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The activation of the ataxia telangiectasia mutated (ATM) and ATM/Rad3-related (ATR) kinases triggers a
diverse cellular response including the initiation of DNA damage-induced cell cycle checkpoints. Mediator of
DNA Damage Checkpoint protein, MDC1, and H2AX are chromatin remodeling factors required for the
recruitment of DNA repair proteins to the DNA damage sites. We identified a novel mediator protein, Cep164
(KIAA1052), that interacts with both ATR and ATM. Cep164 is phosphorylated upon replication stress,
ultraviolet radiation (UV), and ionizing radiation (IR). Ser186 of Cep164 is phosphorylated by ATR/ATM in
vitro and in vivo. The phosphorylation of Ser186 is not affected by RPA knockdown but is severely hampered
by MDC1 knockdown. siRNA-mediated silencing of Cep164 significantly reduces DNA damage-induced
phosphorylation of RPA, H2AX, MDC1, CHK2, and CHK1, but not NBS1. Analyses of Cep164 knockdown
cells demonstrate a critical role of Cep164 in G2/M checkpoint and nuclear divisions. These findings reveal
that Cep164 is a key player in the DNA damage-activated signaling cascade.
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The genome is subjected to continuous damage and re-
pair. Free radicals generated during cellular metabolism,
DNA replication errors, and exogenous carcinogens can
all lead to DNA damage, which triggers multiple signal
transduction pathways to slow down cell cycle progres-
sion, allowing for the repair of the damaged DNA. It has
been proposed that these pathways sense DNA damage,
activate cell cycle checkpoints, and recruit repair pro-
teins to the damaged DNA (Sancar et al. 2004; Stucki and
Jackson 2006). ATM (ataxia telangiectasia mutated) and
ATR (ATM- and Rad3-related gene) are two evolution-
arily conserved phosphatidylinositol kinase-related pro-
teins that play critical roles in checkpoint activation
(Shiloh 2003). Mutations in ATM lead to AT (ataxia tel-
angiectasia) disorder (Savitsky et al. 1995), which is char-
acterized by neuronal degeneration and cancer predispo-
sition, while reduced ATR expression leads to Seckel
syndrome (O’Driscoll et al. 2003), which is characterized
by retarded development. Knockout of ATM and ATR in

mice, respectively, demonstrates that ATR, but not
ATM, is essential for embryogenesis and cell survival
(Barlow et al. 1996; Brown and Baltimore 2000; Cortez et
al. 2001).

ATM is activated by DNA double-strand break (DSB)-
causing agents including ionizing radiation (IR), while
ATR is activated by ultraviolet radiation (UV) as well as
replication block (Abraham 2001). Interestingly, IR also
activates ATR in an ATM- and Mre11–NBS1–Rad50
(MRN)-dependent manner (Jazayeri et al. 2005; Zhong et
al. 2005; Myers and Cortez 2006). ATM and ATR share
many substrates; i.e., Ser15 of p53 (Siliciano et al. 1997),
and Ser1423 and Ser1524 of BRCA1 (Fabbro et al. 2004).
In addition, phosphorylation of Ser139 of H2AX by
ATM/ATR is well documented (Burma et al. 2001). Me-
diator of DNA damage checkpoint protein 1, MDC1, is a
crucial component in the DNA damage response net-
work (Goldberg et al. 2003; Lou et al. 2003; Shang et al.
2003; Stewart et al. 2003). For efficient phosphorylation
of H2AX, its interacting protein, MDC1, is required
(Stewart et al. 2003). MDC1 recruits ubiquitin ligase
RNF8 to ubiquitinate H2AX and likely other substrates
at the DNA damage site (Huen et al. 2007). The phos-
phorylation of MDC1 and H2AX operates upstream of
the phosphorylation of replication protein A (RPA) in the
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ATM/ATR signal transduction pathway (Stewart et al.
2003). The identification of upstream players in DNA
damage checkpoint pathways provides mechanistic in-
sights into how genomic stability is maintained.

In this study, we report a novel mediator protein in
DNA damage response, Cep164 (Graser et al. 2007), that
interacts with ATR and ATM constitutively. DNA dam-
age and replication stress induce phosphorylation of
Cep164 and rapid relocalization of this protein into
nuclear foci. We identify Ser186 of Cep164 as an in vitro
and in vivo ATR/ATM phosphorylation site. DNA
damage-induced phosphorylation of Cep164 at Ser186
does not require RPA, but instead depends on the pres-
ence of MDC1. Cep164 is essential for the phosphoryla-
tion of H2AX, MDC1, CHK2, and RPA upon UV and IR
damage but is dispensable for the phosphorylation of
NBS1 at Ser343. Furthermore, DNA damage-induced
phosphorylation of CHK1 and activation of the G2/M
checkpoint requires Cep164. These results highlight a
critical role of Cep164 in ATM/ATR DNA damage sig-
naling pathways.

Results

Identification of a novel ATR-associated protein,
Cep164

ATR is evolutionarily conserved; its orthologs are Rad3
in Schizosaccharomyces pombe, Mec1 in Saccharomy-
ces cerevisiae, and UVSB in Aspergillus nidulans, re-
spectively. Amino acid sequence comparison of the
ATR-interacting proteins: Rad26 (S. pombe), Pie-1 (S.
cerevisiae), and UVSD (A. nidulans) revealed a weak ho-
mologous region within an ∼120-amino-acid coiled-coil

domain (Wakayama et al. 2001). The ATR-interacting
protein, ATRIP, a putative human homolog of Rad26,
also contains this conserved region with limited overall
amino acid sequence similarity (Cortez et al. 2001). We
performed a BLAST sequence homology search of the
human gene bank using amino acid sequences of UVSD
and identified a putative Rad26 homologous region in
the protein product of KIAA1052 (Supplemental Fig. S1).
Further sequence analysis of KIAA1052 identified an
open reading frame of 1455 amino acids. There are two
amino acid sequences representing differentially spliced
isoforms in the Gene Bank. The other is a recently re-
ported novel centriole appendage protein named Cep164
that consists of 1460 amino acids (Graser et al. 2007).
The 5-amino-acid difference is due to differential splic-
ing of exons 9 and 26, respectively. At the N terminus,
Cep164 consists of a WW domain, followed by a long
predicted coiled-coil region (Berger et al. 1995), and 16
serine–glutamine/threonine–glutamine (SQ/TQ) sites
that are potential ATM/ATR phosphorylation sites (Fig.
1A). Based on the presence of a putative Rad26 homolo-
gous region and the confirmed interaction with ATR (see
below), we studied the role of Cep164/KIAA1052 in
DNA damage response.

To identify the protein product of Cep164, we prepared
three GST-Cep164 fusion polypeptides consisting of
amino acids 1–194, 665–873, and 887–1187 of Cep164,
respectively, as shown in Figure 1A. The monoclonal
antibody M26 recognized a protein of ∼180 kDa, a mass
close to that of the predicted molecular mass of 164 kDa,
in HeLa cells. The other monoclonal antibodies, M4 and
N11, and polyclonal antibodies also detected a 180-kDa
protein (Fig. 1B; data not shown). The mobility of in vitro
translated Cep164 product was similar to that of the en-

Figure 1. Identification of an ATR-asso-
ciated protein, Cep164, and its interaction
with ATR and ATRIP. (A) A diagrammatic
representation of domains and motifs in
Cep164 sequence. Cep164 consists of 1455
amino acids. M26 and M4 are GST-
Cep164 fusion peptides used as antigens
for the production of antibodies. The cor-
responding antibodies are designated anti-
M26 and anti-M4, respectively. N11 is a
monoclonal antibody isolated using GST-
Cep1641-194 fusion protein as antigen.
The 14-amino-acid peptide and phospho-
Ser186 peptide of Cep164 used to raise
polyclonal anti-Cep164 and anti-phospho-
Ser186 (anti-p Ser186) antibodies are
shown. The asterisks indicate potential
substrate sites (SQ/TQ) of ATR/ATM ki-
nases; the encircled asterisk specifies
Ser186 of Cep164. The triangle and black
and gray rectangles depict the WW do-
main, Rad26 homologous domain, and
coiled-coil region, respectively. (B) Specificity of Cep164 antibodies. Monoclonal anti-Cep164 antibody (M26) was used to immuno-
precipitate endogenous or overexpressed GFP-Cep164. The same antibody was used for immunoblotting to detect Cep164 in HeLa cells
lysate or in vitro translated product, or in the immunoprecipitates. (C) Nuclear localization of endogenous Cep164 or GFP-Cep164.
HeLa cells were fixed and stained with anti-Cep164 (M4) and DAPI. HeLa cells were visualized under a fluorescence microscope 8 h
after transfection.
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dogenous Cep164 (Fig. 1B, lanes 1,2). The monoclonal
antibody M26 detected both the endogenous Cep164 pro-
tein as well as the GFP-Cep164 fusion protein in cells
transfected with the GFP-Cep164 expression vector (Fig.
1B, lane 6). Taken together, we conclude that Cep164
encodes a 180-kDa protein.

