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The master checkpoint kinase ATR (ATM and Rad3-related) and its
partner ATRIP (ATR-interacting protein) exist as a complex and
function together in the DNA damage response. Unexpectedly,
we found that the stability of the ATR–ATRIP complex is regulated
by an unknown kinase independently of DNA damage. In search
for this regulator of ATR–ATRIP, we found that a single member of
the NIMA (never in mitosis A)-related kinase family, Nek1, is critical
for initiating the ATR response. Upon DNA damage, cells lacking
Nek1 failed to efficiently phosphorylate multiple ATR substrates
and support ATR autophosphorylation at threnine 1989, one of the
earliest events during the ATR response. The ability of Nek1 to
promote ATR activation relies on the kinase activity of Nek1 and
its interaction with ATR–ATRIP. Importantly, even in undamaged
cells, Nek1 is required for maintaining the levels of ATRIP, the
association between ATR and ATRIP, and the basal kinase activity
of ATR. Thus, as an ATR-associated kinase, Nek1, enhances the
stability and activity of ATR–ATRIP before DNA damage, priming
ATR–ATRIP for a robust DNA damage response.

The ability of cells to sense and signal DNA damage is crucial
for genomic stability. In human cells, the ataxia telangiectasia-

mutated (ATM) and the ATM- and Rad3-related (ATR) check-
point kinases are central players in DNA damage signaling (1). In
contrast to ATM, which primarily responds to double-stranded
DNA breaks (DSBs), ATR is elicited by a broad spectrum of
DNA damage and DNA replication stress (2, 3). ATR functions
in a complex with its regulatory partner ATRIP (4). RPA-coated
single-stranded DNA (RPA–ssDNA), a common intermediate of
DNA replication and repair, plays a key role in recruiting and
activating the ATR–ATRIP kinase complex (5). Once activated,
ATR phosphorylates and activates its downstream effector kinase
Chk1 (checkpoint kinase 1) with the help of a group of mediator
proteins. Together, activated ATR and Chk1 phosphorylate a
number of proteins involved in DNA replication, DNA repair,
and cell-cycle transitions, thereby coordinating these cellular
processes to suppress genomic instability.
Although the ATR-Chk1 kinase cascade is clearly the back-

bone of the ATR signaling pathway, several other protein ki-
nases, such as ATM (6, 7), CDKs (cyclin-dependent kinases) (8–
10), PLK1 (polo-like kinase) (11-14), AKT (15, 16), and casein
kinases (17, 18), have been implicated in tuning the strength and
dynamics of ATR signaling in different contexts. The effects of
these kinases on ATR signaling suggest that the ATR pathway is
intertwined with other signaling pathways and cellular programs.
In addition to the aforementioned kinases, the NIMA (never in
mitosis A)-related kinases have recently emerged as a new class
of checkpoint regulator (19).
NIMA was originally discovered in Aspergillus nidulans as

a protein kinase essential for mitosis (20). In human cells, 11
NIMA-related kinases have been identified, which were dubbed
Nek1 to Nek11. The human Nek kinases have apparently adapted
to a variety of functions (21). For example, Nek2 is critical for
centrosome duplication, whereas Nek6, 7, and 9 are important
regulators of the mitotic spindle and cytokinesis (19). Inter-
estingly, several members of the Nek family have been linked to

the ATR-mediated DNA damage response. Nek1, through un-
knownmechanisms, promotes Chk1 activation (22, 23) and repair
of several types of DNA damage (24). Nek11, on the other hand,
is a substrate of Chk1, and it promotes the G2/M checkpoint
arrest by phosphorylating Cdc25A (cell division cycle 25A) and
targeting Cdc25A for degradation (25). Nek6 may also be a sub-
strate of Chk1 and contribute to the G2/M checkpoint arrest (26).
Although these studies have suggested a functional link between
some of the Nek kinases and the ATR checkpoint, how the Nek
kinases as a family regulate the signaling events along the ATR
pathway is still largely unknown.
In this study, we unexpectedly found that the stability of ATR–

ATRIP complex is regulated by an unknown kinase in the absence
of DNA damage. In search for this regulator of ATR–ATRIP, we
tested all Nek family members using a panel of siRNAs.We found
that Nek1 is the only Nek kinase that functions upstream of Chk1.
We showed that Nek1 not only associates with the ATR–ATRIP
kinase complex physically, but also regulates multiple phosphor-
ylation events along the ATR pathway. In particular, cells lacking
Nek1 failed to undergo efficient ATR autophosphorylation at
Thr-1989 (threnine 1989) after DNA damage, suggesting that
Nek1 is required for the initial step of ATR response (27). Both
the association of Nek1 with ATR–ATRIP and the kinase activity
of Nek1 are required for efficient ATR signaling. Importantly,
even in the absence of DNA damage, Nek1 is required for
maintaining normal levels of ATRIP, the ATR–ATRIP in-
teraction, and ATR basal kinase activity, suggesting that ATR–

ATRIP needs to be primed by Nek1 to be fully activated in re-
sponse to DNA damage.

