of cell cycle
inhibitors such as p21. As a result, G1/S, intra-S and G2/M cell
cycle checkpoints are activated to stop cell cycle progression
and allow the cell to repair its damaged DNA (8–11). p53 also
induces genes that will subsequently lead to apoptosis if the

DNA cannot be adequately repaired (8–11). Mutations of
genes in these damage response pathways can predispose to
cancer (12–18). On the other hand, DNA damage-induced
DNA repair mechanisms are also at least partially responsible
for chemotherapeutic drug resistance of cancer cells. These
processes are thereby central to both tumorigenesis and cancer
therapy effectiveness.
Mammalian TIMELESS (TIM) protein shares sequence sim-

ilarity with the Drosophila key circadian clock protein TIM
(19). The role of mammalian TIM in circadian clock control is,
however, not clear (20–23). Mammalian TIM has been shown
to associate with Chk1 to transduce the replication checkpoint
signal from ATR to Chk1 when DNA replication is blocked by
UV irradiation or hydroxyurea treatment. Further studies have
identifiedmammalian TIM as a replication fork-associated fac-
tor. TIM is critical for S-phase checkpoint regulation in
response to UV irradiation (24–28). The role of TIM in the
ATM-Chk2 pathway has not been reported. Recent screens of
mutations in whole genomes of human breast and colorectal
cancer have also identified TIMmutations (29).

Doxorubicin (Dox) is one of the most commonly used anti-
cancer agents. Dox stabilizes topoisomerase II, intercalates
within the DNA, and generates reactive oxygen species that
induce DNA double strand breaks. Dox activates the ATM-
Chk2 DNA damage response pathway and arrests the cell
cycle at the G2/M phase (30, 31). We find that although TIM
is not essential for ATM activation, it is required for ATM-
dependent activation of Chk2 and G2/M checkpoint arrest.
Down-regulation of TIM sensitizes cancer cells to doxorubi-
cin toxicity.

EXPERIMENTAL PROCEDURES

Cell Culture and siRNA—The human colon cancer cell line
HCT116 was obtained fromATCC (Manassas, VA). Cells were
maintained in RPMI 1640mediumwith 10% fetal bovine serum
under conditions of 5% CO2 at 37 °C. For siRNA transfection,
cells were plated in 6-well plates the day before to reach 30%
confluency by the time of transfection. 100–200 pmol of siRNA
was transfected by Lipofectamine 2000 (Invitrogen) according
to the protocol provided by the manufacturer. The knockdown
effects were examined after 48–72 h of incubation. The human
TIM siRNA was synthesized according to Unsal-Kacmaz et al.
(27). Sequences of TIM siRNA 2 and ATM were designed by
Blockit siRNA Designer (Invitrogene). Sequences of RNA oli-
gos were as follows: control (luciferase), 5�-CGUAACGCGGA-
AUACUUCGAdTdT-3� and 5�-UCGAAGUAUUCCGCGUA-
CGdTdT-3�; human TIM, 5�-GUAGCUUAGUCCUUUCAA-
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AdTdT-3� and 5�-UUUGAAAGGACUAAGCUACdTdT-3�;
human TIM 2, 5�-CCUCUUCAAUCGUCUGCUUdTdT-3� and
5�-AAGCAGACGAUUGAAGAGGdTdT-3�; human ATM,
5�-GCAAGCAGCUGAAACAAAUDTDT-3� and 5�-AUUU-
GUUUCAGCUGCUUGCdTdT-3�. ATR siRNA was synthe-
sized according to the sequence used by the others (32, 33):
5�-CCUCCGUGAUGUUGCUUGAdTdT-3� and 5�-UCAA-
GCAACAUCACGGAGGdTdT-3�.
Western Blot and Antibodies—After 48 h of siRNA oligo

transfection, cells were treated with 0.5 �M doxorubicin
(Sigma) for the indicated time. Then cells were washed with
phosphate-buffered saline once, and total protein extracts were
obtained by incubating in Nonidet P-40 buffer (0.5% Nonidet
P-40, 150mMNaCl, 50mMTris-Cl, pH7.4, protease inhibitors).
Proteins were then separated by standard SDS-PAGE and
transferred to nitrocellulose membranes. Antibodies against
Chk2 Thr68, ATM Ser1981, �-H2AX, and p-Ser10 H3 were from
Cell Signaling Technology (Danvers, MA). Anti-TIM antibody
was generated in our lab using a glutathione S-transferase-TIM
C terminus (amino acids 920–1196) as an antigen. Other anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
All experiments were repeated at least three times. Imageswere
quantified by ImageJ software.