Based on immunostaining, Cep164 was localized in
the nuclei (Fig. 1C). Similarly, GFP-Cep164 fusion pro-
tein was also present in the nucleus (Fig. 1C, bottom
panel). Results from cell fractionation were consistent
with the immunostaining data (Supplemental Fig. S2).

We examined whether there were interactions be-
tween endogenous Cep164 and ATR or ATRIP. Immu-
noprecipitation was carried out using Cep164, ATR, or
ATRIP antibodies and analyzed by immunoblotting. The
three proteins could be coimmunoprecipitated recipro-
cally (Fig. 2A, lanes 3–5). To further confirm the specific
interaction among the three proteins, we performed im-
munoprecipitation in cells expressing Flag-tagged ATR.
Flag-ATR and Cep164 also coimmunoprecipitate (data
not shown). Previous studies indicated that ATR binds
to chromatin during S phase (Hekmat-Nejad et al. 2000)
and also upon DNA damage (Unsal-Kacmaz et al. 2002);
hence the interaction seen between ATR and Cep164
could be mediated by DNA. Coimmunoprecipitation
was carried out in the presence of ethidium bromide at
the concentration of 50 µg/mL, which disrupts protein
and DNA interaction (Lai and Herr 1992). Similar coim-
munoprecipitation results were obtained in the presence
of ethidium bromide (Fig. 2A, lanes 6–8). Taken together,
we conclude that Cep164, ATR, and ATRIP interact
physically in vivo.

To identify regions within Cep164 that mediate inter-
action with ATR and ATRIP, five different GST fusion
peptides of Cep164 were made as indicated in Figure 2B.
HeLa cell lysate was used for the pull-down assay with
the GST fusion peptides. Immunoblotting of the pull-
down samples revealed that the N-terminal peptide
1–194 amino acids of Cep164 interacts with ATRIP (Fig.
2B, top panel); this polypeptide also pulled down the in
vitro translated ATRIP (Fig. 2B, bottom panel), confirm-
ing that Cep164 binds directly to ATRIP.

In order to determine whether Cep164 interacts with
other proteins with a role in DNA damage-induced
checkpoint activation pathway, samples of Cep164 im-
munoprecipitation were immunoblotted with ATM and
MDC1 antibodies. Both MDC1 and ATM proteins asso-
ciated with Cep164 (Fig. 2C, lane 3). ATM and MDC1
coimmunoprecipitated with Cep164 reciprocally (data
not shown). It has been previously shown that the ATM-
interacting protein Mre11 and NBS1 bind to ATRIP (My-
ers and Cortez 2006), which associates with Cep164 (Fig.
2B). On the other hand, MDC1 interacts physically with
ATM through its FHA domain (Lou et al. 2006). Thus
Cep164 is likely to be a component of both ATM and
ATR kinase complexes.

To test whether DNA damage impacts the interaction
of these proteins, HeLa cells were irradiated with IR and
UV, and the lysates were analyzed using immunoprecipi-
tation and immunoblotting. The interactions of Cep164

with ATR, ATM, and MDC1 were not altered by either
IR- or UV-induced DNA damage (Fig. 2C, lanes 3–5). It
has also been reported that the interaction of MDC1
with ATM is not altered by DNA damage (Stewart et al.
2003). Despite the fact that there was no change in the
interactions, the Cep164 blot showed a slowly migrating
band in the lysates of UV- and IR-irradiated cells.

HeLa cell lysates were fractionated by gel filtration
chromatography, and the distribution of ATM, ATR, and
Cep164 were determined. ATR was present in a 668-kDa
complex (Fig. 2D), similar to a previous report (Unsal-
Kacmaz and Sancar 2004); ATM was present in a 1.5-
MDa complex (Lee and Paull 2004) as well as fractions

Figure 2. Interaction of Cep164 with ATR and ATM com-
plexes. (A) Interaction between Cep164 and ATR in vivo. HeLa
cell lysates were incubated with anti-Cep164, anti-ATR, and
anti-ATRIP antibodies, respectively, in the presence (lanes 2–5)
or absence (lanes 6–8) of ethidium bromide. Immunoprecipi-
tates were separated by SDS-PAGE followed by immunoblot-
ting using monoclonal anti-Cep164 (M26) and anti-ATR (2B5)
antibodies. (B) Direct interaction of Cep164 with ATRIP. (Top
panel) The indicated GST fusion peptides were subjected to
pull-down assay with HeLa cell lysate and blotted with ATRIP
antibody. 35S-Methinonine-labeled ATRIP by in vitro transcrip-
tion/translation was subjected to the indicated GST fusion pep-
tide of Cep164 and the samples were electrophoresed; the gel
was dried and exposed to X-ray film. (C) Effects of DNA damage
on interaction between Cep164 and ATR or ATM. HeLa cells
exposed to IR or UV were incubated for 1 h, and the Cep164
immunoprecipitates were prepared. The samples were analyzed
by immunoblotting using ATM, ATR, and Cep164 antibodies.
(D) Fractionation of HeLa cell lysate. HeLa cell lysates were
fractionated using a Superdex-200 column, and samples were
analyzed by immunoblotting.
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containing smaller protein complexes. The pattern of
Cep164 fractionation was similar to that of ATR protein
and partially overlapped with ATM. When lysates pre-
pared from HeLa cells were subjected to immunodeple-
tion using anti-ATR antibody 2B6, a substantial quantity
of Cep164 remained in the supernatant (Supplemental
Fig. S3). Thus not all Cep164 is presented in ATR com-
plexes.

Modification of Cep164 upon DNA damage
and replication stress

We analyzed whether Cep164 was modified upon DNA
damage. Cells were irradiated at 5, 10, 20, and 40 J/M2,
and cell lysates were subjected to immunoblotting
analysis using Cep164 antibody. As shown in Figure 3A,
a slowly migrating band appeared in samples prepared
from UV-irradiated cells. Intensities of the slowly mi-
grating band increased upon increasing UV dosages, sug-
gesting that the modification of Cep164 is UV dose-de-
pendent. To determine the kinetics of the appearance of
the slowly migrating Cep164, HeLa cells were irradiated
with 20 J/M2 of UV, and the cells were harvested at 5, 15,
30, and 60 min post-UV. A slowly migrating band was
detected 30 min post-irradiation. The intensity of the
slowly migrating band increased with time (Fig. 3A, bot-
tom panel) and persisted for >10 h (Supplemental Fig. S4).

Immunoblotting with CHK1Ser317 and RPASer4/Ser8 phos-
pho-specific antibodies showed that phosphorylation of
CHK1 and RPA34 appeared at 5 and 60 min post-UV
irradiation, respectively (Fig. 3A, bottom panel).