Results
Stabilization of the ATR–ATRIP Complex by Phosphorylation. We and
others recently showed that ATR is phosphorylated at Thr-1989 in
response to DNA damage (27, 28). To investigate whether the
phosphorylation status of ATR influences the stability of ATR–

ATRIP complex, we tested the effects of phosphatase on the in-
teraction betweenATRandATRIP in cell extracts.Unexpectedly,
even in extracts derived from undamaged cells, the interaction
betweenATRandATRIPwas significantly reduced by phosphatase
treatment (Fig. 1 A and B). These results suggest that the ATR–

ATRIP complex is stabilized in a phosphorylation-dependent
manner, even when ATR is not activated by DNA damage.
To directly test whether the kinase activity of ATR is required

for stabilizing the ATR–ATRIP complex, we treated cells with
the ATR inhibitor VE-821 and tested its effects on the ATR–

ATRIP complex (29). VE-821 abolished the baseline phosphory-
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lation of Chk1 in undamaged cells, but did not reduce the in-
teraction between ATR and ATRIP (Fig. 1C). Furthermore,
when transiently expressed in cells where endogenous ATR was
depleted by siRNA, both the kinase-deficient ATR mutant (KD)
and the ATR mutant lacking the autophosphorylation site
(T1989A) interacted with ATRIP as efficiently as wild-type ATR
(WT) (Fig. 1D). ATRIP is known to be phosphorylated by CDK2
in the absence of DNA damage. As shown previously (9), pro-
longed treatment of cells with the CDK inhibitor roscovitine led
to ATRIP dephosphorylation (Fig. 1E). However, roscovitine
treatment did not reduce the interaction between ATR and
ATRIP (Fig. 1E). Together, these results suggest that the kinase
activity of neither ATR nor CDK2 is responsible for the stabi-
lization of ATR–ATRIP complex in undamaged cells.
In search for the kinase that stabilizes ATR–ATRIP, we

considered a number of kinases that have been implicated in the
ATR response (see introduction). Among these kinases are
several members of the Nek kinase family (22, 25, 26). The im-
plication of multiple Nek kinases in the ATR response and the
requirement of an unknown kinase for the stability of ATR–

ATRIP complex prompted us to investigate how the Nek kinase
family regulates ATR activation. As described below, our studies
on the Nek kinases eventually led us to identify a kinase that
stabilizes the ATR–ATRIP complex.

Nek1 Is Critical for Initiating the ATR Response. To obtain a com-
prehensive view of how the Nek kinase family contributes to the
early events of ATR signaling, we asked which Nek kinases
are required for efficient Chk1 phosphorylation in response to
DNA damage and replication stress. Using a panel of siRNAs
(SMART pools of ON-TARGET siRNAs from Dharmacon)
targeting all members of the human Nek kinase family, we
knocked down each of the 11 Nek kinases in HCT116 cells.
Knockdown of Nek1, but not the other ten human Nek kinases,
significantly reduced Chk1 phosphorylation in response to UV
light (UV) (Fig. 2A). Hydroxyurea (HU)-induced Chk1 phos-
phorylation was also significantly reduced by Nek1 knockdown,
but was unaffected or modestly affected by knockdown of the
other Nek kinases (Fig. S1). These results suggest that Nek1 is
the only Nek kinase that functions upstream of Chk1.
To confirm the results of Fig. 2A, we used two independent Nek1

siRNAs to knock down endogenous Nek1 in HCT116 cells (Fig.
S2A). Both Nek1 siRNAs reduced UV-induced Chk1 phosphory-
lation compared with control siRNA. Importantly, the cell cycle
profile ofNek1 knockdown cells was not significantly different from

