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The DNA damage effector Chk1 kinase
regulates Cdc14B nucleolar shuttling
during cell cycle progression
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Chk1 is a critical effector of DNA damage checkpoints necessary for the maintenance of chromosome integrity during cell
cycle progression. Here we report, that Chk1 co-localized with the nucleolar marker, fibrillarin in response to radiation-
induced DNA damage in human cells. Interestingly, in vitro studies using GST pull down assays identified the dual-
specificity serine/threonine nucleolar phosphatase Cdc14B as a Chk1 substrate. Furthermore, Chk1, but not a kinase-dead
Chk1 control, was shown to phosphorylate Cdc14B using an in vitro kinase assay. Co-immunoprecipitation experiments
using exogenous Cdc14B transfected into human cells confirmed the interaction of Cdc14B and Chk1 during cell cycle.
In addition, reduction of Chk1 levels via siRNA or UCN-01 treatment demonstrated that Chk1 activation following DNA
damage was required for Cdc14B export from the nucleolus. These studies have revealed a novel interplay between
Chk1 kinase and Cdc14B phosphatase involving radiation-induced nucleolar shuttling to facilitate error-free cell cycle

progression and prevent genomic instability.

Introduction

Chkl is an essential serine/threonine kinase required for nor-
mal mammalian development.! We and others have shown that
reduction of Chkl levels in mice results in significant increase
of apoptosis, spontaneous DNA damage foci, mammary gland
defects, defective T-cell development, defective erythropoiesis
and anemia.”> During cell cycle progression, Chkl is a key
player in firing origins of replication and monitoring replica-
tion fork progression during S phase.® Recent studies also have
shown that Chkl is essential for spindle checkpoint, chromo-
some segregation and cytokinesis required to execute normal
cell division.”® Thus, reduction of Chkl levels causes various
developmental defects in mammals, due to mis-regulation of
cell cycle events leading to a loss of chromosomal integrity dur-
ing cell division.

Orthologs of Chk1 kinase have been identified in all eukary-
otes,” which share a highly conserved N-terminal kinase domain
of ~250 amino acids and a C-terminal regulatory domain of ~200
residues with an ill-defined function.!” Chk1 regulation during
the cell cycle is complex and involves many upstream candi-
dates. In S. pombe and S. cerevisiae, carboxy-terminal ATR/ATM
kinase consensus (S/TQ) sites are phosphorylated following
DNA damage. This results in increased Chkl activity required

for mediating the checkpoint response."! In higher eukaryotes,
the C terminus of Chkl kinase has been suggested to play an
inhibitory role through its interaction with the kinase domain.
Accordingly, phosphorylation of C-terminal residues results in
the loss of this inhibition.'? In addition to DNA damage-medi-
ated Chkl activation, several other proteins such as Claspin and
Brcal are necessary for complete activation of Chkl kinase.'>'
Activated Chkl recognizes its target substrates through a con-
sensus sequence motif [R-X-X-S/T].” An extensively studied
and well characterized group of Chkl substrates are the positive
cell cycle regulators, Cdc25 phosphatases.”® In the presence of
DNA damage, Chkl phosphorylates Cdc25C phosphatase on
serines embedded in the 14-3-3 recognition sites. This results
in the binding of 14-3-3 and nuclear exclusion of 14-3-3 bound
Cdc25C, leading to cell cycle arrest and checkpoint activation
during G,/M phase to facilitate DNA repair.'®'” Similarly, Chk1
is also required for chromatin remodeling and repair in dam-
aged cells via its phosphorylation of TLKI at Ser743 to regulate
the chromatin assembly factor ASF1A during S phase of the cell
cycle.’®” Recently, additional studies have identified many other
critical cell cycle regulators as Chkl substrates such as TLK1,
BubR1, Aurora B, Plkl in the presence and absence of DNA
damage to facilitate cell cycle progression in a timely and error-
free manner.®?°
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During the cell cycle, multiple phosphorylation and dephos-
phorylation events regulate the localization, as well as the activ-
ity of various proteins within the compartmentalized cell for
spatial-temporal regulation of various interconnected signaling
pathways. For example, sub-nuclear shuttling of catalytically
active human telomerase is induced by the cell cycle stage, trans-
formation and DNA damage. Another well studied example is