Drug Sensitivity Assay and Flow
Cytometry—Cells were treated with
siRNA for 48 h followed by incuba-
tion with indicated concentrations
of doxorubicin for 20 h. Cells were
washed with phosphate-buffered
saline and grown in drug-free nor-
mal medium for 3 days. Living cell
numbers were measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay. For
cell cycle distribution analysis, 2
days after siRNA treatment, doxo-
rubicin was added to themedium to
a final concentration of 0.5 �M and
incubated for 24 h. Cells were then
collected and fixedwith ethanol and
stained with propidium iodide for
fluorescence-activated cell sorter
analysis.

RESULTS AND DISCUSSION

TIM Is Required for Doxorubicin-
induced Chk2 Activation—Dox-in-
duced DNA double strand breaks
activateATM-dependentphosphor-
ylation of its downstream targets
including Chk2 and p53 in a dose-
and time-dependent manner in the
HCT116 colon cancer cell line (34–
36). Therefore, to investigate the
involvement of TIM in the ATM-
Chk2 pathway, DNA damage was
induced by treating HCT116 cells
with doxorubicin. Phosphorylation

of Chk2 Thr68 was detectable after a 1–2-h treatment with 0.5
�M Dox in the control HCT116 cells. The amount of Chk2
Thr68 phosphorylation increased in a time-dependent manner.
Dox-induced Chk2 phosphorylation was, however, dramati-
cally diminished inHCT116 cells treatedwithTIM siRNA, sug-
gesting TIM was essential for Chk2 activation. Dox-induced
p53 accumulation was also attenuated in TIM down-regulated
cells (Fig. 1, A and B). p21 induction by doxorubicin was also
slightly reduced by down-regulation of TIM.
To confirm that TIM-mediatedChk2 activationwas specific,

two more control experiments were performed. We designed
another anti-human TIM siRNA oligo (TIM siRNA 2). Knock-
ing down TIM expression by this siRNA oligo also inhibited
Dox-induced Chk2T68 phosphorylation (Fig. 1C). We also
cotransfected anti-human TIM siRNA with empty pCDNA3
plasmids or V5-tagged mouse TIM. Exogenous mouse TIM
restored Dox-induced Chk2 Thr68 phosphorylation in endoge-
nous TIM down-regulated HCT116 cells (Fig. 1D).
Dox-induced Chk2 Activation Depends on ATM, Not ATR—

It has been reported that doxorubicin induces ATM-dependent
Chk2 activation.We confirmed this by down-regulation of ATM.
Dox-induced Chk2 Thr68 phosphorylation was inhibited in
HCT116 cells treated with TIM siRNA (Fig. 2A) or ATM siRNA

FIGURE 1. TIM is required for doxorubicin-induced Chk2 activation. A, HCT116 cells were treated with
doxorubicin (0.5 �M) for the indicated time after 48 h of siRNA transfection. The levels of p-Thr68 Chk2, total
Chk2, p53, and p21 were measured by respective antibodies. GAPDH was the loading control. B, relative
abundance of Thr68- phosphorylated Chk2 (upper panel) and p53 (lower panel) after Dox treatment. Amount of
p-Thr68 Chk2 was normalized to total Chk2. p53 was normalized to GAPDH. The level before doxorubicin
treatment in the control cells was set as 1 (*, p � 0.01). C, human TIM was down-regulated by another siRNA
oligo. Doxorubicin-induced Chk2 Thr68 phosphorylation levels in control and TIM siRNA 2-treated HCT116 cells
were compared. D, mouse TIM restores Dox-induced Chk2 Thr68 phosphorylation in endogenous TIM down-
regulated human cells. HCT116 cells were cotransfected with TIM siRNA oligo and empty pCDNA3 plasmids or
pCDNA3-V5-mTIM plasmids. Chk2 Thr68 phosphorylation levels were measured after doxorubicin treatment
for the indicated time.
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(B). Because DNA double strand breaks also lead to ATR activa-
tion (37, 38) and ATR can activate Chk2, we determined whether
the effect ofTIMonChk2 activationwasATR-dependent.Down-
regulationofATRdidnotpreventDox-inducedChk2Thr68 phos-
phorylation, whereas down-regulation of TIM or TIM and ATR
abolished Chk2 Thr68 phosphorylation (Fig. 2C). Therefore, TIM
was required for ATM-mediated Chk2 activation.