control cells (Fig. S2B), ruling out cell cycle arrest as the cause of
compromised Chk1 phosphorylation. Furthermore, expression
of siRNA-resistant, Flag-tagged Nek1 in Nek1 knockdown cells
significantly suppressed the reduction in Chk1 phosphorylation
(Fig. S2C). These results are consistent with the results of a previous
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Fig. 1. Stabilization of the ATR–ATRIP complex by
phosphorylation. (A and B) Extracts derived from
undamaged HCT116 cells were treated with Calf In-
testinal Phosphatase (CIP) or mock treated. The effec-
tiveness of CIP treatment was confirmed by the de-
phosphorylation of Brca1 Ser-1524. Endogenous ATRIP
(A) orATR(B)was immunoprecipitatedwithantibodies,
and the coprecipitated proteins were analyzed by
Western blot using the indicated antibodies. (C) Cells
were treated with 10 μM VE-821 or mock treated with
DMSO for 6 h. The effectiveness of VE-821 was con-
firmed by the dephosphorylation of Chk1 Ser-345. En-
dogenous ATR was immunoprecipitated and the co-
precipitated proteins were analyzed as in B. (D) Cells
were transfected with ATR siRNA and plasmids ex-
pressing siRNA-resistant, Flag-taggedATRWT, ATRKD, or
ATRT1989A. The Flag-tagged ATR proteins were immu-
noprecipitated with anti-Flag antibody, and the co-
precipitated ATRIP was analyzed by Western blot.
(E) Cells were treatedwith 50 μM roscovitine for 6 h or
mock treated. The increase of ATRIP mobility in the in-
put confirms the dephosphorylation of ATRIP. The in-
teraction betweenATR andATRIPwasanalyzed as inB.
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Fig. 2. Nek1 regulates multiple phosphorylation events along the ATR
pathway. (A) HCT116 cells were transfected with LacZ siRNA (control siRNA)
or siRNA pools targeting each of the 11 human Nek kinases (Nek1-11). Two
days after transfection, cells were irradiated with UV (15 J/m2), and Chk1
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study using mouse cells (22), and they suggest that Nek1 is re-
quired for efficient Chk1 activation in human cells.
We next used Nek1 siRNA to investigate whether Nek1 reg-

ulates the phosphorylation of other ATR substrates. Rad17,
TopBP1, and Brca1 are known to function upstream of Chk1
activation in the ATR signaling pathway (30–32). In response to
UV, Rad17, TopBP1, and Brca1 were all phosphorylated at re-
duced levels in Nek1 knockdown cells (Fig. 2B). In addition,
SMC1, a substrate of ATR that is required for the S-phase
checkpoint (33), was also phosphorylated less efficiently in Nek1
knockdown cells (Fig. 2B). These results reveal that Nek1 is
required for the phosphorylation of multiple signaling proteins
along the ATR pathway, suggesting a role of Nek1 in the initi-
ation of ATR response.

Nek1 Promotes ATR Signaling as a Kinase. To further understand the
role of Nek1 in ATR regulation, we asked whether the kinase ac-
tivity of Nek1 is important for ATR signaling. To address this ques-
tion, we mutated two key residues in the kinase domain of Nek1
(Nek1K33R and Nek1D128A). When tested in the in vitro kinase as-
says, HA-tagged wild-type Nek1 (HA–Nek1WT) underwent robust
autophosphorylation and, as reported (34), phosphorylated β-casein
efficiently (Fig. 3A). In marked contrast, neither HA–Nek1K33R

nor HA–Nek1D128A was active for these phosphorylation events,
showing that these Nek1 mutants are indeed kinase defective.
Because Nek1 is required for efficient Chk1 activation in re-

sponse toDNAdamage, we askedwhether Nek1 itself is stimulated
by UV. In contrast to a previous report (23), we found that HA–

Nek1WTwas active before and afterUVdamage and that its activity
was not significantly altered by UV (Fig. 3A). To exclude the pos-
sibility that the activity of HA–Nek1WT did not accurately reflect
the activity of endogenous Nek1, we immunoprecipitated endog-
enous Nek1 from UV-treated or untreated cells and analyzed its
activity (Fig. 3B). Consistent with our experiments using HA–
Nek1WT, the kinase activity of endogenous Nek1 was not signifi-
cantly altered by UV. Thus, although Nek1 is required for the
efficient ATR response, its kinase activity is not regulated by
DNA damage.
To directly address whether the kinase activity of Nek1 is im-

portant for ATR signaling, we expressed siRNA-resistant HA–
Nek1WT, Nek1K33R, and Nek1D128A in cells where endogenous
Nek1 was knocked down by siRNA (Fig. 3C). UV-induced Chk1
phosphorylation occurred much more efficiently in cells expressing
Nek1WT than in cells expressing Nek1K33R or Nek1D128A. These
results suggest that, although Nek1 is not stimulated by DNA
damage, its kinase activity is important for ATR signaling.