4ARF " wwhich induces

the nucleolar tumor suppressor protein pl
nucleoplasmic p53 via its binding partners B23 and topoisomer-
ase 1 in response to oncogene activation or DNA damage.?* In
eukaryotes, Chkl is primarily thought to be a nucleo-cytoplasmic
protein and contains a multipartite unusually long nuclear local-
ization signal (NLS) in its regulatory C-terminal domain.'>"
In mammalian cells, Chkl also localizes to the centrosome to
protect centrosomal CDC2 kinase from inappropriate activa-
tion by cytoplasmic CDC25B and inappropriate mitotic entry.
Interestingly, a recent study demonstrated a two-step mechanism
of Chkl phosphorylation at both Ser317 and Ser 345 required
for proper centrosomal localization of Chkl in the presence
and absence of DNA damage.”” Moreover, we have shown that
phospho-Chkl Ser317 localizes to the perichromosomal layer,
mid-zone and midbody during mitosis and cytokinesis, respec-
tively.”?¢ Inhibition of Chkl levels in normal mitotic cells results
in chromosome mis-segregation and binucleation. Similarly,
Zachos et al. has reported the localization of GFP-Chkl to the
midzone and midbody during mitosis.® This suggests that the
sub-cellular translocation of Chk1 throughout cell cycle progres-
sion is required for not only checkpoint regulation but also for
spatial-temporal regulation during cell cycle progression.

A new study by Bassermann et al. has defined a novel pathway
that is critical for the G, DNA damage-response checkpoint. In
response to DNA damage, mammalian cells in G, cannot enter
mitosis, since they initiate DNA repair. In response to genotoxic
stress, a dual-specificity serine/threonine Cdcl4B phosphatase
translocates from the nucleolus to the nucleoplasm and induces
the activation of the ubiquitin ligase APC/C®" and degrada-
tion of Plkl. This results in the stabilization of the DNA dam-
age checkpoint activator Claspin and a cell cycle inhibitor Weel
resulting in an efficient G, checkpoint. A deubiquitylating
enzyme Usp28 facilitates Claspin-mediated activation of Chkl
in response to DNA damage. This study, therefore, has united
the fourteen early anaphase release (FEAR)/mitotic exit net-
work (MEN) pathways with the G,/M DNA damage checkpoint
pathway.?®® Furthermore, it established a connection between
Cdc14B and Chkl in G, DNA damaged cells. Cdc14B is a key
player for the FEAR/MEN network and has been extensively
studied in budding and fission yeast. In yeast, Cdcl4p or Clpl/
Flpl is released during early and late anaphase respectively, to
dephosphorylate mitotic cyclin-dependent kinases.’® Cdcl4 reg-
ulates spindle midzone assembly and function directly through
Asel/hPRCI and indirectly via the separase-Slk19 complex con-
trolling anaphase B in S. cerevisiae® Thus, numerous studies
using yeast as a model system have identified a role for Cdcl4
in executing anaphase and mitotic exit. In C. elegans, ceCdcl4-
deficient embryos also have central spindle formation defects and
mislocalized proteins during anaphase and cytokinesis.
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Mammals have two Cdcl4 orthologs, hCdc14A and hCdc14B.
The former localizes to the centrosomes and is required for cen-
trosome maturation, sister chromatid segregation and cytokine-
sis,?*** whereas, Cdc14B depletion leads to centriole amplification
and overexpression prevents unscheduled centriole duplication
and S-phase arrest.”> hCdc14B is localized in the nucleolus during
interphase, but releases onto the spindle midzone and midbody
during anaphase and cytokinesis, respectively.®® In addition, Cho
et al. have also demonstrated that Cdcl14B is a unique nucleolar
phosphatase, which can bundle and stabilize microtubules inde-
pendent of its phosphatase activity. In a new study by Mocciaro
et al. vertebrate cells genetically deleted for Cdcl4A or Cdcl14B
were found to exhibit an increased number of irradiation-induced
gamma-H2A X foci and DNA double-strand breaks as compared
to controls, suggesting a role in efficient DNA repair. Taken
together these results suggest the existence of a novel regulatory
pathway involving Chkl and Cdc14B as key players required for
regulating cell cycle progression.