Many DNA repair and checkpoint proteins form intra-
nuclear foci at DNA damage/repair sites. The kinetics of
Cep164 foci formation were analyzed using anti-Cep164
monoclonal antibody, M4. Cep164 foci were detected in
HeLa cells within 2 min post-20 J/M2 of UV irradiation
(Fig. 3B), and foci persisted for >10 h (data not shown). In
accordance with previous report (Cortez et al. 2001),
ATR foci were also observed in irradiated cells. The ma-
jority of Cep164 and ATR foci colocalized (Supplemental
Fig. S5). Thus, as part of the early DNA damage response,
Cep164 is modified and relocalized to DNA damage
sites. To address whether Cep164 also became modified
upon other assaults, HeLa cells were irradiated with 5,
10, 20, 30, and 40 Gy of IR, and protein lysates were
prepared 4 h post-IR. Similar to UV irradiation, Cep164
was modified in a dose-dependent manner (Fig. 3C, top
panel). A slowly migrating Cep164 band was detected
within 5 min upon 20 Gy of IR, and the intensities of the
slowly migrating band increased over time (Fig. 3C, bot-
tom panel). IR-induced foci were readily detected within
5 min upon IR (Fig. 3D).

In addition to DNA damage induced by UV and IR, we
tested the response of the Cep164 upon DNA replication

Figure 3. Modification of Cep164 in response to
DNA damage or replicative stress. (A) Modifica-
tion of Cep164 upon UV irradiation. HeLa cells
were treated with the indicated doses of UV, cells
were lysed 1 h later, and lysates were analyzed by
immunoblotting. (Top panel) Mitosin p84 is ex-
pressed at a constant level and serves as a loading
control. UV-irradiated (20 J/M2) cells were lysed
at the indicated time points post-UV irradiation.
(Bottom panel) The samples were immunoblot-
ted with the specified antibody. (B) UV-induced
Cep164 foci formation. HeLa cells were exposed
to UV at 20 J/M2 and incubated for 2 min. Cells
were fixed and stained with anti-Cep164 (M4) an-
tibodies. DNA was visualized by DAPI staining.
(C) Modification of Cep164 upon IR. HeLa cells
were treated with indicated doses of IR, and ly-
sates were prepared 4 h later. Lysates were ana-
lyzed as described previously. IR-irradiated (20
Gy) cells were analyzed at different time points
post-IR. (D) IR-induced Cep164 foci formation.
HeLa cells were exposed to UV at 20 Gy and in-
cubated for 2 min. Cells were fixed and stained
with anti-Cep164 (M4) antibodies. DNA was vi-
sualized by DAPI staining. (E) Modification of
Cep164 upon replication stress. HeLa cells were
treated with 1 mM hydroxyurea or 2.5 µg/mL
aphidicolin for the indicated period of time, and
cell lysates were analyzed as described. (F) Rep-
lication stress-induced Cep164 foci formation.
HeLa cells were exposed to 1 mM hydroxyurea
for an indicated time, and cells were fixed and
stained with anti-Cep164 (M4) antibodies and
DAPI.
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stress. Hydroxyurea and amphidicolin are chemicals that
lead to the replication forks’ stall by depletion of dNTPs
or inhibition of DNA primase activity, respectively. A
more slowly migrating band of Cep164 was detected af-
ter hydroxyurea and amphidicolin treatment (Fig. 3E);
foci consisting of Cep164 were also detected upon hy-
droxyurea treatment (Fig. 3F). These data show that in
addition to DNA damage, Cep164 is also modified in
response to replication stress.

ATR- and ATM-mediated phosphorylation of Cep164

It was shown that caffeine inhibits ATM, ATR, and
DNA-PK at 400 µM, 2 mM, and 10 mM, respectively
(Sarkaria et al. 1999). Treating cells with 2 mM caffeine
1 h prior to UV irradiation inhibited the appearance of
the slow-migration Cep164 band (Fig. 4A). This observa-
tion suggests that ATM or ATR might be responsible for
the modification of Cep164. To confirm that the slowly
migrating Cep164 band was indeed due to protein phos-
phorylation, lysates were treated with phosphatase.
Phosphatase treatment reverted the slowly migrating
band to a band with mobility similar to that of Cep164 in
control cells (Fig. 4B), indicating that the slowly migrat-
ing band seen in UV-treated cells was indeed due to pro-
tein phosphorylation.

The preferred SQ phosphorylation motif by ATM/ATR
has been determined (Kim et al. 1999). To study phos-
phorylation of a preferred ATR phosphorylation site,
Ser186 in the N-terminal 1–194 amino acids of the
Cep164, GST fusion construct was made. Fusion protein
was purified from Escherichia coli and subjected to in
vitro ATR kinase assays. As expected, ATR phosphory-
lated the Cep164 N-terminal peptide (data not shown).
To confirm that Ser186 is phosphorylated in vivo, phos-
pho-specific antibodies were generated using a 14-
amino-acid peptide (177–192) of Cep164. A GST-Cep164
fusion peptide (177–192) consisting of only one SQ
site (Ser186Glu) and a mutant GST-Cep164 fusion
peptide replacing Ser186 with Ala were generated. Puri-
fied fusion proteins were subjected to in vitro kinase
assays using ATR; ATM or mock immunoprecipitates
obtained from UV- or IR-irradiated HeLa cells, respec-
tively. Immunoblotting analyses indicated that phos-
phorylated Ser186Glu, mediated by ATR or ATM, but
not Ala186Glu peptide, was recognized by Cep164 phos-
pho-specific antibodies (Fig. 4C,D, lanes 1–4). Anti-p-
Cep164 antibodies did not recognize mock kinase phos-
phorylated peptide (Fig. 4C,D, lanes 5–8). Direct Western
blotting analysis using lysates prepared from UV-irradi-
ated HeLa cells also demonstrated that Ser186 was phos-
phorylated in vivo but not in control cells (Fig. 4E). The
phospho-peptide antibodies reacted only with the slow-
migration band and not the fast-migration band, suggest-
ing that the antibodies react specifically with phosphor-
ylated Ser186.

To ascertain the kinase-mediating phosphorylation of
Ser186 of Cep164 in vivo, we analyzed a cell line express-
ing doxycyclin-induced ATRKD, which was shown pre-
viously to behave in a dominant-negative fashion (Cliby

et al. 1998). In UV-irradiated and doxycyclin-induced
cells, phosphorylated Cep164 was not detected (Fig. 5A);
in contrast, the slow-migration band was found in cells
without doxycyclin induction. Similar results were ob-
tained when anti-p-Cep164 antibodies were used (Fig.
5A). In a complementary approach using siRNA-medi-
ated knockdown of ATR, reduced phosphorylation of
Cep164 was observed (Fig. 5B). Thus, ATR mediates
phosphorylation of Cep164 upon UV irradiation.

We tested whether Cep164 became phosphorylated

Figure 4. Mapping of a phosphorylation site in Cep164. (A) The
effect of caffeine on the phosphorylation of Cep164. HeLa cells
were treated with 2 mM caffeine for 1 h and irradiated with UV
at 20 J/M2. The treated and mock-treated cells were lysed at the
indicated time points and analyzed as described. (B) Phospha-
tase treatment reverts the slowly migrating modified Cep164.
HeLa cells were UV-irradiated with 20 J/M2 and incubated for
1 h. The nuclear lysates were prepared and treated with or with-
out alkaline phosphatase and subjected to immunoblotting with
anti-Cep164 antibody. (C) In vitro ATR kinase assays using
GST-Cep164 substrate. The GST-Cep164wt (amino acids 174–
194) and GST-Cep164S186A (Ser186 to Ala186) polypeptides were
subjected to in vitro kinase assays using the ATR immunopre-
cipitates from lysates of UV-irradiated HeLa cells. Samples were
gel-electrophoresed and immunoblotted with phospho-Ser186
antibody (top panel) or stained with Coomassie blue (bottom
panel). (D) In vitro ATM kinase assays using GST-Cep164 sub-
strate. Experiments were as described in C, except immunopre-
cipitated ATM was used in the assay. (E) Specificity of phospho-
Ser186 antibody. HeLa cells were treated with 20 J/M2 of UV,
and the cells were lysed at different time points as indicated.
The samples were immunoblotted using phospho-Ser186,
Cep164, and p84 antibodies, respectively.
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upon UV irradiation in ATM-defective cells (AT cells).
As shown in Figure 5C, UV-induced phosphorylation of
Cep164 was similar in AT and ATM complemented
cells. As expected, phosphorylation of NBS1 at Ser343
was aberrant in AT cells but not ATM complemented
cells (Fig. 5C). Thus, ATR mediates phosphorylation of
Cep164 upon UV irradiation.