Nek1 Promotes ATR Signaling Through Its Interaction with ATR–
ATRIP. The requirement of Nek1 kinase activity for ATR signal-
ing prompted us to test whether Nek1 interacts with ATR and
ATRIP. Immunoprecipitation of endogenous ATRIP copreci-
pitated both ATR and HA–Nek1WT (Fig. 4A). In contrast, im-
munoprecipitation of TopBP1 did not capture HA–Nek1WT (see
Fig. S4B). The interaction between ATRIP and HA–Nek1 was
observed in UV-treated and untreated cells, suggesting that
Nek1 associates with ATR–ATRIP before and after DNA
damage (Fig. 4A). Similar to HA–Nek1WT, endogenous Nek1
also associated with both ATR and ATRIP before and after UV
treatment (Fig. 4 B and C and Fig. S3 A and B). In contrast to
Nek1, Nek11, another Nek kinase implicated in ATR signaling,
did not interact with ATR (Fig. S3A). Furthermore, unlike ATR,
ATM was unable to bind Nek1 (Fig. S3B). Collectively, these
results suggest that Nek1 associates with the ATR–ATRIP com-
plex irrespective of DNA damage.
To understand whether the interaction between Nek1 and

ATR–ATRIP is important for ATR signaling, we sought to map
the ATR–ATRIP-interacting domain of Nek1. Nek1 contains
a kinase domain at the N terminus, a cluster of four coiled-coil
domains in the central region, and a single coiled-coil domain
near the C terminus (Fig. 4D). A series of truncation mutants of
Nek1 were tagged with HA or Flag epitope and tested for
binding to ATR or ATRIP (Fig. 4D and Fig. S4 A and B).
A Nek1 C-terminal truncation mutant (Nek11-1052) lacking the
coiled-coil domain near the C terminus was unable to interact
with ATR (Fig. 4D and Fig. S4A). In contrast, another Nek1
C-terminal truncation mutant (Nek11-1150) that retains the coiled-
coil domain interacted with ATR as efficiently as the full-length
Nek1. When expressed in Nek1 knockdown cells, the Nek11-1150

mutant that retained the ability to interact with ATR–ATRIP
rescued Chk1 phosphorylation as Nek1WT (Fig. 4E). In contrast,
the Nek11-1052 mutant that failed to interact with ATR–ATRIP
was unable to rescue Chk1 phosphorylation (Fig. 4E). These
results suggest that the interaction between Nek1 and ATR–

ATRIP is required for ATR signaling. To confirm this conclu-
sion, we generated an internal deletion mutant of Nek1 lacking
only the C-terminal coiled-coil domain (amino acids 1053–1150)
(Fig. 4D). The resulting Nek1ΔCC5 mutant failed to interact with
ATR and was unable to rescue Chk1 phosphorylation in Nek1
knockdown cells (Fig. 4F and Fig. S4C).

Nek1 Enhances ATR–ATRIP Stability and ATR Basal Activity. Although
dispensable for the stabilization of ATR–ATRIP complex (Fig.
1D), ATR autophosphorylation at Thr-1989 is one of the earliest
markers for the ATR response. The autophosphorylation of
ATR at Thr-1989 relies on the recruitment of ATR–ATRIP to
RPA–ssDNA and the kinase activity of ATR (27). Thus, if Nek1
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is important for the stability of ATR–ATRIP complex, it is likely
required for efficient ATR autophosphorylation. Indeed, UV-
induced ATR phosphorylation at Thr-1989 was significantly re-
duced in Nek1 knockdown cells (Fig. 5A). To assess whether
Nek1 phosphorylates ATR at Thr-1989 directly, we tested
whether HA–Nek1WT and HA–Nek1K33R (kinase defective)
were able to phosphorylate a GST-fused peptide encompassing
Thr-1989 and its surrounding amino acids (GST–T1989) (Fig.
S5). A mutant form of the peptide with Thr-1989 changed to
Ala (GST–T1989A) was used as a negative control. Similar to
the kinase-defective Nek1K33R, Nek1WT did not phosphorylate
GST–T1989 and GST–T1989A above the background levels
(Fig. S5, lanes 1–2 and 4–5). In contrast, Nek1WT, but not
Nek1K33R, efficiently phosphorylated β-casein even when β-ca-
sein was present at a much lower concentration than GST-T1989
(Fig. S5, lanes 3 and 6). These results show that Nek1 does not
phosphorylate Thr-1989 directly, suggesting that Nek1 functions
as a prerequisite for ATR autophosphorylation in cells.
Next, we directly analyzed the effects of Nek1 knockdown on