In this present study, we made the unexpected observation
that Chk1 colocalized with the nucleolar marker fibrillarin in a
time-dependent manner in response to IR-induced DNA dam-
age. Various biochemical experiments involving GST pull down
assays, immunoprecipitation and kinase assays have identified
that Chkl directly interacts with and phosphorylates Cdc14B.
Similar to studies by Bassermann et al. we also observed that
exogenously transfected Cdcl4B translocated from nucleoli
to the nucleoplasm in response to IR-induced DNA damage.
Interestingly, reducing Chkl levels in mammalian cells using
either siRNA or a chemical inhibitor UCN-01, prevented the
translocation of Cdcl4B to the nucleoplasm in response to
IR-induced DNA damage. These results suggest that Chkl can
directly regulate the nucleolar phosphatase Cdc14B, which has
been identified as a key player in the DNA damage response
pathway.

Results

Chk1 translocates to the nucleolus in response to irradiation.
While elucidating the multifunctional role of Chkl during cell
cycle progression,” we detected Chk1 foci in the nucleolar regions
of HeLa cells 30 min post-irradiation at 10 GY. To confirm this
observation, we irradiated asynchronous HeLa cell cultures and
fixed them at various time points, 0, 30, 60 and 90 min post-irra-
diation, for immunostaining with the nucleolar marker fibrilla-
rin. Co-immunostaining of irradiated HeLa cells with anti-Chk1
and anti-fibrillarin antibodies revealed co-localization of Chkl
foci with fibrillarin within 30 min. Moreover, an increased num-
ber of Chk1 foci was seen within nucleoli of irradiated HeLa cells
at 90 min, a time when the maximum co-localization with fibril-
larin was observed (Fig. 1A).

To confirm the specificity of Chkl antibody and the trans-
location of Chkl post-irradiation, we knocked down Chkl
expression using Chk1 siRNA in HeLa cells. Western blot results
confirmed a significant reduction in total Chkl levels with Chkl
siRNA (Fig. 1C). The Chk1 siRNA treated HeLa cells also were
subjected to irradiation at 10 GY. The irradiated Chkl siRNA
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Figure 1. Chk1 translocates to the nucleoli in response to irradiation. (A) Merged images at 40x magnification of irradiated HeLa cells stained with
Chk1 (green), fibrillarin (red) and DNA (DAPI-blue) show translocated Chk1 foci in the nucleoli and colocalization with fibrillarin in a time-dependent
manner from 0-90 min. (B) Merged images at 20x magnification of irradiated HelLa cells stained with Chk1 (green), fibrillarin (red) and DNA (DAPI-blue)
show Chk1 colocalized with fibrillarin at 90 min in siControl-treated HeLa cells and not in siChk1-treated Hela cells. Enlarged inset shows colocaliza-
tion of Chk1 with fibrillarin (yellow arrows) at 90 min in irradiated siControl HelLa cells and not in irradiated siChk1 HeLa cells (yellow arrows). (C) Immu-
noblotting (IB) with Chk1 antibody confirms reduction of Chk1 levels in siChk1-transfected HeLa cells as compared to siControl-transfected HelLa cells.
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Figure 2. Chk1 interacts with and phosphorylates Cdc14B in vitro. (A)
GST pull down assay shows GST-Cdc14B interacts with Chk1 in vitro

and not a GST-luciferase control. (B) In vitro kinase assay shows active
Chk1, but not kinase dead Chk1 (Chk1KD) phosphorylates Cdc14B.