ATR is activated by UV-induced DNA damage and
replication stress, while ATM is activated by IR (Sancar
et al. 2004). The phosphorylation of Cep164 upon IR was
analyzed using HeLa cells with siRNA-mediated knock-
down of ATR. In both control GFP and ATR knockdown
cells, phosphorylation at Ser186 of Cep164 was detected
at 15 min (Fig. 5D). However, in ATR knockdown cells,
in contrast to GFP siRNA knocked down cells, there was
no increase in Ser186 phosphorylation at 30 and 60 min
post-IR. These data suggest that while ATR is dispens-
able for initial response, it is required for sustained Cep164
phosphorylation upon IR (Fig. 5E). Phosphorylation of
Ser186 is compromised in AT cells (Fig. 5E, lanes 5–8), but
complementation with ATM restored the IR-induced
phosphorylation of Cep164 (Fig. 5E, lanes 1–4). Thus,
IR-induced phosphorylation of Cep164 requires ATM.

Phosphorylation of Ser186 of Cep164 was observed 30
min post-UV radiation (Figs. 4E, 5A–C), but within 5 min

upon IR radiation (Supplemental Fig. S6). In addition to
IR- and UV-induced DNA damage, phosphorylation of
Ser186 of Cep164 was observed in cells treated with al-
kylating agent (methyl methane sulfonate, MMS), inter-
calating agent (cisplatin), and inhibitor of topoisomerase
II (doxorubicin) (Supplemental Fig. S7). The observation
of Ser186 phosphorylation upon hydroxyurea and am-
phidicolin treatment (Supplemental Fig. S8) suggests
that DNA damage as well as stalled replication forks
lead to phosphorylation of Cep164 at Ser186.

To further confirm the roles of ATM/ATR in Cep164
foci formation, HeLa cells were treated with 2 mM caf-
feine to inactivate both kinases. No Cep164 foci were
detected upon IR or UV (data not shown). Cep164 foci
were diminished in ATRIP knocked down cells upon UV
irradiation, but persisted upon IR irradiation (Fig. 5F).
The data suggest that ATR/ATRIP is not crucial in the
recruitment of Cep164 to DNA damage site upon IR-
induced DNA damage.

Upstream molecules required for DNA
damage-induced phosphorylation of Cep164

A critical role of RPA in DNA damage checkpoint acti-
vation has been reported in yeast, Xenopus, and mam-

Figure 5. Cep164 is an in vivo substrate
of ATR. (A) Phosphorylation of Cep164 in
cells expressing ATRKD. Cells with tetra-
cycline-regulated ATRKD expression vec-
tor were grown in the presence or absence
of doxycycline for 72 h. Cells were har-
vested at different time points after UV ir-
radiation. Lysates were analyzed using
immunoblotting. (B) Phosphorylation of
Cep164 in cells with ATR knockdown.
HeLa cells were transfected with either
ATRi or GFPi and were irradiated with 20
J/M2 of UV 72 h post-transfection. Lysates
were prepared at the indicated time points
and analyzed using Western blotting. (C)
UV-induced phosphorylation of Cep164 in
AT cells. AT lymphoblastoid cells and
ATM-complemented cells were irradiated
with 20 J/M2 and lysed at the indicated
time points. Cell lysates were analyzed as
described. (D) IR-induced phosphorylation
of Cep164 in cells with ATR knockdown.
HeLa cells were transfected with either
ATRi or GFPi; cells were irradiated with
20 Gy of IR 72 h post-transfection. Cell
lysates were analyzed using Western blot-
ting. (E) IR-induced phosphorylation of
Cep164 in AT cells. AT lymphoblastoid
cells and ATM-complemented cells were
irradiated with 20 Gy of IR. Cell lysates
were analyzed using Western blotting. (F)
ATR kinase activity and Cep164 foci.
HeLa cells were knocked down with GFP
RNAi or ATRIP RNAi, and the cells were
irradiated with IR or UV. The cells were
subjected to immunostaining with ATRIP
and Cep164 antibody.
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malian cells. In S. cerevisiae, checkpoint activation is
abolished in strains defective in ssDNA-binding protein
RPA (Lydall and Weinert 1995). In Xenopus, checkpoint
activation requires the loading of RPA onto chromatin
(Shechter et al. 2004). RPA is a heterotrimer consisting of
RPA70, RPA34, and RPA14 subunits. We studied wheth-
er UV-induced phosphorylation of Cep164 required RPA.
RPA70 was knocked down by transient transfection of a
specific siRNA. The cells were irradiated with 20 or 40
J/M2 of UV at 48 h post-transfection when RPA70 levels
were greatly reduced (Fig. 6A). Consistent with the pre-
vious report, upon RPA70 knockdown, the phosphoryla-
tion of CHK1 at Ser317 was significantly reduced (Zou
and Elledge 2003). Phosphorylation of Ser186 of Cep164

was detected in both the control and UV-irradiated
RPA70 knockdown cells (Fig. 6A, lanes 4–6), while only
irradiated GFP knockdown cells showed phosphoryla-
tion at Ser186 (Fig. 6A, lanes 2,3). Since replicative stress
caused by RPA knockdown may lead to activation of
ATR and phosphorylation of Cep164, whether RPA is
required for augmentation of DNA damage-induced
phosphorylation of Cep164 cannot be fully assessed.

H2AX functions in chromatin remodeling and is up-
stream of RPA in DNA damage-mediated signal trans-
duction (Balajee and Geard 2004). H2AX is dispensable
for IR-induced phosphorylation of MDC1; in contrast,
Mdc1 is important for the phosphorylation of H2AX
(Stewart et al. 2003; Stucki et al. 2005; Lou et al. 2006).

Figure 6. Cep164, MDC1, and RPA in ATR/
ATM signaling pathways. (A) The effect of
RPA70 knockdown on the phosphorylation of
Cep164. HeLa cells were transfected with either
RPA70i or GFPi; cells were irradiated with the
indicated doses of UV 48 h post-transfection and
lysed 1 h post-UV irradiation. Lysates were ana-
lyzed by Western blotting as indicated. (B) The
effect of MDC1 knockdown on the phosphoryla-
tion of Cep164. HeLa cells were transfected with
either MDC1i or GFPi; cells were irradiated with
20 J/M2 of UV 72 h post-transfection. Cell lysates
were analyzed by immunoblotting as indicated.
(C) The effects of Cep164 knockdown on the
ATR signal pathway. HeLa cells were transfected
with either Cep164i or GFPi; cells were irradi-
ated with the indicated doses of UV 72 h post-
transfection. Cells were harvested 1 h post-UV
irradiation; samples were analyzed by immuno-
blotting. (D) HeLa cells were transfected with ei-
ther control RNAi or Cep164 RNAi and irradi-
ated with IR at 10 Gy or UV at 10 J/M2 48 h
post-transfection, followed by immunostaining
with ATRIP or Cep164 antibody at the time
points as indicated in the bottom panel. Percent-
age of ATRIP foci was scored from 200 cells for
each time point. Only cells with more than eight
foci were counted. (E) G2/M checkpoint in cells
with Cep164 knockdown. HeLa cells were trans-
fected with Cep164i, ATRi, or GFPi and irradi-
ated at 20 J/M2 48 h post-transfection. The cell
cycle distributions are based on FACS analyses of
GFPi- or Cep164i-transfected cells prior to radia-
tion. (Top figure) Samples were collected at the
indicated time points. (Bottom figure) The
RNAi-transfected cells were irradiated with the
indicated doses of UV, and the samples were col-
lected 2 h after UV irradiation. These cells were
fixed and stained with DAPI or costained with
phospho-histone 3S10 antibody. The cells with
condensed nuclear or positively stained with
phospho-histone 3S10 antibody were considered
as in G2/M phase. The percentage of cells in