the basal activity of ATR and the stability of ATR–ATRIP
complex. To monitor ATR kinase activity, we immunoprecipi-
tated endogenous ATR and tested it using a substrate that
contains an ATR phosphorylation site of Rad17 (GST–Rad17).
To validate the specificity of the ATR kinase assay, we first
performed this assay using ATRflox/- cells infected with adenovi-
rus expressing Cre (Ad–Cre) or GFP (Ad–GFP) (Fig. S6A). The
kinase activity captured by ATR antibody was abolished when
ATR was depleted in Ad–Cre-infected ATRflox/- cells. Further-
more, the kinase activity was substantially reduced by the ATR-

specific inhibitor VE-821 (29), but not by the ATM inhibitor
KU55933 (Fig. S6B). Using this assay, we found that the kinase
activity of ATR was lower in Nek1 knockdown cells than in
control cells in the absence of DNA damage (Fig. 5B). This re-
duction in ATR basal activity was not due to reduced ATR levels
(Fig. 5B). However, the amount of ATRIP associated with ATR
was significantly reduced in Nek1 knockdown cells (Fig. 5B). In
Nek1 knockdown cells, the levels of ATRIP were reduced, and
the residual ATRIP did not interact with ATR efficiently (Fig.
5C). Given that ATRIP is known to be stabilized by ATR in cells
(4), these results suggest that the stability of ATR–ATRIP
complex is compromised in the absence of Nek1.
If Nek1 is responsible for the phosphorylation that stabilizes

ATR–ATRIP, this phosphorylation should be lost in Nek1
knockdown cells and phosphatase treatment should not further
weaken the interaction between ATR and ATRIP in extracts.
Consistent with this possibility, the amounts of ATRIP copreci-
pitated by ATR in extracts of Nek1 knockdown cells were not
further reduced by phosphatase treatment of the extracts (Fig.
5C, lanes 2 and 4), supporting the notion that the ATR–ATRIP
complex is stabilized by Nek1-mediated phosphorylation in un-
damaged cells.

Discussion
The ATR checkpoint signaling pathway is known to be crucial
for maintenance of genomic stability, yet how the ATR pathway
is elicited by DNA damage and genomic instability is still not
fully understood (2, 3). In this study, we show that Nek1 plays an
important role in ATR signaling. Both the interaction between
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treated with 1 mM HU, and Chk1 phosphorylation
was analyzed in 2 h.
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Nek1 and ATR–ATRIP and the kinase activity of Nek1 are re-
quired for efficient Chk1 activation, suggesting that Nek1 func-
tions as an ATR–ATRIP-associated kinase. Interestingly, Nek1
interacts with ATR–ATRIP before and after DNA damage, and
its kinase activity is not obviously stimulated by DNA damage.
These findings suggest that Nek1 may exert its effects on ATR–

ATRIP before DNA damage, providing a prerequisite for effi-
cient ATR activation after DNA damage. Although the bulk of
Nek1 is already active in the absence of DNA damage and able
to interact with ATR–ATRIP, we cannot exclude the possibility
that a minor fraction of Nek1 is stimulated by DNA damage
and interact with ATR–ATRIP at sites of DNA damage. Nek1
could potentially regulate ATR–ATRIP both before and after
DNA damage.
The full activation of ATR–ATRIP by DNA damage is driven

by a sequence of molecular events. The recruitment of ATR–

ATRIP and its regulators to sites of DNA damage creates a
“microenvironment” that allows these proteins to interact with
each other efficiently and to form an active signaling complex.
During this process, ATR autophosphorylates in trans at Thr-
1989 using its basal kinase activity, enabling TopBP1 to engage
ATR, to stimulate the kinase activity of ATR, and to act as
a scaffold in the signaling complex (27). Using ATR autophos-
phorylation at Thr-1989 as a functional marker for ATR acti-
vation, we revealed a role of Nek1 in the initiation of ATR
signaling, challenging the conclusion of a recent study that relied
on a marker irrelevant to ATR activation (23, 27, 28). Consistent
with its role in promoting ATR autophosphorylation, Nek1 is
required for maintaining the basal kinase activity of ATR in
undamaged cells.