(C) Immunoprecipitation (IP) with polyclonal anti-Chk1 antibody and
immunoblotting (IB) with monoclonal anti-Flag antibody (anti-mFlag)
show that Chk1 interacts with Flag-Cdc14B in transfected Hela cells and
not the control anti-IgG.

and control siRNA HeLa cells then were fixed at 0 min and 90
min for co-immunostaining with the anti-Chk1 (G4) and anti-
fibrillarin antibodies. Chk1 foci co-localized with fibrillarin were
seen at 90 min in control siRNA treated HeLa cells, whereas
Chk1 siRNA treated HeLa cells did not contain any detectable
Chkl1 foci in the nucleoli (Fig. 1B). Thus, these experiments
demonstrated that Chkl translocates to the nucleolus in a time-
dependent manner presumably to regulate cell cycle progression
in response to IR-induced damage in mammalian cells.

Chk1 interacts with and phosphorylates Cdcl4B in vitro.
Since the DNA damage effector Chk1 kinase translocated into
nucleoli post-irradiation, we hypothesized that it might regulate
the activity of a critical nucleolar protein or proteins involved in
the DNA damage response pathway. Recent studies have dem-
onstrated that nucleolar Cdcl4B translocates into the nucleo-
plasm following IR-induced DNA damage to participate in the
activation of G,/M checkpoint. Therefore, we performed GST
pull down assays to determine whether in vitro translated radio-
labeled-Chk1 directly interacts with GST-Cdc14B. We observed
that Chkl interacted directly with GST-Cdcl14B, but not with
the GST-control (Fig. 2A). Next, to test whether Cdc14B might
be one of the potential substrates of Chk1 kinase, we performed
kinase assays using either an active Chkl or a kinase-deficient
Chkl mutant and in vitro translated Cdcl4B. Active Chkl, but
not the kinase-dead mutant phosphorylated Cdc14B (Fig. 2B).
Finally, to confirm these in vitro observations we performed
immunoprecipitation experiments using HeLa cells expressing
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Flag-Cdc14B. Immunoblotting with Flag antibody confirmed
that Chkl interacts with Cdcl4B in cycling mammalian cells
(Fig. 2C). These results suggest that nucleolar Cdcl4B is a
new Chkl substrate possibly involved in the regulation of the
IR-induced DNA damage response.

Cdc14B undergoes sub-nuclear shuttling in response to
radiation-induced DNA damage. To understand the kinetics of
nucleolar to nucleoplasmic translocation of Cdcl4B, we trans-
fected asynchronous HeLa cells with exogenous Flag-Cdcl4B.
Immunoblotting confirmed the expression of Flag-Cdc14B
in transfected Hela cells (Fig. 3C). Forty-cight hours post-
transfection the cells were exposed to 10 Gy of radiation to study
the spatio-temporal translocation of Flag-Cdc14B from the nucle-
oli. The irradiated cells were fixed at the same time-points, 0, 30,
60 and 90 min, used for studying Chkl kinetics in response to
irradiation. We co-immunostained the irradiated HeLa cells with
anti-fibrillarin and anti-Flag antibodies to follow the sub-nuclear
localization patterns of Flag-Cdc14B. At 0 min, Flag-Cdc14B co-
localized with fibrillarin in ~50% of the transfected cells. Whereas,
within 30—60 min after radiation treatment, Flag-Cdcl4B trans-
locates from the nucleoli to the nucleoplasm and forms diffuse
foci (Fig. 3A and B). Quantitation of these data confirmed that
<25% of transfected cells 30 min post-irradiation show Cdc14B
co-localization with fibrillarin (Fig. 3B). Interestingly, 90 min
after irradiation, an increase in the Flag-Cdcl4B foci co-local-
izing with fibrillarin in the nucleolus was observed in >40% of
the transfected cells (Fig. 3A and B). These results confirm that
Cdc14B shuttles between sub-nuclear compartments in response
to radiation-induced DNA damage, as previously reported by
Bassermann et al. (2009). Therefore, we hypothesized that Chkl
may directly regulate the sub-nuclear translocation patterns of
Cdc14B post-irradiation in mammalian cells.