TIM Is Not Required for ATM
Activation or H2AX Phosphoryla-
tion—To determine whether doxo-
rubicin could activate ATM in the
absence of TIM protein, the phos-
phorylation of Ser1981 of ATM was
examined. In both control and TIM
down-regulated cells, ATM was
phosphorylated at its Ser1981 site
following Dox treatment, indicating
that TIMwas not essential for ATM
activation (Fig. 3A). The result sug-
gests that TIM is involved in ATM
downstream signaling.
Chk2 is one of the key ATM sub-

strates. There are several other DNA
damage response proteins that are
phosphorylated by ATM following
DNA double strand breaks. Histone
H2AX is rapidly phosphorylated at
serine 139 site (�-H2AX) whenDSB
is introduced (39–41). Formation
of �-H2AX foci at the damage sites
is critical for DSB repair. It has been
shown that DNA DSB-induced
�-H2AX accumulation is inhibited
inATM-null cells (39).Weobserved
repeatedly that the basal level of
�-H2AX was higher in TIM knock-
down cells, indicating that cells
might have increased spontaneous
DNA damage without TIM. In both
the control and TIM down-regu-
lated cells, �-H2AX levels accumu-
lated following doxorubicin treat-
ment (Fig. 3B), suggesting TIM
might be required specifically for
ATM-dependent Chk2 activation.
It will be important to further deter-
mine whether TIM is necessary for
ATM to phosphorylate other sub-
strates such as SMC1, BRCA1, and
p53 Ser15 (42).
TIM Is Involved in G2/M

Checkpoint—TheATM-Chk2 path-
way is crucial for DNA double
strand break-induced G2/M arrest.
Cell cycle progression from G2 into
M depends upon the cyclin B-Cdc2
complex (43, 44). The activity of
cyclin B-Cdc2 is negatively regu-

lated by phosphorylation of Cdc2 at Thr14 and Tyr15 sites.
Cyclin B is the positive regulator of Cdc2. The phosphorylated,
inactive Cdc2 remains in the cytoplasm. Cdc25C phosphatase
dephosphorylates and therefore activates Cdc2. WEE1 kinase
phosphorylates Cdc2 and inhibits G2/M transition. Cyclin B
andWEE1protein levels are high during theG2 phase of the cell
cycle and begin to decline following the completion of cell divi-

FIGURE 2. Doxorubicin-induced Chk2 activation is ATM-dependent. A and B, the expression of TIM or ATM
in HCT116 cells were down-regulated by siRNA. C, TIM, ATR, or both were down-regulated by siRNA. Chk2 Thr68

phosphorylation was determined after 4 h of doxorubicin treatment (0.5 �M). GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase.

FIGURE 3. TIM is not required for doxorubicin-induced phosphorylation of ATM and H2AX. HCT116 cells
were treated as in Fig. 1A. The levels of Ser1981-phosphorylated ATM (A) and �-H2AX (B) were determined by
specific antibodies. The levels of �-H2AX were quantified (B, lower panel). Its level in the control cells before
doxorubicin treatment was set as 1 (*, p � 0.01). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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sion (45–47). In control cells, cyclin B protein accumulated in a
time-dependent manner following Dox treatment, whereas the
levels of cyclin A remained unchanged (Fig. 4A). Doxorubicin