How does Nek1 regulate the kinase activity of ATR–ATRIP?
Our results show that the steady-state levels of ATRIP were
reduced in Nek1 knockdown cells. Furthermore, the interaction
between ATR and ATRIP is compromised by phosphatase
treatment and by Nek1 knockdown. Importantly, the effects of
phosphatase and Nek1 knockdown are not additive, suggesting
that the ATR–ATRIP complex is stabilized by Nek1-mediated
phosphorylation. A further understanding of the role of Nek1
will require identification of the Nek1 substrate(s) involved in
ATR–ATRIP regulation. Potential substrates of Nek1 include
ATR, ATRIP, Nek1 itself, and other proteins that associate with
them. Phosphorylation of Nek1 substrate(s) likely elevates the
basal kinase activity of ATR–ATRIP by stabilizing the kinase
complex. Furthermore, stabilization of the ATR–ATRIP complex
may enhance its ability to recognize RPA–ssDNA, promoting its
full activation in response to DNA damage.
As a regulator of the stability of ATR–ATRIP complex, Nek1

may influence the magnitude and duration of ATR response in
different biological contexts. For example, Nek1 could fine tune
the ATR pathway in different cell types, different differentiation
stages, different cell cycle phases, and different cellular com-
partments. Moreover, the function of Nek1 could be negatively
regulated by ATR through a feedback loop in the late phase of
ATR response. The inhibition of Nek1, or the dephosphorylation
of relevant Nek1 substrates, could help turn off the ATR–

ATRIP at sites of DNA damage and promote termination of the
ATR response.
Although Nek1 is an important regulator of ATR signaling, it

should be noted that the effects of Nek1 depletion are not
identical to the effects of ATR depletion. Deletion of ATR, but
not NEK1, results in embryonic lethality in mouse (35, 36), in-
dicating that Nek1 loss compromises but does not eliminate
ATR function. Nek1−/− mutant mice displayed several pheno-
types similar to those of the hypomorphic ATR-Seckel mutant
mice, such as dwarfism, sterility, and anemia (37). Similar to
some Seckel patients, Nek+/− mutant mice developed lymphoma
(38, 39). Interestingly, loss of Nek1 has been linked to defective
ciliogenesis and progressive kidney failure in both mouse and
human (40–43). Several other genes involved in the DNA
damage response were recently linked to similar cellular and
tissue defects (44–46), raising the possibility that the function of
Nek1 in DNA damage signaling is critical in specific tissues.

Materials and Methods
Cell Culture and Cell Lines. HEK293T cells were cultured in DMEM (Invitrogen)
supplemented with 10% (vol/vol) FBS. HCT116 cells were cultured in McCoy’s
medium (Invitrogen) supplemented with 10% (vol/vol) FBS.

siRNAs. Transfections of siRNA were performed using Oligofectamine (Invi-
trogen) following the manufacturer’s instructions. The siRNAs targeting the
Nek family kinases were SMART Pools of ON-TARGET Plus siRNA from
Dharmacon. The other siRNAs were made by Invitrogen. Nek1-1 siRNA: GGU-
CUGUUUGAUGCAAACAACCCAA. Nek1-2 siRNA: ACAUCAGCAUCUUUAUG-
CCAAGAUU. LacZ siRNA: GUGGUUGUAACAGCG-CAUCUU.