Reduced Chkl levels prevent sub-nuclear shuttling of
Cdcl4B after radiation-induced DNA damage. To test this
hypothesis, we used two different methods to regulate Chkl
activity. First, we knocked down Chkl levels using siRNA in
Flag-Cdc14B transfected HeLa cells. western blot analysis con-
firmed a significant decrease in total Chk1 levels in these cells. The
Flag-Cdc14B transfected Chkl siRNA HeLa cells were treated
with 10 Gy of radiation and the cells were fixed at 0 and 30 min
post-treatment. We then co-immunostained the irradiated cells
with anti-Flag and fibrillarin antibodies as before. Interestingly,
we observed a significant increase in the percentage of transfected
cells showing co-localized Flag-Cdcl4B with fibrillarin in the
nucleoli at 30 min in Chkl siRNA HeLa cells as compared to
control siRNA transfected HeLa cells. (Fig. 4A and B), thus,
supporting our hypothesis that Chkl might directly control the
sub-nuclear translocation of Cdcl4B in response to IR-induced
DNA damage.

Alternatively, we used a well studied Chkl kinase inhibitor
UCN-01.% Similar to the Chkl siRNA experiments, we treated
Flag-Cdcl4B transfected Hela cells with 300 nm UCN-01
for 3 hr and subjected these cells to IR-induced DNA dam-
age at 10 Gy. As a control, we used the DMSO vehicle instead
of UCN-01. Once again, the irradiated UCN-01 and DMSO
treated Flag-Cdc14B HeLa cells were fixed at 0 and 30 min for
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Figure 3. Sub-nuclear shuttling of Cdc14B in response to
radiation-induced DNA damage. (A) Merged images at 40x
magnification of irradiated Hela cells stained for Flag-Cdc14B
(green), Fibrillarin (red) and DNA (DAPI-blue) show sub-nuclear
shuttling and co-localization of Flag-Cdc14B foci with fibrillarin
in a time-dependent manner from 0-90 min. (B) Quantitation
indicates a significant decrease in the percentage of trans-
fected HelLa cells showing Flag-Cdc14B foci in the nucleoli at
30 and 60 min post-irradiation, compared to 0 and 90 min.

(C) Immunoblotting (IB) with an anti-Flag antibody confirms
expression of Flag-Cdc14B in exogenously transfected HelLa
cells compared to vector-transfected Hela cells. Alpha-tubulin
was used as loading control.

0 min

30 min

co-immunostaining with the anti-Flag and anti-fibrilla-
rin antibodies. We observed a significant increase in the
percentage of transfected cells showing co-localized Flag-
Cdc14B with fibrillarin in the nucleoli after 30 min in
UCN-01 treated HeLa cells (Fig. 4C and D). Therefore,
these results demonstrate that Chkl regulates Cdcl4B
translocation between the nucleolus and nucleoplasm in

60 min

response to IR-induced DNA damage treatment in mam-
malian cells.

90 min

Discussion

The current studies have identified the nucleolus as a pre-
viously unrecognized compartment where Chk1 is local- B
ized and signals in response to radiation-induced DNA
damage to regulate cell cycle progression. The nucleolus is
a prominent structure in the cell nucleus with well known
functions including ribosomal RNA (rRNA) transcrip-
tion, pre-rfRNA processing and ribosome subunit assem-
bly. It is a dynamic structure that assembles rRNA clusters
at mitotic exit and persists throughout interphase, before
“ In the past
years, studies have shown that Chk1 is not just shuttling

disassembling again during mitotic entry.

between the nucleus and cytoplasm, but also receives sig-
nals at the centrosomes in response to DNA damage.”

DAPI
Fibrillarin Fibrillarin
Flag-Cdc14B Flag-Cdc14B

Fibrillarin Flag-Cdc14B

% transfected cells with
Flag-Cdc14B in nucleoli

DNA damage signals can be generated by external agents
such as IR, UV, chemotherapy drugs or during natural
cellular processes such as errors during DNA replication
and repair.