failed to cause accumulation of
cyclin B protein level inTIM knock-
down cells.WEE1 protein increased
modestly after doxorubicin treat-
ment in the control cells. This Dox-
induced WEE1 increase was also
diminished in TIM down-regulated
cells. These results suggest that
doxorubicin-induced G2/M arrest,
in part, requires TIM protein.
Another marker that is related

to cell cycle progression and DNA
damage response is the phosphoryla-
tionofhistoneH3at the serine10 site.
H3 Ser10 phosphorylation is involved
in mitotic and meiotic chromosome
condensation and associated with
the G2/M transition (48, 49). H3 is
also phosphorylated and dephos-
phorylated during stresses such as
UV irradiation (50). Induction ofH3
phosphorylation may have impor-
tant roles in both transcriptional
regulation and checkpoint arrest.
We compared the kinetics of Dox-
induced H3 Ser10 phosphorylation
in the control and TIM down-regu-
lated cells. The phosphorylated H3
reached peak levels after 4 h of Dox
treatment in both the control and
TIM siRNA-treated cells. However,
Dox-induced H3 Ser10 phosphory-
lation was significantly lower in
TIM down-regulated cells and it
disappeared after 8 h of Dox treat-
ment (Fig. 4B). H3 Ser10 phosphor-
ylationwas undetectable in both cell
lines after 20 h of Dox treatment.

To further determine the role of TIM in Dox-induced G2/M
arrest, cell cycle distributions among cells with and without
TIM down-regulation after doxorubicin treatment were ana-
lyzed by flow cytometry (fluorescence-activated cell sorter).
Presence or absence of TIM protein did not alter cell cycle
distribution before drug treatment. After 24 h of Dox exposure,
TIM down-regulated cells demonstrated lower levels of cells in
G2/M compared with control cells (Fig. 4C).
TIM Depletion Increases Sensitivity to Doxorubicin—Most

cytotoxic anticancer drugs damage DNA. These drugs often
activate DNA checkpoints permitting attempted DNA repair,
which is essential for cell survival. Therefore, the activation of
DNA damage response pathways may reduce the cytotoxicity
of many of these anticancer drugs. Conversely, adding check-
point inhibitors to DNA-damaging cytotoxic drugs can
enhance their cytotoxicity. Because TIM is required for doxo-
rubicin-induced Chk2 activation, we examined the sensitivity
of HCT116 cancer cells to doxorubicin when TIM was down-
regulated. As expected, down-regulation of ATM or ATR sen-
sitized cells to doxorubicin. Down-regulation of TIM by siRNA

FIGURE 4. TIM down-regulation attenuates doxorubicin-induced G2/M cell cycle arrest. After 48 h of siRNA
treatment, HCT116 cells were treated with 0.5 �M of doxorubicin for the indicated time. The levels of Cyclin B1
and WEE1 (A), and H3 Ser10 phosphorylation (B, upper panel) in total cell extracts were measured by immuno-
blot. Levels of H3 p-Ser10 were quantified (B, lower panel). Its level in the control cells before Dox treatment was
set as 1. C, TIM depletion attenuates G2/M cell cycle arrest after doxorubicin treatment. Fluorescence-activated
cell sorter profile of control (left panels) and TIM siRNA (right panels)-transfected HCT116 cells before (upper
panels) and after 24 h of 0.5 �M doxorubicin treatment (lower panels). GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

FIGURE 5. TIM depletion sensitizes cells to doxorubicin cytotoxicity. After
48 h of siRNA transfection, HCT116 cells were treated with the indicated con-
centrations of doxorubicin for 20 h. Cells were then incubated in drug-free
medium for 3 days, and relative cell viability was determined by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
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also significantly increased doxorubicin toxicity (Fig. 5). Deple-
tion of TIM in ATR down-regulated cells rendered cells more
sensitive to doxorubicin thanATR down-regulation alone. This
result suggests the potential utility of TIM inhibition to
enhance the cytotoxic effectiveness of chemotherapeutic drugs
known to activate DNA response pathways within cancer cells.
Also, mutation of TIM in human cancers may predict altered
drug sensitivity. Altogether, these results suggest that the devel-
opment of TIM-targeted anticancer drugsmay be a novel strat-
egy to improve cancer control.
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