G2/M phase was determined. The G2/M percentage in control cells (without UV treatment) was artificially set as 100%, and all other
percentages shown on both the top and bottom panels are relative ratios compared with the control. (F) Nuclear morphology of cells
with Cep164 knockdown. HeLa-H2B-EGFP cells were transfected with Cep164 or Luciferase RNAi. Forty-eight hours after transfec-
tion, cells were fixed and the nuclear morphology was compared under the microscope. (Top) Nuclear morphology of cells transfected
with Luciferase RNAi. (Middle) Nuclear morphology of cells transfected with Cep164 RNAi. (Bottom) The percentage of cells
harboring multinuclei. Bars: top and middle figures, 10 µm.
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To address whether chromatin remodeling is important
for the phosphorylation of Cep164 at Ser186, MDC1 was
knocked down by transient transfection using an MDC1-
specific shRNA expression vector (Peng and Chen 2005).
At 72 h post-transfection, expression of MDC1 was ef-
fectively reduced (Fig. 6B). In agreement with the previ-
ous report (Stewart et al. 2003), phosphorylation of
H2AX was diminished in MDC1 knockdown cells, but
not in control vector-transfected cells. Importantly,
phosphorylation of Cep164 at Ser186 was significantly
reduced (Fig. 6B). Taken together, MDC1-mediated chro-
matin remodeling is critical for DNA damage-induced
phosphorylation of Cep164.

Cep164 is a crucial player in the early response
of DNA damage-induced signal transduction

To explore the role of Cep164 in the DNA damage signal
transduction pathway, Cep164 was knocked down using
specific siRNAs. As shown in Figure 6C, the Cep164
protein level was substantially reduced in the Cep164
knockdown cells using either one of two Cep164 siRNAs
(data not shown). Immunoblotting analyses were per-
formed to address the impact of reduced expression of
Cep164 in UV- or IR-induced cellular response. Phos-
phorylation of CHK1 at Ser317 was aberrant, while the
total CHK1 protein levels were not changed; similarly,
phosphorylation of RPA34 was reduced, and the total
RPA levels did not alter during the time course studied.
Phosphorylation of Ser139 of H2AX upon UV or IR was
severely affected in Cep164 knocked down cells (Fig. 6C;
Supplemental Fig. S9). Phosphorylation of MDC1 was
also compromised. The phosphorylation of Chk2 at
Thr68 was compromised in Cep164 knocked down cells
upon IR irradiation, but phosphorylation of NBS1 at
Ser343 was not affected by either UV or IR irradiation
(Fig. 6C; Supplemental Fig. S9). Taken together, these
data indicate that Cep164 is important for the proper
phosphorylation of H2AX, RPA, CHK2, and CHK1 in
DNA damage-induced checkpoint signaling cascade.

Immunostaining with ATRIP antibody revealed that
in Cep164 knocked down cells, the percentage of cells
with ATRIP foci reduced at 0.5, 2, and 4 h post-IR or UV
(Fig. 6D). At 4 h post-10 Gy of IR, ATRIP foci were de-
tected in 38.7% of control knockdown cells, and only
10.8% in Cep164 knockdown cells. Similarly, there was
a reduction of ATRIP foci upon UV. At 2 h post-10 J/M2

of UV, ATRIP foci was detected in 26.2% of control
knockdown cells, and only 15.7% in Cep164 knockdown
cells. While there were significantly fewer foci 0.5 and 2
h post-UV in Cep164 knockdown cells, percentages of
foci-positive cells continued to increase over time, and
by 4 h, there were 20.7% and 16.7% of ATRIP foci in
control and Cep164 knockdown cells, respectively. It has
been reported that RPA coated ssDNA recruits ATR/
ATRIP to the site of DNA damage (Zou and Elledge
2003). The data presented here indicate that Cep164 is a
new constituent in the recruitment and/or maintenance
of ATRIP to the DNA damage site.

Reduced expression of Cep164 results in abrogation
of G2/M checkpoint

ATR-mediated phosphorylation of CHK1 at Ser317 upon
DNA damage is critical for the G2/M checkpoint (Zhao
and Piwnica-Worms 2001). FACS sorting indicated that
percentages of G1-phase cells were reduced in ATR
(52.03%) and Cep164 (52.62%) knockdown cells, respec-
tively, when compared with control GFP knockdown
(62.50%) cells; and percentages of S- and G2/M-phase
cells increased in ATR (16.44%; 31.52%) and Cep164
(18.62%; 28.75%) knockdown cells when compared with
control GFP knockdown (12.98%; 24.50%) cells. To test
whether Cep164 is required for the G2/M checkpoint,
we scored the percentage of M-phase and G2-phase cells
using phospho-histone 3 immunostaining in control
GFP, ATR, and Cep164 siRNA knockdown cells, respec-
tively, before and after UV irradiation. Comparing un-
treated, 1 h, and 2 h post-20 J/M2 of UV, no G2/M check-
point activation was observed in Cep164 or ATR knock-
down cells (Fig. 6E, top panel). Similar to the time course
results, there was no G2/M checkpoint activation in ei-
ther Cep164 or ATR knockdown cells upon treatment of
different dosages of UV (Fig. 6E, bottom panel), thus re-
iterating the importance of Cep164 and ATR’s role in the
G2/M checkpoint.

We analyzed the 4�,6�-diamidino-2-phenylindole (DAPI)-
stained nuclear morphology of Cep164 knocked down
cells. Approximately 37% of 600 scored cells were mul-
tinucleated (Fig. 6F). In contrast, only 2.7% of multinu-
cleated cells were seen in the control GFP siRNA-trans-
fected cells (Fig. 6F). In addition, there was an elevated
number of giant cells (cell sizes doubled or greater than
doubled) in Cep164 knockdown cells. A similar observa-
tion was made when Cep164 knockdown was performed
in HeLa cells stably expressing H2B-EGFP (Fig. 6F). Mul-
tinucleated cells as well as giant cells are the hallmark of
genomic instability, and this was observed in MDC1
knockdown cells (Lou et al. 2006).

Thus, Cep164, a novel player, has a functional link to
both ATR and ATM signal transduction pathways in
DNA damage-induced checkpoint activation. Both the
presence of Cep164 and the kinase activities of ATM and
ATR are important for checkpoint activation. The pro-
tein is upstream of RPA and CHK1/2 phosphorylation
upon UV or IR irradiation. The abrogation of the G2/M
checkpoint along with the formation of multinucleated
and giant cells and the failure of ATRIP relocation to
DNA damage sites upon Cep164 knockdown indicate
that Cep164 is an important player required for genomic
stability.

Discussion

The present study identified a novel player in DNA dam-
age signal transduction. Cep164 was reported recently to
be localized to the distal appendages of mature centrioles
and was involved in the formation of primary cilia
(Graser et al. 2007). We showed interaction between
Cep164 and ATR/ATM, as well as the phosphorylation
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of Cep164 by ATR/ATM. By knocking down Cep164 and
other key players in the DNA damage checkpoint path-
ways followed by the analyses of phosphorylation
events, we place Cep164 upstream of RPA in the activa-
tion of CHK1 and CHK2.