Sequence analysis of Chkl proteins from all known
species, such as fission yeast® Drosophila,”” Xenopus'"
and human has identified a multiple bipartite NLS in the
C-terminal region, which is required for its nuclear local-
ization. Typically, a bipartite NLS consists of two small
basic domains separated by a short nine to 12 amino acid
sequence.**
lus can have nucleolar localizing signals (NoLS), which

® Similarly, proteins localized to the nucleo-

usually is a stretch of four basic amino acids (RKKR) in
the N-terminal half of the protein and is typically linked
to a nuclear targeting sequence (KKK).***” In case of Chkl, the
NLS is present in C terminus'®'? and our in silico analysis did not
reveal any well studied NoLS near the NLS of Chkl. Interestingly,
recent studies showed that BRCA1 also localized to nucleoli and

as nucleoplasmic foci in breast cancer tissues and cell lines using
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immunohistochemistry. In response to IR-induced radiation
BRCA1 was dispersed to various nucleoplasmic sites.*® These
unexpected observations open new possibilities for as yet to be
discovered nucleolar-nucleoplasmic functions of the DNA dam-
age and repair proteins in the DNA damage response pathway.
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Figure 4. For figure legend, see page 677.

As a part of this study, we have uncovered a unique inter-
action between nucleolar Cdcl4B dual-specificity serine/threo-
nine phosphatase and Chk1 kinase. Our in vitro studies have
confirmed a direct interaction between these two proteins, while
the co-immunoprecipitation results revealed an interaction
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between Chkl and Cdcl4B in mammalian cells. A recent study
has demonstrated that Cdcl4B can activate the G,-checkpoint
response during IR-induced DNA damage.?” Based upon our
observations, it appears that in response to radiation treatment,
Chkl1 translocates into nucleoli to activate Cdcl4B in order to

Volume 10 Issue 4



DMSO treated-Hela cells.

Figure 4 (See opposite page). Reduced Chk1 levels prevent sub-nuclear shuttling of Cdc14B after radiation-induced DNA damage. (A) Merged
images at 40x magnification of transfected siRNA-treated Hela cells stained for Flag-Cdc14B (red), fibrillarin (green) and DNA (DAPI-blue) show a
reduction in sub-nuclear shuttling and colocalization of Flag-Cdc14B foci with fibrillarin in siChk1 HeLa cells as compared to siControl HeLa cells within
30 min post-radiation. The enlarged inset shows siControl- and siChk1-treated HelLa cells (yellow arrows) in the absence and presence Flag-Cdc14B
foci colocalized with fibrillarin in the nucleoli 30 min post-radiation, respectively. (B) Quantitation indicates a significant increase of percentage of
transfected Hela cells showing Flag-Cdc14B foci in the nucleoli at 30 min post-irradiation in siChk1 Hela cells as compared to siControl HelLa cells.

(C) Merged images at 40x magnification of transfected UCN-01 treated HelLa cells stained for Flag-Cdc14B (red), fibrillarin (green) and DNA (DAPI-blue)
show the reduction in sub-nuclear shuttling and colocalization of Flag-Cdc14B foci with fibrillarin after UCN-01 treatment as compared to DMSO
control within 30 min post-radiation. The enlarged inset shows DMSO and UCN-01 treated HelLa cells (yellow arrows) in the absence and presence

of Flag-Cdc14B foci colocalized with fibrillarin in the nucleoli 30 min post-radiation, respectively. (D) Quantitation indicates a significant increase of
percentage of transfected Hela cells showing Flag-Cdc14B foci in the nucleoli at 30 min post-irradiation in UCN-01 treated-HeLa cells, as compared to