Plasmids. To generate Nek1 expression plasmids, Nek1 coding sequence was
PCR amplified from the I.M.A.G.E. clone 40082305, and cloned into the pEGFP-
N1 vector. To express HA-tagged Nek1, the coding sequence of an HA epitope
followed by a stop codon was inserted to the 3′ end of Nek1 coding sequence.
To render HA–Nek1 resistant to Nek1-1 siRNA, wobble mutations were in-
troduced to the siRNA target sequence by site-directed mutagenesis, resulting
in the plasmid HA–Nek1WT. HA–Nek1K33R and HA–Nek1D128A were derived
from HA–Nek1WT by site-directed mutagenesis. To express siRNA-resistant
Nek1 with an N-terminal Flag tag, Nek1 coding sequence was PCR amplified
from HA–Nek1WT and cloned into the pFlag–CMV2 vector. Flag–Nek11-1150,
Flag–Nek11-1052, Flag–Nek11-901, Flag–Nek11-800, and Flag–Nek11-270 were de-
rived from Flag–Nek1WT by creating stop codons at the respective termination
sites. To generate the Flag–Nek1ΔCC5 mutant lacking the C-terminal (the fifth)
coiled-coil domain, amino acids 1053–1150 were deleted from Flag–Nek1WT.
To express GST–Nek11057-1258 in Escherichia coli and purify the protein, the
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Fig. 5. Nek1 promotes the stability of ATR–ATRIP and ATR basal activity. (A)
HCT116 cells were transfected with LacZ or Nek1-1 siRNA. Transfected cells
were irradiated with UV, and the levels of ATR and phospho-ATR (T1989)
were analyzed with the respective antibodies 2 h after UV treatment. (B)
HCT116 cells were transfected with LacZ or Nek1-1 siRNA. Endogenous ATR
was immunoprecipitated, and its kinase activity was analyzed in vitro using
GST-Rad17 as substrate. The levels of Nek1 in cell extracts (CE), and the levels
of ATR and ATRIP in ATR immunoprecipitates, were analyzed with respective
antibodies. (C) HCT116 cells were transfected with LacZ or Nek1-1 siRNA, and
cell extracts were treated with CIP or mock treated. The interaction between
ATR and ATRIP was analyzed as in B.
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coding sequence of Nek1 amino acids 1057–1258 was PCR amplified from
HA–Nek1WT and cloned into the pGEX–2TKcs vector.

Antibodies. Nek1 antibody was generated by Bethyl against purified GST–
Nek11057-1258, and was affinity purified. ATRIP and phospho-ATR Thr-1989
antibodies were as described (4, 27). ATR, TopBP1, and phospho-Rad17
antibodies were from Bethyl. Phospho-Chk1 antibody was from Cell Signal-
ing. Rad17, Chk1, and HA antibodies were from Santa Cruz Biotechnology.
Flag M2 antibody was from Sigma.

Immunoprecipitation. HEK293T or HCT116 cells were lysed in NETN buffer (20
mM Tris·HCl, pH 8.0/100 mM NaCl/1 mM EDTA/0.5% Nonidet P-40) con-
taining 1 mM DTT, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF, and the protease
inhibitor mixture (Sigma). Cell extracts were spun at 20,817 × g (Eppendorf,
Germany, 5417c) for 10 min, and the resulting supernatants were precleared
with Protein G/A Sepharose beads. Antibodies to ATR, ATRIP, or Nek1 were
added to the extracts with Protein G/A Sepharose beads, and were in-
cubated overnight at 4 °C. Subsequently, the Sepharose beads were sedi-
mented and washed four times with NETN buffer. The immunoprecipitates
were then subjected to SDS/PAGE and Western blot analysis.

In Vitro Kinase Assays. Nek1 kinase assays were performed as described (22).
In ATR kinase assays, HEK293T or HCT116 cells were suspended in PBS

buffer and lysed by sonication. Endogenous ATR protein was immuno-
precipitated with ATR antibody from precleared cell extracts. ATR
immunoprecipitates were sequentially washed with PBS buffer containing
350 mM, 250 mM, and 137 mM NaCl. Subsequently, the immunopre-
cipitates were washed three times with kinase buffer (10 mM Hepes,
pH 7.5/50 mM Glycerolphosphate/50 mM NaCl/10 mM MgCl2/10 mM
MnCl2). Washed ATR immunoprecipitates were incubated with 1 μg of
GST-Rad17, 5 μCi of [32P]ATP, and 1 μM ATP in 25 μL of kinase buffer at
30 °C for 30 min.

To examine the effects of ATR and ATM inhibitors on ATR kinase assays,
HCT116 cells were treated with 10 μMVE-821, 10 μMKU55933, or DMSO for 1
h. Cells were then irradiated with UV (15 J/m2), lysed 2 h after UV treatment,
and subjected to ATR immunoprecipitation. ATR immunoprecipitates were
washed as described above, and treated with the corresponding inhibitors
again (20 μMVE-821 or 20 μMKu55933) on ice for 1 h. The inhibitor-treated or
mock-treated ATR immunoprecipitates were incubated with substrate and
ATP as above.
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