The Cep164 protein

Based on amino acid sequence analyses, we identified
several putative domains within Cep164: a WW domain,
three coiled-coil regions, and a region with weak homol-
ogy with the Rad26 domain. The WW domain has been
shown to facilitate protein–protein interaction in both
phosphorylation-dependent and -independent manners
(Sudol et al. 2001). The specific function of the WW do-
main of Cep164, located in the N terminus of Cep164
(Fig. 1A), awaits future studies. The coiled-coil regions of
Cep164 are similar to that of Rad50 and SMC family
proteins (Anderson et al. 2001; Lowe et al. 2001); how-
ever, Cep164 lacks the conserved N- or C-terminal do-
mains seen in the SMC family members. Recent studies
demonstrate that the coiled-coil domain in ATRIP is in-
volved in self-dimerization (Ball and Cortez 2005;
Itakura et al. 2005), as well as augmenting the interac-
tion between ATRIP and ATR (Ball and Cortez 2005).
The tentative Rad26 homologous region of Cep164 is
embedded in its first coiled-coil region (Fig. 1A), which
also possesses self-dimerization functions (data not
shown).

Using multiple approaches, we conclude that Cep164
encodes a 180-kDa protein. First, antibodies generated
against different GST-Cep164 fusion proteins all recog-
nized a 180-kDa protein (Fig. 1B). Second, reduction in
Cep164 protein was seen in Cep164 knockdown cells
using specific siRNA (Fig. 6C). Third, in vitro translated
Cep164 migrated to a position similar to that of the en-
dogenous protein was recognized by anti-Cep164 anti-
bodies (Fig. 1B, lanes 1,2). Fourth, recombinant flag-
Cep164 was recognized by an anti-Cep164 M26 antibody
(Fig. 1B). Based on immunostaining experiments against
the endogenous Cep164 as well as fluorescent micro-
scopic observation of the recombinant GFP-Cep164 fu-
sion protein, we conclude that Cep164 is localized to the
nucleus (Fig. 1C). Chromatin fractionation has provided
additional support for this conclusion (Supplemental Fig.
S2). Consistent with previous reports (Andersen et al.
2003; Graser et al. 2007), we detected Cep164 in the cen-
trosome (data not shown). The immunoprecipitation
(Fig. 2A,C) and fractionation studies (Fig. 2D) suggest
that Cep164 is associated mostly with the ATR/ATRIP
complex; however, there is also overlapped distribution
with ATM. Judging from the significant amount of
Cep164 protein in the supernatant immuno-depleted of
ATR (Supplemental Fig. S3), there is a certain population
of Cep164 that does not interact with ATR/ATRIP. Ac-
tivation of ATR by IR requires ATM (Jazayeri et al. 2005;
Zhong et al. 2005; Myers and Cortez 2006); the ATM-
interacting MER11 and NBS1 immunoprecipitate with
ATRIP (Myers and Cortez 2006); and the phosphoryla-
tion of ATM at Ser1981 by UV and stalled replication

forks required ATR but not the C-terminal NBS1 or
Mre11 (Stiff et al. 2006). These studies demonstrate func-
tional and biochemical links between ATM and ATR
pathways. Cep164 protein may bridge ATM and ATR
complexes; however, there is no change in the distribu-
tion of Cep164 molecules in ATR and ATM complex
upon DNA damage (Fig. 2C).

ATR/ATM-mediated phosphorylation of Cep164

Both the in vitro and in vivo studies support that ATR
and ATM phosphorylate Cep164. A wide range of DNA
damage and replication stress triggers the phosphoryla-
tion of Ser186 with different kinetics (Supplemental Fig.
S7). Upon IR irradiation, Ser186 phosphorylation was ob-
served in 5 min (Fig. 3C; Supplemental Fig. S7), in con-
trast to the 30-min gap upon UV irradiation. The differ-
ence in the kinetics of Ser186 phosphorylation upon UV
and IR might be due to difference in the nature of IR-
and UV-induced DNA damage. IR causes single-strand
breaks (SSBs), and if the breaks are localized closely to
each other in opposite strands, DSBs also occur (Sato et
al. 2005). The Mre11, NBS1, and Rad50 are critical for
the processing of DNA ends damaged by IR and for the
formation of RPA-coated ssDNA (Jazayeri et al. 2005;
Zhong et al. 2005; Myers and Cortez 2006). In contrast,
UV irradiation predominantly causes the formation of
cyclobutane pyrimidine dimers (CPD) (Lippke et al.
1981) and pyrimidine pyrimidone (6-4PP) photo adducts
(Mitchell and Nairn 1989) that are repaired by the
nucleotide excision repair (NER) pathway. At higher UV
doses, DSBs are induced due to the processing of clus-
tered DNA damage. Recruitment of RPA to the DNA
damage site upon UV is independent of the ATM and
MRN complex (Jazayeri et al. 2005; Zhong et al. 2005;
Myers and Cortez 2006). A key player in the NER path-
way, XPA, is phosphorylated by ATR upon UV irradia-
tion (Wu et al. 2006). In the absence of XPA, UV-induced
phosphorylation of CHK1 at Ser317 mediated by ATR
and the recruitment of RPA to chromatin are affected
(Bomgarden et al. 2006). The kinetics of the phosphory-
lation of Ser186 may be influenced by proteins at the
DNA damage sites that differ depending on the type of
DNA damage.

UV-induced phosphorylation of Cep164 was similar in
AT cells and AT cells complemented with ATM (Fig.
5C). On the other hand, IR-induced phosphorylation of
Cep164 was not detected in AT cells but was readily
detected in cells with ATR knockdown (Fig. 5D). How-
ever, the phosphorylation failed to sustain beyond 1 h in
the latter case. ATM/ATR phosphorylates common SQ
sites; it is unclear whether ATM/ATR works in a se-
quential manner to maintain the phosphorylation of spe-
cific sites; or alternatively, ATR prevents the dephos-
phorylation of the site through other mechanisms. It has
been demonstrated that ATR phosphorylates H2AX at
Ser139 upon UV irradiation in cells with ATM knock-
down. Thus, it is likely ATR and ATM cooperate upon
IR and UV as reported previously (Jazayeri et al. 2005;
Myers and Cortez 2006).
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A total of 16 potential ATR/ATM substrate sites (SQ/
TQ) are present in Cep164 (Fig. 1B). Exactly how many of
these sites are phosphorylated as well as which crucial
sites are involved in the DNA damage response relating
to the relocation of Cep164 to the DNA damage site and
activation of downstream effectors are yet to be deter-
mined.

Cep164 is involved in the DNA damage-induced
signal cascade

XPA, RPA, and XPC are all involved in the recognition
of DNA lesions caused by UV; on the other hand, the
MRN complex binds to the DNA DSBs. Studies have
indicated that ATM/ATR and Rad17–RFC/Rad9/Hus1/
Rad1 complexes are also critical sensors for DSBs (Sancar
et al. 2004). It has been shown that ssDNA-coated RPA is
critical for the recruitment of ATR/ATRIP to the DNA
damage site and activation of ATR (Zou and Elledge
2003). A second RPA-independent ATR–ATRIP DNA-
binding complex has also been identified (Bomgarden
et al. 2004). Upon UV irradiation, increased phosphory-
lation of Ser186 of Cep164 was detected in RPA knock-
down cells (Fig. 6A), suggesting that the previously
identified RPA-independent complex may be involved
in Cep164 phosphorylation. While phosphorylation of
Ser186 of Cep164 remained the same, CHK1 phosphor-
ylation was severely impaired, confirming a crucial
role of RPA in the activation of CHK1. We place
Cep164 upstream of RPA and parallel to MDC1 in the
DNA damage signal cascade (Fig. 7) based on the follow-

ing observations: (1) Kinetically, phosphorylation of
RPA34Ser4/Ser8 occurs at 60 min post-UV (Fig. 3A, bot-
tom panel), while phosphorylation of Ser186 of Cep164
appeared 30 min after UV irradiation. (2) Knockdown of
hCep164 affects the phosphorylation of RPA34 (Fig. 6C),
but RPA is not required for Cep164 phosphorylation (Fig.
6A). (3) Phosphorylation of MDC1 and H2AX, both up-
stream of RPA (Stewart et al. 2003), was diminished by
knocking down Cep164 (Fig. 6C). (4) Knocking down
Cep164 reduces ATRIP foci formation (Fig. 6D) that oc-
curs at the time of RPA coating of ssDNA. While the
kinetics of ATRIP foci formation were significantly
slowed down upon UV radiation in Cep164 knockdown
cells, no increase in the percentage of cells with ATRIP
foci above the basal levels was seen in cells with Cep164
knockdown upon IR radiation. It is not clear whether
this is due to the presence of compensative players in the
UV response. Interestingly, persistent phosphorylation
of Cep164 was detected in RPA70 knockdown cells in
the absence of DNA damage (Fig. 6A). This may be due
to replication stress induced by knocking down of RPA,
leading to ATM/ATR-mediated phosphorylation of
Cep164 (Araya et al. 2005).