enable Cdcl14B export into the nucleoplasm to help mediate this
checkpoint response. Even in the context of non-DNA damaged
“normal” cells, a fraction of activated Chkl may translocate into
the nucleolus to phosphorylate Cdc14B, which in turn may be
required to carry out its functions in the DNA replication-repair
pathway. Thus, using siRNA and chemical inhibitor treatment
we have shown that reduction of Chkl levels can lead to accu-
mulation of Cdcl4B in the nucleoli in response to DNA dam-
age. A recent study also has demonstrated that disruption of
Cdc14B resulted in spontaneous DNA damage foci formation®
similar to that observed following Chkl inhibition in mamma-
lian cells. Moreover, these Cdcl4B-deficient cells also showed
delayed DNA repair following DNA damage. Therefore, it is
possible that reducing the DNA damage effector Chk1 kinase,
may mis-regulate Cdc14B phosphorylation and affect its nucleo-
lar translocation in damaged cells. This in turn may significantly
impact Cdcl4B’s yet to be elucidated DNA repair functions in
the sub-nuclear compartment to recover and resume normal cell
cycle progression. Taken together with the recent discoveries of
Cdcl4B functions in mammalian cells, we have demonstrated
that Chk1 is one of the kinases that can directly regulate Cdc14B.
Based on our results, we propose a working model wherein, Chk1
might be activated by external DNA damage such as IR or during
normal DNA replication in a mammalian cell by an unknown
kinase. Activated Chkl1 then translocates into the nucleolus to
possibly phosphorylate Cdc14B and initiate its sub-nuclear shut-
tling to regulate cell cycle progression in an error-free manner.
Thus, DNA damage dependent Chk1-Cdcl4B interplay might
be required for cell cycle arrest and DNA repair to prevent the
intiation of genomic instability.

These studies raise several questions about a number of
undiscovered functions of Chk1 kinase and its localization dur-
ing interphase. Future studies will be necessary to determine
which kinase phosphorylates Chkl in response to IR-induced
DNA damage to facilitate Chkl translocation into the nucleo-
lus? In the absence of external DNA damage, does Chk1 also
shuttle into the nucleolus during normal DNA replication and
repair? Are there any new NoLS sequence motifs in the C ter-
minus of Chk1 that enables it to translocate to the nucleolus? Is
phosphorylation of Chkl by ATM or ATR at sites such as Ser
345 and Ser317 on or any other caffeine-sensitive kinase nec-
essary for Chkl translocation and interaction with Cdcl4B in
response to DNA damage? What is the functional significance of
Chk1 phosphorylation of Cdc14B in mammals? Is it required to
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regulate phosphatase-independent and -dependent Cdc14B func-
tions during cell cycle progression to prevent genomic instability?
Similarly, are there other DNA damage and DNA repair proteins
that utilize a similar nucleolar shuttling pathway to regulate cell
cycle progression? As more studies uncover the answers to these
questions, they should aid in the design of new targeted therapies
to treat cancer patients in combination with both chemo- and
radiation therapy.

Materials and Methods

Cell culture. HeLa cells were ordered from ATCC and grown
on poly-lysine D coated 12-25 mm glass coverslips (Fisher,
Pittsburgh, PA) in DMEM high glucose medium (Invitrogen, La
Jolla, CA) supplemented by 10% bovine calf serum (BCS). The
cells were maintained in a humid incubator at 37°C in 5% CO,
environment depending on cell type.

Transfection and inhibitors. HeLa cells were transfected with
Chk1 siRNA (Sigma) for 48 hr according to manufacturer’s pro-
tocol. The transfected cells post-irradiation were fixed with 4%
PFA for immunocytochemistry and microscopy. Similarly, HeLa
cells were treated with Chkl inhibitor, UCN-01 (Sigma) at 300
nM as described in Syljuasen et al. The inhibited cells post-irra-
diation were fixed with 4% PFA for immunocytochemistry and
microscopy.

GST pull down assay. [PS]-methionine-labeled Chkl was
synthesized using TNT quick coupled transcription/translation
system (Promega, Madison, W1I) with full-length Chkl cDNA.
Recombinant GST-Cdcl14B and GST control bound glutathione
beads were used to directly bind [*S]-methionine labeled Chkl.
The reactions were performed in 0.25 ml phosphate buffer with
0.2% NP40 (pH 7.3) overnight at 4°C. The beads were sepa-
rated on 10% SDS-PAGE and autoradiography was performed
for visualization. [**S]-methionine labeled luciferase was used for
control experiments.

In vitro kinase assay. Recombinant GST and GST-Cdc14B
(human) bound to glutathione beads were subjected to thrombin
digestion in presence of 0.1 units of thrombin (Novagen, San
Diego, CA) in the presence of either 0.6 g of recombinant GST-
Chkl1 or kinase-dead GST-Chk1. The digest was performed in
70 mM Tris-HCL (pH 7.5) for 1 hr at 25°C followed by the
kinase assay. The kinase reaction was initiated with addition of
MgCl, (10 mM final concentration) DTT (5 mM final concen-
tration) and y-P*>-ATP. The reactions were incubated for 20 min
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at 30°C followed by 40 min incubation at 25°C. The samples
were separated on 10% SDS-PAGE and autoradiography was
conducted for visualization.

Co-immunoprecipitation and immunoblotting. HeLa cells
were washed in ice cold PBS three times, lysed using RIPA buf-
fer (1 ml/100 mm dish) for 30 min at 4°C, the adherent cells
were scraped and transferred into respective Eppendorf tubes,
gently rocked for 15 min at 4°C, centrifuged at 15,000 rpm for
15 min at 4°C and tubes, gently rocked for 15 min at 4°C and
the supernatant aliquoted into two new tubes. For immunopre-
cipitation, samples were precleared and then antibody added to
immunoprecipitate the respective proteins and incubated for
45 min at 4°C in a rotary shaker. The complex was spun down
and the pellet was transferred to a new tube and washed carefully.
DPellets were resuspended in 50 pl of sample buffer with beta-
mercaptoethanol, boiled for 2 min, centrifuged in a microfuge
for 4 min and resolved using 10% polyacrylamide gels (Bio-Rad,
Hercules, CA) using a minigel apparatus, followed by transfer
to nitrocellulose membrane for immunoblotting. In addition,
HeLa cells (1 x 10%) treated with nocodazole (80 ng/ml) were
initially subjected to sonication under hypotonic buffer (20 mM
phosphate, protease and phosphatase inhibitors) followed by
homogenization with (1% Triton-X-100). The supernatants
(3.4xmg/ml) obtained by centrifugation were added with 30
wl of either in the presence or absence of free Chkl antibodies
(20 pl). The agarose bound immunoprecipitates were subjected
to western blotting using anti-Cdcl4B (Zymed, San Francisco,
CA) or anti-Chkl (G4) (Santa Cruz Technology, Santa Cruz,
CA) or anti-myc (Abcam, Cambridge, UK) or anti-Flag (Sigma,

Immunofluorescence and deconvolution microscopy. For
routine immunostaining, cells were permeabilized with 0.5%
Triton X-100 for 10 min, blocked with 5% goat serum (Sigma, St.
Louis, MO) for 30 min and incubated with primary antibodies
anti-Chk1 (G4) or anti-Chk1(FL476) (Santa Cruz Technology,
Santa Cruz, CA) and anti-Fibrillarin (Abcam, Cambridge, UK)
or anti-Flag (Sigma, St. Louis, MO, USA) overnight at 4°C on a
shaker. Cells were subsequently washed three times with 1x PBS,
blocked with 5% goat serum (Sigma, St. Louis, MO) for 30 min
again and incubated with respective fluorochrome-conjugated
secondary antibody for 1 hr. They were then washed five times
and counterstained with Vectashield 4,6-diamidino-2-phenylin-
dole (DAPI) to visualize DNA. Images were taken using 20x,
40x and 63x magnifications using either Olympus Fluorescence
microscope with Spot imaging software or 1 x 1 or 2 x 2 bin on a
Nikon/DeltaVision fluorescence microscope (Applied Precision,
Issaquah, WA) as a series of 0.1 or 0.2 M thick z sections and
deconvolution was performed with a Softworx image workstation
(10 iterations, algorithm: ratio-conservative).

Statistical analysis. All the results were confirmed in multiple
independent experiments. Data quantitation and analysis was
performed by Student’s t-test and expressed as +SEM using Prism
software. p-values of less than 0.05 are considered statistically
significant.
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