Phosphorylation of H2AX is a key step in the remod-
eling of chromatin upon DNA damage (Thiriet and
Hayes 2005; Stucki and Jackson 2006). It is hypothesized
that chromatin remodeling increases the accessibility of
damaged DNA by repair proteins, allowing DNA resec-
tion, and formation of RPA-coated ssDNA (Morrison et
al. 2004; van Attikum et al. 2004). H2AX molecules ac-
cumulate at the site of DNA damage and extend mega-
bases away from the damage site to facilitate chromatin
remodeling (Rogakou et al. 1999). The mediator protein,
MDC1, coimmunoprecipitates with NBS1 (Goldberg et
al. 2003; Stewart et al. 2003); MDC1 also brings ATM
and H2AX together via a direct interaction with both
proteins. MDC1 accumulates active ATM and H2AX at
DNA damage sites, allowing the amplification of the
DNA damage signals (Lou et al. 2006). MDC1 also re-
cruits ubiquitin ligase RNF8 to ubiquitinate H2AX and
likely other substrates at the DNA damage site, and both
phosphorylation and ubiquitination modifications are
crucial for DNA damage response (Huen et al. 2007; for
review, see Petrini 2007). Thus, MDC1 is a central me-
diator in corralling sensors and chromatin remodeling
factors to the DNA damage site. The reduced MDC1 and
H2AX phosphorylation in Cep164 knockdown cells (Fig.
6C) and the MDC1-dependent Cep164 phosphorylation
upon DNA damage (Fig. 6B) underlie the crucial roles of
Cep164 as a mediator in the maintenance of genomic
stability.

Multinucleated and giant cells, resulting from chro-
mosome missegregation or abnormal cytokinesis, are
frequently observed in cancer (Doussis et al. 1992); this
phenomenon is likely related to dysfunctional check-
point activation. For instance, inactivation of CHK1 re-
sults in polyploidy nuclei (Mihaylov et al. 2002). Simi-
larly, polyploid nuclei and multiple centrosomes have
been documented in cells with aberrant CDK1 (Itzhaki
et al. 1997). Notably, accumulation of multinucleated

Figure 7. Cep164 and the ATM/ATR signal pathways. ATM
and ATR serve as sensors responding to DNA damage induced
by IR or UV, respectively. Mre11 nuclease of the MRN complex
processes damaged DNA to generate ssDNA overhang. ATR
phosphorylates CHK1 at Ser317 and activates the G2/M check-
point. MDC1 and H2AX are upstream mediators whose phos-
phorylation is required for CHK1 phosphorylation and activa-
tion. The phosphorylation of Cep164 and MDC1 was compro-
mised in cells with MDC1 or Cep164 knockdown, respectively,
suggesting that these two proteins are mutually dependent for
their proper regulation. RPA phosphorylation requires Cep164.
See the text for details. (↓) Activation. (*) RPA is required for
UV-induced Chk1 activation, but whether RPA phosphoryla-
tion is required has yet to be shown.
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cells with Cep164 knockdown (Fig. 6F) suggests a poten-
tial role for Cep164 in chromosome segregation, in addi-
tion to its functions in checkpoint signaling. Consistent
with previous reports (Andersen et al. 2003; Graser et al.
2007), we also detected the presence of Cep164 at the
centrosome (data not shown). Many checkpoint or DNA
repair proteins including p53, CHK1, Chk2, BRCA1, and
Rad51 have been shown to localize in the nucleus and
the centrosomes (Kramer et al. 2004a). For example, hu-
man CHK1 localizes to centrosomes during interphase
but not mitosis; the centrosome-associated CHK1 con-
trols mitosis entry through regulating cyclin B–Cdk1 ac-
tivity (Kramer et al. 2004b). In addition, the centrosomal
fraction of CHK1 is phosphorylated upon DNA damage.
Immobilization of kinase-inactive Chk1 to centrosomes
leads to a defective G2/M checkpoint (Loffler et al. 2007).
While a fraction of Cep164 is localized to the centro-
some, specific contribution of the centrosomal versus
the chromatin-associated Cep164 to checkpoint activa-
tion requires further studies. Taken together, our studies
demonstrate that Cep164 is a novel mediator in the
ATR/ATM signaling pathways and is also a centrosomal
protein with a critical role in chromosome segregation.

Materials and methods

Cell culture

Cell lines were purchased from the American Type Culture
Collection. Cells were cultured in Dulbecco’s Modified Eagle’s
medium supplemented with 10% fetal bovine serum (Gibco).
Cells were irradiated using a 137Cs �-irradiator (Shepherd). Ul-
traviolet irradiation was performed using UV Stratalinker 2400
(Stratagene).

Plasmid construction

The DNA sequences encoding amino acids 1–194, 665–873, and
887–1187 (fragments consisting of 194, 208, and 300 amino ac-
ids, respectively) of Cep164 and amino acids 1–107 of ATRIP
were obtained from cDNAs of kiaa1052 and ATRIP, respec-
tively, using PCR, and were subcloned by ligating the PCR prod-
ucts into the Sma1 site of pGEX4-T3 vector. Fragments consist-
ing of amino acids 177–192 (wild-type and mutant Cep164S186A)
were cloned into a pGEX4-T vector at BamH1 and Xho1 sites.

Generation of antibodies

The GST-Cep164 fusion proteins consisting of amino acids
1–196, 665–873, and 887–1187 of Cep164 and amino acids 1–107
of ATRIP were overexpressed in E. coli and purified by affinity
chromatography. Mouse polyclonal antisera specific for the fu-
sion proteins and hybridoma cell lines, N11, M26, and M4 were
generated according to standard procedures (Chen and Lee
1996).

Rabbit polyclonal anti-phospho-Ser186 antibody was raised
against the KLH-conjugated peptide GELMLPpSQGLKTSA
(Ser186). The phosphorylated peptide:unphosphorylated peptide
reactivity ratio of affinity-purified Ser186-specific antibody was
>99:1, as determined by ELISA (Bethyl Laboratories, Inc.).

Designing of siRNAs

The siRNA duplexes were 21 base pairs with a 2-base deoxy-
nucleotide overhang (Dharmacon Research). The sequences of

Cep164 siRNA4 and siRNA5 oligonucleotides were GAAGA
UACAGGAAGCUCAAdTdT and CUUCGCCAACGGGCAG
UCUdTdT, respectively. While both siRNAs efficiently knock
down Cep164, siRNA4 was used to perform all the knockdown
experiments throughout this study. The control siRNAs used
were UGGCUUUCUGUAGAGGACAUCdTdT and TTACGC
TGAGTACTTCGAdTdT against GFP and luciferase, respec-
tively. siRNAs for ATR, ATRIP (GGUCCACAGAUUAUUAG
AUdTdT), and RPA70 were based on previous reports (Cortez et
al. 2001; Zou and Elledge 2003). The plasmid harboring the
siRNA sequence against MDC1 was a gift from Phang-Lang
Chen (University of California at Irvine). Cells were transfected
with siRNA duplexes by using Lipofectamine 2000 (Invitrogen)
or RNAiFect (Qiagen), following the manufacturers’ instruc-
tions.

Chromatin fractionation

Whole-cell extracts were obtained by directly lysing cells in
SDS sample buffer. To isolate chromatin, cells were lysed and
fractionated as described (Mendez and Stillman 2000). Briefly,
∼2 × 106 cells were washed with PBS and resuspended in 200 µL
of buffer A (10 mM HEPES at pH 7.9, 10 mM KCl, 1.5 mM
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 5 µg/mL
aprotinin, 5 µg/mL leupeptin, 0.5 µg/mL pepstatin A, 0.1 mM
phenylmethylsulfonyl fluoride). Triton X-100 (0.1%) was added
and mixed gently by inversion, followed by 5 min of incubation
on ice. Nuclei were collected in pellet 1 (P1) by centrifugation at
low speed (1300g, 5 min, 4°C). The supernatant (S1) was clari-
fied by high-speed centrifugation (20,000g, 15 min, 4°C) to ob-
tain the soluble fraction (S2). Nuclei were then washed once in
buffer A, resuspended in 200 µL of buffer B (3 mM EDTA, 0.2
mM EGTA, 1 mM DTT, 5 µg/mL aprotinin, 5 µg/mL leupeptin,
0.5 µg/mL pepstatin A, 0.1 mM phenylmethylsulfonyl fluoride),
and incubated on ice for 30 min. Insoluble chromatin was col-
lected by centrifugation (1700g, 5 min, 4°C), washed once in
buffer B, and centrifuged at 1700g for 5 min. The final chroma-
tin-enriched pellet (P3) was resuspended in SDS sample buffer
and subjected to sonication. To release chromatin-bound pro-
teins, nuclei (P1) were digested with 0.2 U of micrococcal nucle-
ase (Sigma) in buffer A plus 1 mM CaCl2. After 1 min of incu-
bation at 37°C, the nuclease reaction was stopped by addition of
1 mM EGTA. Nuclei were then lysed and fractionated as de-
scribed above.

Gel filtration analysis

HeLa whole-cell extract was prepared in hypotonic buffer (20
mM HEPES at pH 7.9, 5 mM KCl, 1.5 mM MgCl2, 1 mM DTT).
A Superdex-200 PC 3.2/30 (2.4 mL) gel filtration column was
equilibrated at 4°C in a solution containing 20 mM HEPES (pH
7.9), 250 mM NaCl, 1.5 mM MgCl2, and 2 mM DTT as reported
previously (Unsal-Kacmaz and Sancar 2004).

Immunoblotting and immunoprecipitation

Cells were lysed either directly in SDS sample buffer containing
1 mM phenylmethylsulphonyl fluoride, 100 mM NaF, and 1
mM Na3VO4 or in EBC buffer supplemented with protease in-
hibitors (1 µg/mL aprotinin, 5 µg/mL leupeptin, 1 mM phenyl-
methylsulphonyl fluoride, 100 mM NaF, 1 mM Na3VO4). Pro-
tein concentration was determined by Bradford assay (Bio-Rad).
Cell lysates obtained by lysis with EBC buffer were mixed with
SDS sample buffer, and 30–60 µg of protein were subjected to
SDS-PAGE. Proteins were transferred to Immobilon P (Milli-
pore).
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Monoclonal antibodies to NBS1, ATM, ATR, CHK1, and p84
were generated in the laboratory. Anti-Cep164 and anti-ATRIP
monoclonal antibodies are available from GeneTex. The anti-
CHK2 was purchased from Bethyl Laboratories, Inc. Anti-�-ac-
tin, anti-Flag antibodies were purchased from Sigma. The anti-
phospho-H2AX (Ser139), anti-phospho-H3 (Ser10), and anti-
MDC1 antibodies were obtained from Upstate Biotechnology.
The polyclonal antibodies against ATR, Orc2, and Mek2, anti-
bodies were purchased from Santa Cruz Biotechnolgy, Onco-
gene, and BD Biosciences, respectively. Anti-RPA34 and anti-
RPA70 antibodies were obtained from LAB Vision Corporation,
Inc., and Oncogene Research Products, respectively.

Cells were lysed in ice-cold EBC buffer containing 0.5% Non-
idetP-40 with protease inhibitors, and the lysates were spun at
14,000 rpm for 10 min. The supernatant was collected and sub-
jected to protein estimation. One-milligram protein samples
were precleared by incubation with Protein G/A Sepharose
beads (1:1 ratio) for 1 h, and the samples were incubated with 4
µg of antibody for 2 h. The samples were incubated with Protein
G/A Sepharose beads for 1 h and washed four times with EBC
buffer containing 0.5% NonidetP-40. Bound proteins were
boiled in SDS sample buffer. Independent immunoprecipita-
tions were carried out by treating 0.3 mg/mL ethidium bromide
during cell lysis as reported previously (Onclercq-Delic et al.
2003). The immunoprecipitates were then subjected to SDS-
PAGE separation.

GST pull-down assay

Briefly, HeLa cell lysate or in vitro translated ATRIP labeled
with 35S- methionine was mixed with the indicated GST fusion
peptide and incubated for 90 min at 4°C, followed by incubation
with Glutathione Sepharose 4B beads (Amersham Pharmacia)
for 1 h. The samples were washed with TBS three times and
boiled with equal amounts of 2× SDS loading buffer. The
samples were subjected to gel electrophoresis.

Kinase assays

Endogenous ATR and ATM were immunoprecipitated from
HeLa cells mock-treated or exposed to 10 Gy of IR using �-ATR
(2B5) or �-ATM (3E8) IgGs. Recombinant Flag-ATRWt and
ATRKD were immunoprecipitated using �-Flag-M2 antibodies.
ATR and ATM kinase assays were performed as reported previ-
ously (Chen et al. 2001). Reaction products were separated by
SDS-PAGE and analyzed by Coomassie staining and autoradi-
ography.

Phosphatase treatment

HeLa cells were irradiated with UV at 20 J/M2 and incubated for
1 h. Approximately 2 × 106 cells were washed with PBS and
resuspended in 200 µL of buffer A (10 mM HEPES at pH 7.9, 10
mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM
DTT, 5 µg/mL aprotinin, 5 µg/mL leupeptin, 0.5 µg/mL pep-
statin A, 0.1 mM phenylmethylsulfonyl fluoride). Triton X-100
(0.1%) was added to the lysate and mixed gently by inversion,
followed by 5 min of incubation on ice. Nuclei were collected in
pellets by centrifugation at low speed (1300g, 5 min, 4°C) and
were resuspended in phosphatase buffer (New England Biolab)
with or without protein phosphatase (New England Biolabs) for
15 min at 35°C.

Immunofluorescence staining

For immunofluorescence staining, cells were fixed with 4%
paraformaldehyde in PBS (pH 7.2) and permeabilized with 0.5%

Triton X-100 in PBS. After 30 min of incubation in blocking
buffer (10% FCS in PBS), cells were incubated with primary
antibodies overnight at 4°C. After three washes with PBS, the
cells were incubated with FITC- or Texas Red-conjugated sec-
ondary antibodies for 2 h at room temperature. The cells were
then washed with PBS, counterstained with 0.05 µg/mL DAPI
in PBS, and mounted in Immunon mountant. All antibodies
were diluted in PBS supplemented with 5% FCS.

G2/M checkpoint assay

HeLa cells at 60%–70% confluence were transfected with
siRNA duplexes against GFP, ATR, or Cep164, respectively.
Forty-eight hours after transfection, cells were treated with UV
at the indicated dosages and incubated for 2 h or as indicated
and then fixed with 4% paraformaldehyde in PBS containing
0.1% Trion X-100. Cells were stained with DAPI and/or co-
stained with anti-phospho-histone H3 followed by FITC-con-
jugated secondary antibody. The cells with condensed DNA and
broken nuclear membrane or positive FITC fluorescence (in the
case of anti-phospho-histone 3 immunostaining) were counted
as mitotic cells. DAPI-positive cells were also counted. This
experiment was repeated three times.
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